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Executive Summary 
 
This was a university-based research project in support of distributed reforming 
production technologies for hydrogen. Our objective was to examine the steam 
reforming of bio-ethanol and other related bio-derived liquids over non-precious metal 
catalyst systems to enable small-scale distributed hydrogen production technologies 
from renewable sources. The study targeted development of a catalytic system that 
does not rely on precious metals and that can be active in the 350-550°C temperature 
range, with high selectivity and high stability.  To this end, we adopted a multi-prong 
research strategy, that included catalyst formulation and synthesis, detailed catalyst 
characterization, reaction kinetics and reaction engineering, molecular modeling and 
economic analysis studies.  Our approach was an iterative one, where the knowledge 
gained in one aspect of the study was utilized to modify and fine-tune catalyst 
development.  The research addressed many fundamental and inter-related 
phenomena involved in the catalytic steam reforming of ethanol that may not be readily 
studied in an industrial development setting.   

The outcome of the project was a catalytic system that was able to meet the DOE 
targets in hydrogen production, with high H2 yield, high selectivity and stability that could 
perform efficiently in the 350-550°C temperature range.  In addition, we were able to 
answer many fundamental questions about the catalytic systems that could easily be 
translated to other catalytic systems.   The study resulted in 14 refereed journal articles, 
with one more in preparation. The results were also shared broadly at many different 
national and international forums such as conferences of the American Chemical 
Society, American Institute of Chemical Engineers, North American Catalysis Society, 
International Congress on Catalysis and International Conference on Catalysis for 
Renewable Sources.  There were 30 presentations given at various national and 
international meetings. The P.I. was also invited to give 11 lectures on the findings from 
this study at many universities and research centers in the USA and other countries.  
The knowledge base acquired through this study is expected to bring industry closer to 
designing catalytic systems that can be tailored for the specific hydrogen production 
applications, especially for distributed hydrogen production strategies. 
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A comparison of the Actual Accomplishments with the Objectives of the Project 
 

At the beginning of the project, the following questions were formulated as key 
phenomena to address for the success of the project:    

 
• How do the catalyst synthesis methods affect oxidation state, structure, metal 

dispersion, and particle size?  
 

• What oxidation states and chemical structures are present in catalysts in pre-
reaction, post-reaction and steady-state reaction stages? 
 

• How do the catalyst structure and characteristics influence the reaction 
pathways? 

 
• What is the role of support? 

 
• How can the catalyst surface be tailored for optimum selectivity and activity? 

 
• What are the factors that degrade catalyst stability? How can catalyst 

deactivation be prevented? 
 
During the course of the project all these questions were addressed and the answers to 
these questions were used to tailor the catalyst for optimum performance.  Therefore 
the project objectives were met. Equally importantly, by developing a catalytic system 
that can meet the DOE performance targets, the project was able to reach its primary 
goal.   
 
 
Project Activities 
 
Initial studies:  Effect of Support 

Initial studies on cobalt-based catalysts supported γ-Al2O3, TiO2, ZrO2 supports showed 
promising results for BESR reaction. As determined by the H2 chemisorption studies, 
ethanol conversion was found to correlate closely with metal dispersion and hence, the 
metallic Co sites. The product distribution, on the other hand, was determined by a 
complex network of competing reactions, including BESR, methanation, WGS, 
dehydration, and dehydrogenation.  It was also noted that, although thermodynamic 
analysis of the reaction system suggests product stream made up of very few 
components, under kinetically-controlled regimes, the product distribution included 
many side reaction products and intermediates.  Among the supports studied, zirconia 
was  shown to provide the highest metal dispersion and the highest H2 yield.  The 
results from this phase of the study was published in a refereed article in Catalysis 
Today.  (Catalysis Today, 129, 346-354 (2007)).   
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Effect of Synthesis Parameters 
Investigation of the evolution of the Co–ZrO2 catalysts through different stages of the 
synthesis process showed that catalyst precursors started out with Co existing primarily 
in a nitrate phase and transforming into a Co3O4 phase in the fully calcined state. The 
reduction proceeded in two distinct steps as in Co3O4 ➞ CoO and CoO ➞ Co. There 
was an optimum in each of the synthesis parameters, which gave the highest metallic 
Co surface area. The maximum in metallic Co area was often determined by a series of 
competing processes, such as transformation from a nitrate to  an oxide phase and 
onset of crystallinity versus reaction with the support at higher calcination temperatures, 
reduction to metallic state versus sintering at higher reduction temperatures. The 
maximum in metallic Co area was seen to coincide with the maxima in both ethanol 
adsorption capacity and H2 yield in the BESR reaction, suggesting a strong correlation 
between metallic Co sites and BESR activity. The results from this phase of the study 
was published in a refereed article in Green Chemistry (Green Chemistry, 9, 686-694 
(2007)). 
 
 
Role of Oxygen Mobility 
Steady-state reaction experiments coupled with post-reaction characterization 
experiments showed significant deactivation of Co/ZrO2 catalysts through deposition of 
carbon on the surface, mostly in the form of carbon fibers, the growth of which is 
catalyzed by the Co particles. The addition of ceria appeared to improve the catalyst 
stability due to its high oxygen storage capacity and high oxygen mobility, allowing 
gasification/oxidation of deposited carbon as soon as it formed.  Although Co sintering 
was also observed, especially over the ZrO2-supported catalysts, it did not appear to be 
the main mode of deactivation. The primary conclusion from these studies was that high 
oxygen mobility of the catalyst not only suppressed carbon deposition and helped 
maintain the active surface area, but it also allowed delivery of oxygen to close 
proximity of ethoxy species, promoting complete oxidation of carbon to CO2, resulting in 
higher hydrogen yields. Overall, oxygen accessibility of the catalyst played a significant 
role on catalytic performance during BESR.  The results from this phase of the study 
was published in a refereed article on Journal of Catalysis. (Journal of Catalysis, 261 
66-74 (2009)). 
 
 
Changing the Oxygen Mobility of the Support by Incorporation of Lower Valance 
Metals 
The effect of calcium doping on the performance of Co/CeO2 catalysts in ethanol steam 
reforming was examined using various characterization techniques including CO 
temperature-programmed reduction, O2 and CO pulse chemisorption, laser Raman 
spectroscopy, X-ray diffraction, isotopically labeled oxygen exchange, and diffuse 
reflectance infrared Fourier transform spectroscopy.  Through these studies, the 
introduction of calcium into the CeO2 lattice structure was shown to lead to a unit cell 
expansion and the creation of oxygen vacancies because of the lower oxidation state of 
Ca (2+) compared with that of Ce (4+). The creation of oxygen vacancies, in turn, 
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facilitated the improvement of oxygen mobility in the ceria-supported Co catalysts. 
Increased oxygen mobility in these catalysts results in better catalytic performance, 
which manifests itself in the form of higher H2 and CO2 yields, higher turnover 
frequencies, and lower yield to liquid byproduct such as acetone in ethanol steam 
reforming.  The results from this phase of the study was published in a refereed article 
in Journal of Physical Chemistry. (Journal of Physical Chemistry A. 114, 3796-3801 
(2010)) 
 

 
Role of Impregnation Medium on the Activity of Ceria-supported Co Catalysts  
The effect of impregnation medium on the activity of Co/CeO2 catalysts in ethanol 
steam reforming was investigated using various characterization techniques including 
temperature programmed calcination, temperature programmed reduction, X-ray 
diffraction, laser Raman spectroscopy, X-ray photoelectron spectroscopy, and diffuse 
reflectance infrared Fourier transform spectroscopy. Through steady-state reaction 
experiments, the Co–CeO2 catalysts prepared in ethanol medium were shown to have 
significant improvement in catalytic performance (higher H2 yield, higher stability and 
fewer side reactions) compared to the ones prepared in aqueous media. 
Characterization results showed the presence of oxygenated carbonaceous species, 
possibly metal-coordinated acetates, left on the surface from the impregnation medium. 
These species were stable through oxidation and reduction pre-treatment steps and 
they appeared to play a role in the improved performance. Although the nature of this 
role was not clear, possibilities included a segregation effect that prevented sintering, a 
site-blocking effect that suppressed the side reactions, or an “imprinting” effect that 
made it easier for the acetate intermediates to form on the surface.  
The results of this phase of the project were published in a refereed publication in 
Journal of Molecular Catalysis. (J. Molecular Catalysis,  318, 21-29 (2010)). 
 
 
Economic Analysis of Hydrogen Production through a Bio-ethanol Steam 
Reforming Process 

In this phase of the study, an economic analysis was performed to estimate the 
hydrogen selling price from ethanol steam reforming for two different production 
scenarios in the United States, i.e. central production (150,000 kg H2/day) and 
distributed (forecourt) production (1500 kg H2/day), based on a process flowchart 
generated by Aspen Plus®  including downstream purification steps and economic 
analysis model template published by the U.S Department of Energy (DOE) [http 
//www1.eere.energy.gov/hydrogenandfuelcells/mypp/].  The effect of several processing 
parameters as well as catalyst properties on the hydrogen selling price was evaluated.  
By incorporating our reaction data into the RYield model used to simulate the 
performance of the reformer, the hydrogen selling price for central production at 
150,000 kg/ day scale and forecourt production at 1500 kg/day scale was valuated 
using the cost structures relevant to the applications in the United States. Sensitivity 
analyses were also performed examining the effect of utility cost, feed cost, catalyst 
cost, reaction temperature and GHSV. Among the  input parameters examined, the 
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catalyst cost, feed cost and catalyst performance (i.e. H2 yield) were found to impact the 
final selling price significantly. Although the cost estimates were limited to applications 
in the United States, the sensitivity analyses and trends could provide insight for 
applications in other countries as well. $2.69/kg was  estimated as the selling price for a 
central production process of 150,000 kg H2/day and $4.27/kg for a distributed 
hydrogen production process at a scale of 1500 kg H2/day. The analysis also showed a 
major cost difference that might arise if precious metal catalysts instead of transition 
metal were used. For the cost difference to become negligible, the precious metal 
catalysts need to show a much superior catalytic performance (activity and life time) 
than the transition metal catalysts.  
 
The economic analysis performed by our team later was shown to agree with an 
independent study performed by Directed Technologies.   
 
The results of this phase of the study were published in a refereed article in 
International Journal of Hydrogen Energy.  (International Journal of Hydrogen Energy, 
35, 127-134 (2010)). 
 
 
Effect of Cobalt Precursor on the Performance of Ceria-Supported Cobalt 
Catalysts  
The effect of multiple cobalt precursors including inorganic salts and organometallic 
compounds cobalt precursor on the performance of Co/CeO2 catalysts in ethanol steam 
reforming was investigated. The Co precursors used were cobalt (II) nitrate, cobalt (II) 
sulfate heptahydrate, cobalt chloride hexahydrate, octacarbonyldicobalt, cobalt 
(II)carbonate hydrate, cobalt (II) oxalate dehydrate, andcobalt (II) acetyl acetonate . 
Ethanol was used as the impregnation medium for all synthesis experiments. The 
catalysts were characterized using various characterization techniques including H2 
chemisorption, temperature-programmed reduction, temperature-programmed 
desorption, X-ray diffraction, transmission electron microscopy, and diffuse reflectance 
infrared Fourier transform spectroscopy. The results obtained from steady-state reaction 
experiments showed a significantly better catalytic performance over the samples 
prepared by using organometallic Co precursors (especially, cobalt acetyl acetonate). 
Characterization results pointed to smaller particle sizes and an improved dispersion on 
the surface, suggesting that the organic ligands bound to the cobalt species might 
facilitate its dispersion on the surface of the CeO2 support, resulting in the improved 
activity and stability.  
It is possible that the organic ligands surrounding Co ions provide a spatial barrier 
effect, keeping the particles segregated even under the reaction environment and 
leading to better dispersion and stability.  These results were published in a refereed 
paper in Applied Catalysis A  (Applied Catalysis A. 382, 58-64 (2010)). 
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Investigation  of Reaction Networks in Ethanol Steam Reforming over Supported 
Co Catalysts 

In this phase of the study, network of reactions involved in the ethanol steam reforming 
(ESR) over supported Co catalysts was investigated using Temperature Programmed 
Reaction (TPRxn) and isotopic labeling techniques. The products and intermediates in 
the gas phase were monitored by Mass Spectrometry (MS) as a function of 
temperature. Ethanol conversion and product distribution obtained in steady-state 
reaction experiments were also measured.  The results pointed to a complex network of 
reactions that directly impact the selectivity and H2 yield that could be obtained in 
ethanol steam reforming. The reaction network was found to be governed by the 
temperature range as well as the type of catalyst used, with catalysts exhibiting higher 
oxygen mobility favoring complete oxidation of ethanol to CO2 and leading to increased 
hydrogen yield as well as improved stability.   
As summarized in the following Scheme, dehydrogenation and decomposition of 
ethanol dominate the reactions taking place at lower temperatures (<400 oC), leading to 
the formation of acetaldehyde, H2 and small amounts of CO and CH4 (Reactions 1-2).  
Acidic surfaces could lead to dehydration and form C2H4 (Reaction 3). The 

acetaldehyde produced can then either be 
decomposed to form CO and CH4 or form 
acetone through aldol condensation reaction 
(Reactions 4-5). Acetaldehyde can also go 
through steam reforming (Reaction 6).  Steam 
reforming of ethanol begins to dominate when 
temperature is higher than 400oC, leading to 
large amounts of CO2 and H2 formation and 
decrease of the concentrations of methane 
and other liquid intermediates. Catalysts with 
higher oxygen mobility favor complete 
oxidation of ethanol to CO2, leading to 
maximization of hydrogen production 
(Reactions 7-8). In addition to decomposition 
of ethanol and acetaldehyde, methanation of 
COx is another reaction that increases 
methane yield (reaction 9).  Methane steam 
reforming also becomes an important reaction 
above 400 °C (Reaction 10).  At lower 
temperatures, water gas shift reaction and at 
higher temperatures (>450 oC) reverse water 
gas reaction play a role in the reaction network 
(reactions 11-12).  Over catalysts with low 
oxygen mobility, coking reactions become 
significant (Reactions 13-15), leading to rapid 
activity loss. 
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The findings from this study were puplished in a refereed article in Industrial and 
Engineering Chemistry Research. (Industrial and Engineering Chemistry Research, 49, 
8984-8989 (2010)). 
 
 
Novel Synthesis Techniques for Preparation of Co/CeO2 as ESR catalysts 

This phase of the study focused on novel synthesis methods such as solvothermal 
decomposition, colloidal crystal templating, and reverse microemulsion prepare CeO2-
supported Co catalysts.  

All of the novel preparation techniques led to superior behavior in ethanol steam 
reforming reaction compared to incipient wetness impregnation (IWI) method. Among 
the catalysts studied, the one prepared with the reverse microemulsion technique 
showed the best performance.  
This synthesis technique involved adding surfactants functioning to encapsulate cobalt 
precursor within a spatially limited hydrophilic environment to prevent reagglomeration 
of cobalt particles. The addition of tetrahydrofuran (THF: C4H8O) at very slow rates 
overcomes the problem of metal being embedded by the support. The silylation of metal 
oxide support by adding hexamethyldisilazane (HMDS: (CH3)3SiNHSi(CH3)3) aims to 
enhance chemical compatibility between the surface of the support and the micellar 
medium, resulting in prevention of metal dispersion loss when the metal nanoparticles 
are deposited onto the outer surface of the carrier. 
Briefly, the commercial CeO2 (nanopowder, < 25 nm, Aldrich) support first underwent a 
cleaning process under air flow at 550 oC for 3 h. The fresh support was then mixed 
with HMDS (Aldrich, 99.9 %) in toluene (C6H5CH3, Mallinckrodt, > 99.0 %) in a molar 
ratio of CeO2:HMDS:toluene 1:0.15:10. The slurry was subsequently refluxed at 120 oC 
for 2 h under a dry nitrogen stream. It was then filtered and washed with toluene several 
times and the final product was obtained after drying the washed solid at 60 oC 
overnight. Reverse microemulsions were achieved by mixing n-hexanol (Fluka, >99%), 
polyoxyethylene octylphenyl ether (Triton X114: (C2H4O)nC14H22O, n=7 or 8, Aldrich) 
and aqueous solution of cobalt nitrate hexahydrate (Co(NO3)2•6H2O, Fisher, 98.4 %). 
The water-to-surfactant molar ratio was set to 8 and the cobalt concentration in the 
aqueous solution was 0.3 M and the surfactant concentration in the organic phase was 
1 M. A reddish transparent and stable microemulsion was obtained through stirring. 
Hydrazine monohydrate (NH2NH2•H2O, Aldrich, 98 %) was then directly added as a 
weak reductant to the prepared microemulsion to transform the cobalt phase to 
nanoparticulates, followed by the immediate addition of the appropriate amount of the 
silylated CeO2 support, thus leading to a cobalt nominal loading of 10 wt.%. The THF 
(Sigma, > 99.5 %) was then injected into the acquired slurry at a flow rate of 0.33 
mL/min in an amount of 100 mL per gram of support. The resulting sample was filtered 
and washed thoroughly with ethanol, followed by drying at room temperature overnight 
and then at 60 oC for 10 h. The resulting precursor was then calcined at 500 oC for 3 h 
to remove the residual organic materials introduced during the procedure and the 
anchored trimethylsilyl groups remaining on the sample surface produced during 
silylation. In order to remove the surface-attached SiO2 species after calcination, the 
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calcined sample was soaked in 5 M NaOH solution for 4 days. After washing with DI 
water, drying at 95 oC overnight, and calcining at 450 oC for 3 h, the catalyst was ready 
for use. 

The catalyst prepared by reverse microemulsion technique gave higher H2 yields 
at much higher space velocities, compared to those prepared by conventional IWI 
method. Also, these catalyst showed good stability, with no sign of deactivation when it 
was kept on-line at 400 °C for 120 h. The superior performance is likely to be related to 
the improved cobalt dispersion, enhanced metal-support interaction and increased 
metal-support interface facilitated by the reverse microemulsion technique. 
These findings were published in a refereed article in Catalysis Letters, 
(Catalysis Letters, 132, 422-429 (2009)). 
 
 
Mechanistic Studies of Ethanol Steam Reforming over Supported Co Catalysts 
 
The interactions of reactants and intermediates with the surfaces in ethanol steam 
reforming over Co catalysts supported on ZrO2 and CeO2 were investigated using 
Temperature Programmed Desorption, Thermogravimetric Analysis-Differential 
Scanning Calorimetry (TGA-DSC), in situ Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS) and isotopic labeling techniques. Possible 
mechanistic steps were proposed, accounting for the acetaldehyde and acetone 
formation, steam reforming and coking. The role of the support versus active metal (i.e., 
Co) and the involvement of water in the reaction network were investigated. 
The figure shown below describes the primary steps involved in the ethanol steam 
reforming reaction over Co catalysts. In Scheme 1, water adsorbs dissociatively, 
forming OH groups on the surface. Water adsorption takes place primarily on the 
surface of the support. Molecularly adsorbed water is also observed at lower 
temperatures, but it desorbs readily as the temperature rises. Ethanol molecules can 
adsorb either molecularly and dissociatively on the Co sites (Scheme 2). Adsorbed 
ethanol molecules can decompose to form single C-species, (i.e., CH4 and CO) along 
with H2 (Scheme 3). The dissociatively adsorbed ethanol forms adsorbed ethoxide 
species (Scheme 2). The first H abstracted from ethanol can either form OH groups with 
the surface oxygen species or combine with hydrogen from a surface OH group and 
form H2. Ethoxide species can move to the interface of metal and oxide support and be 
oxidized by an additional hydrogen abstraction forming acetaldehyde (Scheme 4). 
Acetaldehyde can desorb to the gas phase, decompose to CH4 and CO, or further 
oxidize to form acetic acid and surface acetate species. The formation of acetone might 
be derived from the aldol condensation of acetaldehyde, followed by a dehydrogenation 
and decarboxylation (scheme 4).  Reactions between acedic acid and acetaldehyde are 
also possible. Although formation of acetyl groups, followed by a methylation step to 
form acetone was reported earlier and remains a possibility, there was no spectroscopic 
evidence of this route in our studies. Acetone can also be oxidized with the surface OH 
groups producing acetate species. There are multiple routes for the acetate species 
once they are formed. In one of the routes, the metal may be involved in C-C bond 
cleavage leading to the formation of single carbon species (Scheme 5). It is also 
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possible that acetate species dissociate to form surface methyl groups and CO2 
(Scheme 5). The carbon-oxygen surface species may desorb or further oxidize to give 
carbonate species, especially on supports with high oxygen storage capacity, eventually 
desorbing as CO2. In an alternate route, the CH3 fragment (which can also form through 
hydrogen abstraction from methane) will undergo oxidation (through H abstraction and 
O addition) to form formate, possibly through a formaldehyde intermediate, and 
carbonate. The catalyst surface is then regenerated through CO2 desorption following 
carbonate decomposition and ready for the next catalysis cycle regardless of the route 
followed. Reforming of methane and water-gas and reverse water gas shift reactions 
are also possible steps over these catalysts (scheme 7). 

 
 
The acetate species can also accumulate on the catalyst surface and lead to coke 
formation, resulting in deactivation if oxygen supplied through catalyst surface is 
insufficient. If the surface is highly acidic, ethanol dehydration may dominate the 
reaction pathway and result in the formation of H2O and C2H4, which is the major 
precursor to coke through polymerization (Scheme 6).   
The active metal catalyzes the C-C bond cleavage and formation of single carbon 
species. Ethanol steam reforming reaction could take place at the interface of the active 
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metal and the oxide support, which could participate by providing oxygen from the 
lattice to facilitate the oxidation of carbon species. The resulting oxygen vacancies can 
be filled by the oxygen in the hydroxyl species formed from water adsorption. Therefore, 
it is necessary to have high oxygen mobility throughout the oxide support to prevent 
carbon deposition on the surface. High metal dispersion will form more accessible 
metal/oxide interfaces and will favor ethanol adsorption as well as catalyzing C-C 
cleavage. High oxygen mobility will facilitate the oxygen delivery through the support 
and suppress coke deposition. The Co-based systems that incorporate oxides with high 
oxygen mobility could deliver the required characteristics needed for active and stable 
ethanol steam reforming catalysts. 
 
 This phase of the study was published in a refereed article in Catalysis Letters 
(Catalysis Letters, 141, 43–54  (2011)). 
 
Other Components of a H2 Production Process (WGS and PROX) 

This project also included studies on water gas shift (WGS) and preferential oxidation of 
CO (PROX) catalysis.  Some of the findings from this study were applicable in catalytic 
systems for WGS and PROX.  Both of these reactions are relevant for a H2 production 
process since steam reforming product streams contain up to 1% CO and it is 
necessary to lower the CO concentration by WGS and PROX units. 
Using the expertise developed in this study for novel catalyst synthesis techniques, 
chromium-free, Fe-based water gas-shift catalysts were prepared through a gelation 
agent-assisted sol-gel route utilizing propylene oxide and citric acid as the gelation 
agents. Catalyst preparation using propylene oxide is a “one-pot” method that is 
cleaner, more eco-friendly and less time consuming over the previously developed sol-
gel method for preparing Fe-Al-Cu and leads to comparable activities. The effect of Cu-
loading on the performance of Fe-Al-Cu catalyst was investigated using a syngas 
mixture as feed. The optimized Fe-Al-Cu formulation demonstrated stable WGS 
performance over a wide temperature range (250-400oC). X-ray diffraction patterns 
revealed the role of promoters in the formation of maghemite phase and in controlling 
the crystallite size. The incorporation of copper in iron oxide matrix resulted in formation 
of maghemite phase over hematite, thereby causing a significant improvement in WGS 
performance.  Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
study of CO adsorption indicated the formation of formate species on the surface. The 
apparent activation energies for re-oxidation of the Fe-Al-Cu catalysts were found to 
depend on the copper content.  Over the best performing Fe-Al-Cu catalyst, surface re-
oxidation by water during WGS reaction proceeds at a much higher rate than surface 
reduction via CO oxidation, whereas for other catalysts of the series, surface re-
oxidation was shown to be the rate determining step. 
The effect of support morphology and impregnation medium on the activity of Cu/CeO2 
catalysts in water gas-shift reaction was also  investigated. Steady-state reaction 
experiments showed that the catalysts supported over CeO2 nano-particles achieved 
significantly higher CO conversions than catalysts supported over nano-rods, which 
achieved only marginally higher conversions than the bare support. The catalysts were 
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characterized by transmission electron microscopy, X-ray diffraction, X-ray 
photoelectron spectroscopy, N2O chemisorption and H2-temperature-programmed 
reduction. Characterization of the catalysts showed that copper dispersion and catalytic 
activity were strongly correlated. Copper was observed to be better dispersed over 
CeO2 nano-particles, while larger, crystalline CuO domains with properties closer to that 
of bulk CuO were identified over CeO2 nano-rods. The finely dispersed copper species 
constitute the active sites for WGS reaction over Cu/CeO2 catalysts. 
Some of the catalytic formulations were also active for PROX reaction. A highly active 
CoOx/CeO2 nanoparticle catalyst with high surface area (78m2/g) was prepared and 
tested in the preferential oxidation of carbon monoxide (PROX) in the presence of 
hydrogen.  Three distinct temperature regions of catalyst activity are observed 
corresponding to CO oxidation, H2 oxidation and methanation.  The catalyst achieved 
near 100% CO conversion under a wide range of reaction conditions demonstrating 
peak activity near 175°C.  The catalyst was stable with time-on-stream at the 
temperature of highest CO conversion.  The presence of H2 decreased the CO 
oxidation rate, possibly due to competitive adsorption between H2 and CO.  CO 
oxidation and H2 oxidation activation energies were 52 and 74 kJ/mol, respectively.  
Raman spectroscopy and X-ray diffraction experiments demonstrated that the cobalt 
took the form of Co3O4 and no CoO was detected under any experimental conditions. 
These findings were published in three refereed publications (Journal of Molecular 
Catalysis, 321, 61-70 (2010), Journal of Applied Catalysis B, 97, 28-35 (2010.), J Phys. 
Chem., 114, 18173-18181 (2010)). 
 

Effect of Pretreatment 

Some of the recent studies focused on determination of the local coordination 
environment and oxidation state of cobalt-based catalyst formulations via XAFS 
spectroscopy. The project had multiple sessions of beam time at the Dow-
Northwestern-DuPont Collaborative Access Team (DND-CAT) bending magnet beam 
line (5BM-D) at the Advanced Photon Source of Argonne National Laboratories. The 
primary focus of the XAFS studies was investigation of the effect of pretreatment 
conditions on the nature of cobalt species in efforts to improve the ease of operation 
and to shed light to the ongoing debate on the nature of the cobalt active sites in the 
BESR literature.  Reduction of the catalysts under reaction conditions were monitored 
insitu using XAFS studies.  These studies coupled with insitu X-ray diffraction and laser 
Raman spectroscopy experiments lead us to conclude that the Co/CeO2 catalysts go 
through an in-situ reduction step under reaction conditions even if they are not 
prereduced. The reaction performance as well as the oxidation state and coordination 
environment of the Co species converge together for pre-reduced catalysts and 
oxidized catalysts after they remain the reaction medium for a length of time.  
These findings are being prepared for a publication. 
 
Steam Reforming of Other Bioderived Liquids 

Project also involved preliminary studies with different feedstocks such as dimethylether 
(DME). Dimethylether is an inert, non-carcinogenic, non-corrosive, non- mutagenic and 
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virtually non toxic alternative to ethanol.  Moreover, it is possible to liquefy DME at 0˚C 
and 6 psig which makes it a versatile feedstock for industrial applications. Initial studies 
showed supported Co-catalysts to have activity for DME steam reforming as well. 
 
 
 
Products Developed and Technology Transfer Activities 
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Abstract

The catalytic performance of cobalt catalysts supported on g-Al2O3, TiO2, ZrO2 were studied for bio-ethanol steam reforming (BESR) reaction.

The supported catalysts (10 wt%Co) were prepared by impregnation and characterized through Thermogravimetric analysis (TGA), H2 chemisorp-

tion, laser Raman Spectroscopy, Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), and temperature-programmed reaction

(TPRxn). The metallic cobalt sites were found to correlate with the BESR reaction activity. The reaction and H2 chemisorption showed that ZrO2

supported catalyst showed the best dispersion and best catalytic activity. Over the 10% Co/ZrO2 catalyst, using a H2O:EtOH:inert molar ratio of

10:1:75 and a GHSV = 5000 h�1, 100% ethanol conversion and a yield of 5.5 mol H2/mol EtOH were obtained at 550 8C and atmospheric pressure.

# 2007 Elsevier B.V. All rights reserved.

Keywords: Cobalt catalyst; Zirconia; Alumina; Titania; Bio-ethanol steam reforming; TGA; H2 chemisorption; Raman; DRIFTS; Temperature-programmed

reaction

1. Introduction

Hydrogen energy is likely to play a major role as a primary

energy carrier for the future. It provides a clean energy source

since it burns without emitting any environmental pollutants.

With increased interest and rapid developments in fuel cell

technology, hydrogen has attracted further attention as a fuel for

fuel cells. Hydrogen production from fossil fuels has been

investigated for many years. However, fossil fuel is not a

sustainable energy source. For hydrogen to fulfill its potential

as a primary energy carrier of the future, new technologies that

can produce hydrogen from renewable sources are needed. One

highly attractive route for hydrogen production is steam

reforming of bio-ethanol. Bio-ethanol can be obtained from

biomass fermentation. In theory, hydrogen production from

biomass or biomass-derived liquids can be a carbon-emission

free process since all carbon dioxide produced can be recycled

back to the plants using solar energy. Hydrogen production

from bio-ethanol through steam reforming also has the potential

to resolve many of the issues involved in hydrogen storage and

hydrogen delivery infrastructure and lends itself very well to a

distributed hydrogen production strategy. Currently there is no

commercial catalyst for bio-ethanol reforming. In addition,

many fundamental questions in catalytic reforming of ethanol

still remain, such as the nature of active sites, the network of

competing reactions, and catalyst deactivation.

Hydrogen can be produced from ethanol through a

seemingly straightforward steam reforming reaction

C2H5OHðlÞ þ 3H2OðlÞ

! 2CO2þ 6H2 ðDHr¼ 348 kJ=mol at 25 �CÞ

This reaction is endothermic and would require energy

input. Although the products from the desired reactions are only

CO2 and H2, in reality, depending on the reaction conditions

and catalysts used, the product distribution can be governed by

a very complex reaction network. Possible reactions involved

can be as follows.

CH3CH2OH ! CH4þCO þ H2 ðethanol decompositionÞ

CH3CH2OH ! CH3CHO þ H2 ðdehydrogenationÞ
CH3CH2OH ! C2H4þH2O ðdehydrationÞ

CH3CH2OH þ H2O ! 2CO þ 4H2 ðincomplete reformingÞ

2CH3CH2OH ! ðC2H5Þ2O þ H2O ðdehydrative couplingÞ
CO þ 3H2 ! CH4þH2O ðmethanationÞ
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CH4þ 2H2O ! CO2þ 4H2 ðsteam reformingÞ

CO þ H2O ? CO2þH2 ðwater-gas shiftÞ

2CO ! CO2þC ðBoudouard reactionÞ

There are many side reactions that might take place during

ethanol steam reforming, complicating the product distribution.

To get the highest possible H2 yield for industrial applications,

it is essential to investigate the effects of temperature, reactants

ratio, pressure, space velocity as well as the catalytic para-

meters. A thermodynamic analysis was performed using the

software HSC15.1. All possible products, including solid

carbon were included among the possible species that could

exist in the equilibrium state.

In the thermodynamic analysis, the following definitions are

used.

H2Yield% ¼ moles ofH2 produced

6� ðmoles of ethanol fedÞ � 100

Selectivity% ¼ moles of a certain product

moles of total products
� 100

EtOH Conv:% ¼ moles of ethanol converted

moles of ethanol fed
� 100

The thermodynamic analysis in Fig. 1 shows ethanol

conversion, yield and selectivity of main products starting from

a reactant composition similar to a bio-ethanol stream from

biomass fermentation (ethanol-to-water ratio of 1:10). Ethanol

conversion is not thermodynamically limited at any tempera-

ture. The methanation reaction, which is exothermic, is

thermodynamically favored at lower temperatures (below

400 8C). At higher temperatures (above 500 8C) the reverse

of this reaction, i.e., steam reforming of methane to CO2 and H2

becomes favorable. This would suggest that, if operated in a

thermodynamically controlled regime, in order to minimize

CH4 concentration in the product stream, the reaction

temperature should be kept as high as possible. However, as

shown in Fig. 1, once the temperature is increased above

550 8C, the reverse water-gas shift reaction takes off, i.e., CO

formation becomes significant and hydrogen yield decreases.

At this ethanol-to-water ratio, there is no solid carbon at the

equilibrium state.

Fig. 2 shows the effect of ethanol-to-water molar ratio on H2

yield. Lower molar ratios of ethanol-to-water can increase the

hydrogen yield, since both water-gas shift reaction and CH4

reforming reactions would shift to the left with increased water

concentration. In Fig. 2, solid carbon selectivities for the lowest

water concentrations are also included. At high ethanol-to-

water ratios, solid carbon deposition becomes thermodynami-

cally favorable, especially at lower temperatures.

The effect of dilution with an inert gas on the equilibrium H2

yield is shown in Fig. 3. The addition of inert gas increases the

equilibrium hydrogen yield at low temperatures and has no

effect at high temperatures. At low temperatures, the dominant

reaction is the methanation/methane steam reforming. Diluting

the system favors the methane steam reforming, and hence we

see a difference at low temperatures. At high temperatures, the

main reaction is the reverse water-gas shift reaction, which is

not affected by dilution, since there is no change in the number

of moles with the extent of this reaction. Increased pressure has

Fig. 1. Product distribution from ethanol steam reforming at thermodynamic

equilibrium with EtOH:water = 1:10 (molar), CEtOH = 2.8%, and atmospheric

pressure.

Fig. 2. Effect of EtOH-to-water molar ratio on equilibrium H2 yield and C

selectivity (no dilution).

Fig. 3. Effect of dilution on equilibrium hydrogen yield (dilution ratio used:

inert:EtOH:H2O = 25:1:10).
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a negative influence on hydrogen yield at lower temperatures

and no effect at higher temperatures (Fig. 4).

Although it is important to be aware of the thermodynamic

limitations, these analyses do not provide any information

about the product distribution that would be obtained under

kinetically controlled regimes. In this study, care is taken to

choose the reaction parameters such that reaction is always

controlled by kinetics under thermodynamically favorable

conditions.

There have been several studies in the literature on ethanol

steam reforming catalysts. Catalysts utilized are mainly Ni, Cu

and supported noble metals, like Rh, Pd and Pt [1]. Although

supported noble metal catalysts have been shown to have

significant activity in 500–600 8C range and high space

velocities [2–5], high cost of these metals limits their

application. As a less expensive alternative, cobalt-based

catalysts have been reported to have superior ethanol steam

reforming performance due to their high activity for C–C bond

cleavage at temperatures as low as 350–400 8C [6–8]. At these

temperatures, researchers have reported good selectivity to CO2

and H2 with CH4 being the only by-product.

An important question in using Co as the active metal is

the effect of the support material, which is reported to make a

dramatic difference in catalytic performance, including

activity, selectivity and stability. Llorca et al. [9] have used

in situ magnetic characterization of supported cobalt

catalysts (1 wt%) to gain insight into active cobalt species

for the reaction. A mixture of both metallic and oxidic cobalt

species was shown to perform well in the steam reforming

reaction. In contrast to this study, recent work by Batista

et al. [10] suggested that only Co0 sites are active for the

steam reforming of ethanol. The earlier studies of supported

cobalt systems by Haga et al. [11,12] have related catalytic

performance to cobalt crystallite size. However, cobalt

crystallite size, reducibility and chemical nature, which

are important variables during reaction, are directly related to

the nature of the support and interactions between cobalt and

the support.

Llorca et al. [13] performed studies on MgO, Al2O3, SiO2,

TiO2, V2O5, ZnO, La2O3, CeO2, and Sm2O3. Although cobalt

catalysts supported on these oxides showed comparable

activity, the product distribution was significantly different.

While conventionally a metal oxide support is used in

conjunction with Ni or Co to increase the surface area of the

exposed metal, the support almost always plays a role in

intermediate steps in ethanol reforming reactions [8,11,14].

The support can often act as a site for reactant adsorption. Some

sites on the support can induce side reactions in steam

reforming. For instance, acid sites on alumina are known to be

active for ethanol dehydration to ethylene, a common by-

product in ethanol steam reforming [15].

Another important aspect of these catalyst/support systems

is the effect the support has on the reducibility and ultimate

dispersion of the active metal and the resulting influence on

activity. In many supported cobalt systems, especially those at

higher cobalt loadings, all of the cobalt cannot be reduced to the

metallic state at reasonable temperatures. Jacobs et al. [16] have

studied supported cobalt on Al2O3, TiO2, SiO2, and ZrO2-

modified SiO2 for optimization in the Fischer–Tropsch

reaction. Significant support interactions were observed in

the order Al2O3 > TiO2 > SiO2. The cobalt species strongly

interacting with the support required harsher reduction

conditions. Promotion with small amounts of Ru and Pt metals

was able to aid in the reduction of Co species that were strongly

interacting with the support. Another factor investigated by

researchers is the type of precursor and support materials.

Kraum and Baerns [17] found that, depending on the precursor

material, the interactions between precursors and supports

during catalyst preparation and treatment differed, which

resulted in differences in cobalt dispersion. Such parameters are

taken advantage of in the work of Iglesia et al. [18] who have

used novel molten nitrate impregnation to achieve as high as

50% cobalt weight loadings.

Ho and Su [19] studied silica-supported cobalt system by

using different solvents to dissolve the Co precursor. Compared

with aqueous solution, ethanol impregnation onto the support

yields smaller uniformly distributed Co particles on the surface

and less metal sintering happens at high temperature. Kaddouri

and Mazzocchia [20] investigated Co/SiO2 and Co/Al2O3 for

bio-ethanol reforming. They examined both impregation and

sol–gel preparation methods and studied metal and support

interactions as well as selectivity and product distributions in

two systems. Vargas et al. [21] examined Ce–Zr–Co fluorite-

type as a catalyst for ethanol steam reforming. They found that

after in situ controlled partial reduction of the catalysts at

440 8C, part of the Co was reduced into nano-particles of Co0,

which were active and selective for reactions under 440 8C
while with further increase in reaction temperature (540 8C),

catalysts underwent a deeper reduction, leading to deactivation.

In this study, we examined Co catalysts on different supports

including alumina, titania and zirconia. Our research is focused

on interactions between metal and supports, nature of active

sites, and surface intermediates during reaction. An incipient

wetness impregnation method was used for catalyst prepara-

tion. Catalysts were tested for their activity in ethanol steam

Fig. 4. Effect of pressure on equilibrium hydrogen yield (EtOH:water = 1:10

(molar ratio), no dilution).
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reforming using an in-house-built reactor system. Character-

ization was performed using TGA, H2 chemisorption,

temperature-programmed reaction (TPRxn), laser Raman

spectroscopy, and DRIFTS. It was found that zirconia-

supported cobalt catalysts gave the best cobalt dispersion.

Zirconia was chosen as the support for further studies. DRIFTS

was used to investigate surface interactions with reactant

molecules during reaction.

2. Experimental

2.1. Catalysts preparation

Supported cobalt catalysts with different weight loadings

were prepared in the air by incipient wetness impregnation

from cobalt (II) nitrate hexahydrate (Aldrich 99.999%) aqueous

solutions. The supports used and their corresponding surface

areas and pore volumes were g–Al2O3 (199 m2/g, 0.44 cm3/g),

TiO2 (59 m2/g, 0.11 cm3/g), ZrO2 (31 m2/g, 0.21 cm3/g), all of

which were purchased from Saint Gobain. The support pellets

were ground and then sifted through a 100–150 mesh. The

sifted supports were then calcined for 3 h under air at 500 8C
prior to impregnation. After repeating impregnation and drying

in an oven overnight at approximately 95 8C as many times as

determined by the pore volume of each support, some of the

resulting samples were calcined at 400 8C for 3 h under air and

stored for use, the rest were kept uncalcined for thermogravi-

metric analysis.

2.2. Catalysts characterization

2.2.1. TGA

The TGA experiments were performed on a Perkin-Elmer

TGA7 instrument. The system is capable of quantitatively

measuring the change in mass of a sample as a function of

temperature up to 1000 8C. The change in mass is then related

to the changes taking place in the catalyst during calcination.

For each sample prepared, air was flown through the TGA at

25 mL/min as the temperature was ramped at 10 8C/min.

2.2.2. H2 Chemisorption

The volumetric measurement of H2 chemisorption was

conducted using a Micromeritics ASAP 2010 Chemisorption

system. Prior to adsorption measurements, calcined samples

were reduced in situ under 5% H2/He at the desired reduction

temperature (in this case 400 8C) for 3 h followed by

evacuation to 10–5 mmHg and cooling down to 35 8C. The

adsorption isotherms were measured at equilibrium pressures

between 50 and 500 mmHg. The first adsorption isotherm

was established by measuring the amount of H2 adsorbed as a

function of pressure. After completing the first adsorption

isotherm, the system was evacuated for 1 h at 10–5 mm Hg.

Then a second adsorption isotherm was obtained. The

amount of probe molecule chemisorbed was calculated by

taking the difference between the two isothermal adsorption

amounts.

2.2.3. Temperature-programmed reaction

TPRxn experiments were performed using the Cirrus MS

(MKS Instruments, 1–300 amu) to monitor reactor outlet

composition. The samples were pre-reduced (5% H2/He,

30 mL/min) at 350 8C and cooled to room temperature under

helium. The feed for the TPRxn experiments was provided by

saturating helium steams with water and ethanol in a double-

bubbler arrangement to provide an ethanol:water molar ratio of

1:10. After stabilization of water and ethanol signals, the

temperature was ramped at 10 8C/min.

2.2.4. Raman spectroscopy

The Raman spectroscopy was performed using a 514.5 nm

argon ion laser on a Laser Raman spectrometer (Kaiser) with a

1000� microprobe. The three catalysts tested were zirconia-

supported Co catalysts with different Co loadings: 5, 10 and

15 wt%. The spectra of ZrO2 and Co3O4 were also taken as the

standards for crystal phase identification.

2.2.5. DRIFTS

The DRIFTS experiments were performed on a Bruker

IFS66 DRIFT spectrometer equipped with a MCT detector. The

catalyst used for the DRIFTS experiment was the 10% Co/ZrO2

calcined at 400 8C for 3 h. The catalyst was pre-reduced in situ

at 350 8C while flowing 5% H2/He for 2 h. An ethanol and

water mixture (1:10 ratio) was then allowed to adsorb onto the

catalyst surface for one hour. The system was then flushed with

helium. The spectra were taken after stabilization at each

temperature.

2.3. Catalytic tests

A reactor system (shown in Fig. 5) has been designed and

constructed for BESR and oxidative ethanol steam reforming

(OESR), for catalytic performance evaluation and kinetic

studies. The synthesized feed with designated molar ratio of

water to ethanol or the crude ethanol solution obtained from the

fermentation of biomass can be sent into the system either

through bubblers or through the combination of a HPLC pump

and an evaporator. The sample pretreatment, reaction, and

regeneration steps have been integrated into one system. The

reactant and product streams can be analyzed online by either

being directly injected into a GC or first passing through a

condenser and then being sent into the GC separately. Analysis

methods have been developed to identify and quantify the

reaction products. An on-line Cirrus mass spectrometer (MKS

Instruments, 1–300 amu) has also been installed for additional

product analysis or for isotopic labeling studies.

The catalytic studies of the BESR were performed in a

tubular reactor (4 mm internal diameter). The catalyst (250 mg)

was added for each run. The feed stream comprised of a gaseous

mixture of nitrogen used as internal standard, helium used as

carrier gas, water, and ethanol vapors generated from bubblers

heated to their respective designated temperatures, calculated

by Antoine equation. The molar ratio of ethanol to water can be

adjusted by controlling the bubbler temperatures and the carrier

gas flow rates.
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All catalysts were first pretreated at 300 8C for 30 min under

He and then reduced in situ at 400 8C for 2 h under 5% H2/He.

Subsequently the catalytic performances were tested in the

temperature range of 300–550 8C, in 50 8C increments. The

catalyst was held at each temperature for at least 2 h. At the end

of the catalytic test, the flow of EtOH + H2O was stopped and

the catalyst was cooled under He stream.

The analysis of the reactants and all the reaction products

was carried out online by gas chromatography (Shimadzu

Scientific 2010). Analysis was done using two different

detectors and the separation was achieved using two different

sample injection loops/valves and two analysis lines: The first

line consisted of a Carboxen column and a 5 Å molecular sieve

column connected in series in a column isolation scheme. This

combined column arrangement was used in conjunction with a

pulse discharge helium ionization detector (PDHID). The

second line was a separate 30 m-long Q-Plot column used with

a methanizer and a flame ionization detector (FID) to allow

detection of CO down to 10 ppm. Helium was used as the

carrier gas for both of the analysis lines. All the carbon

containing products can be separated by the Q-Plot column and

detected by FID. PDHID can detect all the products in the

Fig. 5. Schematic diagram of the reactor system for the bio-ethanol steam reforming.
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stream, including CO, CO2, and H2. Response factors for all

products were obtained and the system was calibrated with

appropriate standards before each catalytic test.

The H2 yield and ethanol conversion were defined the same

as those used for thermodynamic analysis given in the

Introduction section.

3. Results and discussion

3.1. TGA

The changes occurring during the calcination of catalysts

were studied through TGA. Fig. 6 shows the derivative of the

mass (DTG) profile obtained during calcinations. The TGA

profiles for the cobalt catalysts supported on titania and alumina

are very similar. They each have only one sharp peak

corresponding to the weight loss associated with decomposi-

tion/oxidation of nitrates and precursor materials from the

catalyst. However, TGA results over the zirconia-supported

sample show that there is greater interaction between the

support and the metal as seen through additional mass change

features at higher temperatures.

3.2. Raman

Fig. 7 shows the Raman spectra of Co/ZrO2 with different

Co loadings after calcination. Compared with ZrO2 (mono-

clinic) spectra, it is evident that the surface of ZrO2 in all the

samples has been covered by cobalt particles even if the cobalt

loading is as low as 5 wt%, resulting in the absence of ZrO2

characteristic peaks in the sample spectra. The only Raman

features visible are those of CO3O4 as identified by the Co3O4

standard spectrum.

3.3. H2 Chemisorption

As suggested by the TGA results, interactions between the

cobalt metal and the support varied significantly, depending on

the support material. The support effects are likely to result in

differences in cobalt crystal size and dispersion on the surface

after reduction. H2 chemisorption was used to determine the

ratio of exposed metal atoms to total metal atoms (dispersion

(%)). The dispersion calculation is based on a stoichiometry of

1 H atom per metal atom. As shown in Fig. 8, ZrO2 supported

catalysts gave the highest metal dispersion compared with the

alumina and titiania supports. The lowest cobalt dispersion was

observed for the titania-supported catalyst.

3.4. DRIFTS

The reaction intermediates on the surface of 10% Co/ZrO2

were investigated through DRIFTS. The evolution of surface

species along with the increase of reaction temperature is

shown by DRIFT spectra shown in Fig. 9. At room temperature,

the band located at 1653 cm�1 [22] is due to the O–H scissoring

coming from adsorbed water. The monodentate and bidentate

ethoxide (drawn on the top left in Fig. 9) is formed on the

sample surface, as identified by the CH3 bending (1458,

1385 cm�1) and CCO stretching (1169, 1105, 1063) vibrations

due to ethanol adsorption [23,24]. Initial temperature increase

Fig. 6. DTG profiles of 10% Co supported on ZrO2, g-Al2O3, TiO2 during

calcination under air.

Fig. 7. Raman spectra of ZrO2 support, C3O4 and Co/ZrO2 with different Co

loading levels.

Fig. 8. Cobalt dispersion measured through H2 chemisorption over different

supports.
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favors the ethoxide adsorbed in bidentate form. The bands

characteristic of ethoxy species subsequently disappeared with

the further increase in temperature due to the BESR reaction

happening. The presence of surface acetate species has been

identified at 1569 cm�1 (nassym(COO)), 1429 cm�1(nsym(-

sym(COO)), and 1380 cm�1 (d(CH3)) [25]. As seen in Fig. 9,

these species could first evolve to monodentate carbonate

[26,27] as an intermediate, then dissociate into gas molecules,

such as CO, CO2 and CH4.

3.5. Activity tests

Fig. 10 shows some of the preliminary results presented in

terms of ethanol conversion rates per catalyst surface area. The

H2O:EtOH:inert ratio is 3:1:6 and the GHSVis 150,000 h�1. The

results are interesting in showing the importance of the support

on the performance of the catalyst. As shown, zirconia-supported

catalyst has the highest activity based on equal surface area while

alumina- and titania-supported cobalt catalysts show much lower

activities (Fig. 10a). When hydrogen yields are compared

(Fig. 10b), it is seen that only the zirconia-supported catalyst

shows appreciable yields of hydrogen (at 450 and 500 8C) while

the yields over the other two catalysts are much lower.

Although data not shown here, the alumina-supported

catalyst showed selectivity mainly to ethylene, which is not

surprising considering the many reports that show the acidity of

alumina contributing to the formation of ethylene and coke. The

titania and alumina-supported catalysts also showed selectivity

to acetaldehyde while the zirconia-supported catalysts exhib-

ited very low acetaldehyde formation. The cobalt–zirconia

system presents itself as promising for hydrogen production

Fig. 9. In situ DRIFT spectra of 10% Co/ZrO2 after adsorbing ethanol and water vapor (1:10, molar ratio) at room temperature.

Fig. 10. Steady state reaction results for 10% Co catalysts on different supports.

Reaction conditions: H2O:EtOH:inert = 3:1:6 (molar ratio), GHSV = 150,000

h�1 (a) ethanol conversion rates (b) H2 yields.
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from bio-ethanol steam reforming. Later in our work, zirconia-

supported cobalt catalysts were chosen as the focus of study.

The effect of Co loading on ZrO2 support was also

examined. The experimental parameters used for these

reactions were 4% EtOH, EtOH/H2O ratio = 1:10, and

GHSV = 250,000 h�1. A comparison of the H2 yields is

presented in Fig. 11. A loading of 10% is found to give the

highest H2 yield at temperatures above 400 8C. The highest

yield obtained over this catalyst is 75% at 450 8C.

The TPRxn experiments for the 10% Co/ZrO2 catalyst

calcined at 400 8C and reduced at 350 8C for 2 h have been

performed to explore the product distribution under unsteady

state. The reaction mixture consisted of 3% EtOH and a

EtOH:H2O ratio of 1:10. The GHSV was 15000 h�1. The results

are shown in Fig. 12. The light-off temperature for ethanol

conversion is below 300 8C and by 430 8C, 100% ethanol

conversion is achieved. The H2 signal rises sharply up to 430 8C
and shows a slower increase up to 600 8C. There is a decrease in

H2 signal at higher temperatures. Methane formation is limited to

a temperaturewindow between 300 and 430 8C. The CH3COCH3

formation is seen between 350 and 400 8C. The CO signal shows

multiple maxima, possibly due to different reactions involved in

its formation, including ethanol decomposition, CH4 reforming

and reverse water-gas shift reaction. The decrease seen in the

CO2 signal at temperatures above 450 8C is also likely to be due

to reverse shift reaction. Other species observed include C2H6 or

C2H4 (C2) and diethyl ether, both of which are in very small

quantities. TPRxn experiments are informative in demonstrating

the complex reaction network involved in the ethanol steam

reforming and how the product distribution is determined by the

many competing reactions that become important at different

temperatures.

Fig. 13 shows the steady state reaction results obtained over

the 10% Co/ZrO2 catalyst at a lower GHSV. The most striking

result is the high H2 yields that reach 75% at temperatures as

low as 400 8C. At 550 8C, a H2 yield of 92% is achieved, which

is equivalent to 5.5 mol of H2 produced per mol of ethanol fed.

Compared with the equilibrium value obtained from thermo-

dynamic calculation, 400 8C gives much higher experimental

hydrogen yield, confirming that the reaction is kinetically

controlled at lower temperatures. However, above 450 8C, the

H2 yield is very close to the equilibrium yield, indicating that

thermodynamic limitation begins taking control at higher

temperatures. In addition, ethanol can be fully converted at

temperatures as low as 350 8C. What is also worth noting is that

at temperatures above 475 8C, the only other product besides

hydrogen and CO2 is CO, making H2 the only H-containing

product.

4. Conclusions

Initial studies on cobalt-based catalysts supported g-Al2O3,

TiO2, ZrO2 supports have shown promising results for BESR

reaction. As determined by the H2 chemisorption studies,

ethanol conversion is found to correlate closely with metal

dispersion and hence, the metallic Co sites. The product

distribution, on the other hand, is determined by a complex

network of competing reactions, including BESR, methanation,

WGS, dehydration, and dehydrogenation. Among the supports

studied, zirconia is shown to provide the highest metal

dispersion and the highest H2 yield. H2 yields as high as 92%

(5.5 mol of H2 per mole of ethanol fed) are achieved over a 10%

Co/ZrO2 catalyst at 550 8C.

Fig. 11. Effect of catalyst loading on H2 yield over Co/ZrO2 catalysts.

Fig. 12. Concentration profiles of different products during TPRxn over 10%

Co/ZrO2.

Fig. 13. Steady state reaction data for 10% Co/ZrO2. Reaction conditions:

H2O:EtOH:inert = 10:1:75 (molar ratio), GHSV = 5000 h�1.
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The effects of synthesis parameters on the activity of Co–ZrO2 catalysts in bio-ethanol steam

reforming (BESR) were investigated. The supported catalysts were prepared by incipient wetness

impregnation (IWI) and characterized through N2 physisorption, H2 chemisorption, X-ray

diffraction, X-ray photoelectron spectroscopy, temperature programmed calcination, temperature

programmed reduction, temperature programmed oxidation, thermogravimetric analysis, ethanol

pulse chemisorption, and temperature programmed reaction techniques. The synthesis parameters

examined include calcination temperature, reduction temperature, and reduction time. The

catalyst evolution at different stages of the synthesis process was investigated. The ethanol

adsorption and temperature programmed reaction experiments indicated a strong correlation

between the catalytic activity and metallic cobalt surface area for the 10 wt% Co–ZrO2 catalyst.

1. Introduction

As the world population increases and larger and larger areas

of the globe become industrially developed, the energy

demands of the world will continue to rise. Increased energy

requirements, on the other hand, create some of the most

serious environmental pollution problems that face the world.

These problems include VOC, NOx and SO2 emissions, acid

rain, ground level ozone formation, smog, particulate matter,

and increased green house gases. It has now been widely

accepted that global warming is directly linked to increased

green house gases, especially CO2, in the atmosphere.

Although many fields of chemistry, such as catalysis, have

provided many significant solutions to pollution problems in

the form of emission control (e.g., three way catalysts, SCR),

cleaner fuels (e.g., HDS, HDN) and increased combustion

efficiencies (e.g., catalytic combustion), much more is needed

to mitigate the negative impact of energy consumption on the

environment. Recently, much attention has been given to

hydrogen as a clean fuel. Whether it is combusted directly or

whether it is used as a fuel for fuel cells, hydrogen has the

promise of being the cleanest energy carrier since it only

produces water when it is burned. Especially when it is used

with fuel cells, hydrogen has the potential to provide electricity

at much higher efficiencies compared to combustion processes,

since fuel cells are not limited by Carnot efficiencies.

There exist several routes for hydrogen production from

fossil fuels. Steam reforming of lower organic compounds such

as methane and propane is an effective method of manufactur-

ing hydrogen. However, for hydrogen to fulfil its potential

as a clean energy carrier, it is necessary to produce it from

renewable sources, such as plant matter. Hydrogen production

from renewable sources can indirectly harness the energy from

the sun and minimize the CO2 emissions, since CO2 emitted

from reforming plant matter can be recycled in a closed carbon

loop through the photosynthesis process. A promising route

for hydrogen production involves the steam reforming of bio-

ethanol. Ethanol can be produced renewably from fermenta-

tion of biomass including starch, sugar, and cellulitic and

lignocellulitic materials. Also, ethanol has no impurities such

as sulfur, which is found in some fossil fuels and can poison the

catalysts in downstream processes. Moreover, ethanol has the

characteristics of non-toxicity, easy transportability, and when

steam reformed, a high theoretical hydrogen yield (6 moles of

H2 per mole of C2H5OH). Hydrogen production from bio-

ethanol through steam reforming also has the potential to

resolve many of the issues involved in hydrogen storage and

hydrogen delivery infrastructure, and lends itself very well to a

distributed hydrogen production strategy. All these considera-

tions render bio-ethanol an economically and environmentally

attractive energy starting material for H2 production.

Currently there is no commercial catalyst for bio-ethanol

reforming, mainly due to the relatively higher cost compared

with methane steam reforming. In addition, many funda-

mental questions in catalytic reforming of ethanol still remain,

such as the nature of active sites, the network of competing

reactions and catalyst deactivation.

Ethanol reforming is an endothermic reaction.

C2H5OH (l) + 3 H2O (l) A 2 CO2 + 6 H2

(DHr = 348 kJ mol21 at 25 uC)

Although the reaction looks simple enough, in reality,

depending on the reaction conditions and catalysts used, the

product distribution can be governed by a very complex

network of reactions, including hydrogenation, dehydrogena-

tion, hydration, methanation, reverse water–gas shift reaction,

Boudouard reaction, and coking. There have been several

Department of Chemical & Biomolecular Engineering, Ohio State
University, Columbus, OH 43210, USA. E-mail: Ozkan.1@osu.edu;
Tel: +1-(614)292-6623
{ This paper was published as part of the special issue from the ‘‘Green
Chemistry for Fuel Synthesis and Processing’’ symposium at the 232nd
ACS National Meeting.

PAPER www.rsc.org/greenchem | Green Chemistry

686 | Green Chem., 2007, 9, 686–694 This journal is � The Royal Society of Chemistry 2007



studies in the literature on ethanol steam reforming catalysts.

Catalysts utilized are mainly Ni, Cu and supported noble

metals, such as Rh, Pd and Pt.1 Although supported noble

metal catalysts have been shown to have significant activity in

500–600 uC range and high space velocities,2–5 the high cost

of these metals limits their application. As a less expensive

alternative, cobalt-based catalysts have been reported to have

superior ethanol steam reforming performance due to their

high activity for C–C bond cleavage at temperatures as low as

350–400 uC.6–8 At these temperatures, researchers have

reported good selectivity to CO2 and H2, with CH4 being the

only by-product.

While Co catalysts are reported to have activity for ethanol

steam reforming, the catalyst preparation methods and the

pretreatment conditions used for these catalysts are known to

have great influence on the nature of cobalt and cobalt oxide

species formed on the surface, thus determining the catalytic

properties. Synthesis of highly dispersed Co catalysts requires

the initial formation of fine CoO or Co3O4 crystallites, as

indicated by Tsubaki’s work.9 They used different solvents

including water, dehydrated ethanol and cyclohexanol to

dissolve Co precursors and found that depending on the

solvent, the interaction of Co particles and support during

precipitation and calcination varied significantly, resulting in

different particle sizes, distributions and reaction performance.

Llorca et al.7 did similar work on a ZnO-supported Co system

by impregnation of nitrate and carbonyl cobalt precursors.

They use Co2(CO)8 as a precursor to produce a highly stable

and selective catalyst for CO-free hydrogen production at low

reaction temperature (623 K). Ho and Su10 impregnated Co

precursor into the silica support by using two solvents, ethanol

and water. Smaller Co3O4 crystallites and more Co–SiO2

interaction species were obtained when catalysts were prepared

with ethanol instead of an aqueous solution. They attributed

it to the presence of a surface ethoxy group which might

hinder the aggregation of Co3O4 during its formation from

the thermal decomposition of cobalt nitrate. This leads to

differences in surface cobalt dispersion and catalyst reduci-

bility, and thus reaction activity. Kaddouri and Mazzocchia11

synthesized Co supported on SiO2 and Al2O3 by three

preparation methods, incipient wetness, sol-gel and a combi-

nation of the two methods. The hydrogen selectivity and

product distribution were found to be dependent on the

preparation procedure and on the nature of the support used.

Ruckenstein and Wang12 investigated effects of preparation

method and heat treatment conditions on steam reforming

Co–MgO catalysts. The extent of solid solution formation

was found to increase as the calcination temperature and

calcination time increased. From TPR studies, degree of

reduction increased with increasing calcination temperature

up to 600 uC and then decreased with further increase in

calcination temperature.

Goodwin et al.13 studied the effect of calcination and

reduction temperatures on the activity of a Ru-promoted

Co–Al2O3 catalyst for CO hydrogenation reaction. The

calcination temperature was found to have a pronounced

effect on the overall activity of the catalyst but the reduction

temperature had only a negligible effect. Higher calcination

temperatures caused a decrease in the number of surface active

sites and the reducibility of the catalyst decreased as well.

Enache et al.14 examined several thermal treatment protocols

for zirconia- and alumina-supported cobalt catalysts. It was

found that the direct reduction of nitrate precursor lead to

weaker metal support interactions than in the case of

calcined catalysts and increases the quantity of metallic cobalt.

Calcination atmosphere also had an effect on the crystallinity

of Co3O4 formed, which is directly related with catalyst

reducibility.

The nature of active sites in Co-based catalysts has also

been examined by several researchers. Borgmann et al.15

characterized cobalt catalysts supported on different oxides.

Through X-ray photoelectron spectroscopy (XPS) and X-ray

diffraction (XRD), Co was observed as Co3O4 phase after

calcination in Co–SiO2 and CoO phase in Co–TiO2 and

Co–Al2O3 samples. Co3O4 in the sample can go through a

two-step reduction: first to CoO and then to metallic Co.

Ticianelli’s work16,17 identified Co metallic sites as the active

phase for steam reforming of ethanol. By using temperature

programmed reduction (TPR) and TEM, Freni et al.18 came to

the conclusion that the metallic Co constitutes the active sites,

but these sites could be reoxidized and cause deactivation for

reforming reaction. By combination of XRD, Raman and

TEM, Llorca et al.7 studied the Co phase in Co–ZnO catalysts.

If there was no pre-reduction, the post-reaction catalysts only

exhibited CoO. If the catalysts were pre-reduced, however,

CoO and metallic Co were seen to coexist. By magnetic studies,

Llorca et al.19 calculated the amount of metallic Co after

reaction and after reduction. They concluded that both CoO

and Co may be involved in the ethanol reforming reaction.

Crystallite size of Co was found to affect ethanol adsorption

on the Co–Al2O3 system and have a strong effect on ethanol

reforming activity and selectivity.20

In an earlier publication, we have reported the effect of

different supports on the activity of Co-based catalysts in

ethanol steam reforming.21 In this study, we report the effect of

synthesis parameters on the BESR activity of ZrO2-supported

cobalt catalysts prepared by incipient wetness impregnation

method. Effects of calcination temperature, reduction tem-

perature, and reduction time were examined systematically.

Characterization was performed using BET surface area

measurement, H2 chemisorption, TPR, temperature pro-

grammed oxidation (TPO), XRD, XPS, temperature pro-

grammed calcination (TPC), thermogravimetric analysis

(TGA), ethanol pulse chemisorption, and temperature pro-

grammed reaction (TPRxn) techniques. It was found that

under different treatments, physical and chemical properties of

the catalyst vary significantly, affecting the catalytic perfor-

mance in ethanol steam reforming.

2. Experimental

2.1. Catalysts preparation

Supported cobalt catalysts with 10 wt% metal loading were

prepared in air by incipient wetness impregnation from cobalt

(II) nitrate hexahydrate (Aldrich 99.999%) aqueous solution.

The support used was ZrO2 (Saint Gobain) with a surface area

and pore volume of 55 m2 g21 and 0.21 cm3 g21, respectively.

The support pellets were ground and then sifted to obtain a

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 686–694 | 687



100–150 mesh particle size. The sifted support was then

calcined for 3 h in air at 500 uC prior to impregnation. After

repeating the impregnation and drying steps (at 95 uC) as

many times as determined by the pore volume of the ZrO2

support, the resulting samples were divided into seven aliquots.

Each of them was calcined at a different temperature for 3 h in

the air and stored for use.

2.2. Catalysts characterization and activity tests

The surface areas of the prepared samples were measured

using nitrogen adsorption at 77 K (Micromeritics ASAP 2010).

The volumetric measurement of H2 chemisorption was

conducted using a Micromeritics ASAP 2010 chemisorption

system. Prior to adsorption measurements, calcined samples

were reduced in-situ under 5% H2–He at the desired reduction

temperature for various times, followed by evacuation to 1.33–

0.67 KPa and cooling down to 100 uC to maximize activated

chemisorption while minimizing H2 spillover.22 The adsorption

isotherms were measured at equilibrium pressures between

6.67–66.7 KPa. The first adsorption isotherm was established

by measuring the amount of H2 adsorbed as a function of

pressure. After completing the first adsorption isotherm, the

system was evacuated for 1 h at 1.33–0.67 KPa. Then a second

adsorption isotherm was obtained. The amount of probe

molecule chemisorbed was calculated by taking the difference

between the two isothermal adsorption amounts. Metallic

surface area was determined by assuming a one-to-one

stoichiometry between Co and atomic hydrogen and a cross-

sectional area of 0.0662 nm2 for a Co atom.

XRD profiles were collected from 20u to 90u at a step width

of 0.0144u using a Bruker D8 Advance X-Ray Diffractometer

equipped with a CuKa source. In-situ XRD was also

performed during calcination and reduction processes under

air and 5% H2–N2, respectively, using a linear heating rate of

10 uC min21 and holding at different preset temperatures for a

given time for stabilizing and data collection.

XPS analysis was performed using an AXIS His, 165

Spectrometer manufactured by Kratos Analytical with a

monochromatized Al X-ray source. A voltage of 2.3 V was

chosen to balance the charging. A stainless steel holder was

employed to support catalysts. The survey scan was performed

to identify all the elements within the sample, followed by

regional scans for Co 2p, C 1s, O 1s, Zr 3d orbitals in order to

achieve the high resolution for elements of interest.

The calcination process was investigated through a TPC

technique. The sample was sandwiched within two layers of

quartz wool in a stainless steel reactor which was placed in the

center of a temperature programmable furnace. A constant air

flow rate was maintained over the sample throughout the

process and the reactor outlet stream was monitored by a

Cirrus Mass Spectrometer (MKS Instruments, 1–300 amu).

H2 TPR experiments were performed using a laboratory

flow system equipped with a thermal conductivity detector.

Samples of 100 mg were subjected to an oxidative cleaning step

at the samples’ calcination temperature in air, followed by

cooling to room temperature under helium. TPR experiments

were subsequently performed under 5% H2–N2 (30 ml min21)

with a heating rate of 10 uC min21.

The TPR–TPO–TPR was performed using an Autochem-

2920 (Micromeritics). The sample was first reduced under 10%

H2–Ar with a heating rate of 10 uC min21. After cooling

down under helium, the sample was subsequently oxidized

under 10% O2–He with the same heating rate followed by the

second TPR running under the same condition as the first one.

TGA experiments were performed using a TG-DSC 111

(SETARAM). Samples were first pretreated under helium

(30 ml min21) at 400 uC for 30 min and then cooled down to

the room temperature under helium. The mass signal was

subsequently recorded during the temperature programmed

increase with a ramp rate of 5 uC min21 under 5% H2–N2

(30 ml min21).

The ethanol pulse chemisorption experiments were per-

formed using an AutochemII 2920 at room temperature to

measure the ethanol uptake capability of the catalysts

prepared under various conditions. The sample loop was

calibrated by injections of a known volume of argon through

the analyzer septum using a syringe. The ambient temperature

and pressure corrections were incorporated for each measure-

ment. The effluent from the sample was monitored by a Cirrus

mass spectrometer by following the m/z ions of 2, 16, 18, 8, 31,

43, 44, 58, 59, and 60.

TPRxn experiments were performed using a Cirrus MS

(MKS Instruments, 1–300 amu) to monitor reactor outlet com-

position. The H2 signal was corrected using H2–He flow of

known concentration before each reaction for catalytic activity

comparison. The samples of 100 mg were pre-reduced (5% H2–

He at 30 ml min21) at pre-designated temperatures and cooled

to room temperature under helium. The feed for the TPRxn

experiments was provided by saturating helium streams with

water and ethanol in a double-bubbler arrangement to provide

an ethanol : water molar ratio of 1 : 10. The total flow rate was

set at 60 ml min21. After stabilization of water and ethanol

signals, the temperature was ramped at 10 uC min21 while the

product signals were monitored by a mass spectrometer.

3. Results and discussion

3.1. BET

The surface areas of the samples calcined at different

temperatures were measured using the BET technique. The

results are shown in Fig. 1. As expected, the surface area

Fig. 1 BET surface areas of 10 wt% Co–ZrO2 calcined at different

temperatures.
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decreases from 55 m2 g21 to 48 m2 g21 as the calcination

temperature increases from 250u to 550 uC. There are three

distinct steps in the surface area decrease, between 250 and

300 uC, between 350 and 400 uC, and between 500 and 550 uC.

The first step may signal the decomposition of the nitrate left

behind from the synthesis. The second step may be due to the

onset of crystallization of the Co oxide species. The final

decrease observed at higher temperatures may be due to

sintering and/or strong interaction between the support and

the metal. The changes in the overall surface area are expected

to affect the reducibility of the catalysts as well as their metallic

surface areas, as will be discussed in the next sections.

3.2. H2 chemisorption

Using a constant reduction temperature of 350 uC (5% H2 for

2 h), the metallic surface areas of the samples calcined at

different temperatures were measured. The results are shown

in Fig. 2 (cobalt dispersion data are incorporated). A gradual

increase in Co surface area was observed up to 400 uC followed

by a sharper decline at higher calcination temperatures. This

indicates that 400 uC is the optimum calcination temperature

that will allow for the highest metallic surface area. The

sintering of the cobalt oxide particles or the metal-support

complex formation may suppress the reducibility of the

sample, which results in a decrease of cobalt dispersion at

higher calcination temperatures.

To examine the effect of reduction temperature on the

cobalt dispersion of the 10 wt% Co catalysts, several batches

of the catalyst calcined at 400 uC but reduced at different

temperatures (5% H2 for 2 h) were used in hydrogen

chemisorption experiments. The results, which are given in

Fig. 3 (cobalt dispersion data are incorporated), indicate that

the highest metallic surface area is obtained at 350 uC, after

which a decline is observed. The sintering of the reduced metal

cobalt particles could contribute to the decline of the cobalt

dispersion at higher reduction temperatures.

The effect of reduction time was also examined by using

samples calcined at 400 uC. The reduction temperature was

kept constant at 350 uC while the duration of reduction was

varied. The results are presented in Fig. 4 (cobalt dispersion

data are incorporated). The metallic surface area was seen

to increase up to 2 h and then steadily declined with the

increasing reduction time. The maximum in the metallic

surface area is likely due to competing effects of increased

extent of reduction and increased agglomeration of the metal

with increasing reduction time.

3.3. XRD

In order to identify the crystalline phases present in the cobalt

catalysts after calcination and after reduction, XRD experi-

ments were performed. The X-ray diffraction pattern of a

catalyst calcined at 400 uC is presented in Fig. 5. The

diffraction line at 36.96u can be identified as the (311) crystal

plane reflection from the cubic Co3O4 phase. The other

diffraction lines in Fig. 5 can be assigned to the monoclinic

ZrO2 crystal phase. The intensity of the Co3O4 pattern is very

weak, implying that Co3O4 is well dispersed on ZrO2 surface

and not highly crystalline. There are no other phases detected.

The calcination process of the catalyst precursor was

investigated using in-situ XRD technique. As shown in Fig. 6,

the monoclinic ZrO2 support is visible at each temperature.

However, there is no crystalline phase associated with Co in

the catalyst precursor until a calcination temperature of 250 uC
is reached. The diffraction line that corresponds to cubic

Co3O4 increases with increasing calcination temperature.

Above a calcination temperature of 400 uC, the area of the

Co3O4 peak does not change. The sharpening of the Co3O4

peak at higher temperatures implies the sintering of the Co3O4

particles.
Fig. 2 Metallic surface areas of 10 wt% Co–ZrO2 calcined at different

temperatures after reduction treatment at 350 uC for 2 h.

Fig. 3 Metallic surface areas of 10 wt% Co–ZrO2 calcined at 400 uC
and reduced at different temperatures for 2 h.

Fig. 4 Metallic surface areas of 10 wt% Co–ZrO2 calcined at 400 uC
and reduced at 350 uC for different lengths of time.
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The evolution of the crystalline phases during the reduction

process is also shown through the in-situ XRD patterns

acquired during reduction (Fig. 7). The disappearance of the

Co3O4 phase along with the appearance of the CoO phase

coincides at a reduction temperature of 350 uC. The diffraction

line that corresponds to the CoO phase disappears above

450 uC and a metallic Co phase appears at 525 uC.

3.4. XPS

The Co 2p regions of the XPS spectra of the 10% Co–ZrO2

calcined at different temperatures are shown in Fig. 8. At

lower calcination temperatures there are very weak and broad

features at about 6 eV higher binding energy from the main

peaks, which may be due to shake-up lines, suggesting the

presence of some Co2+ species on the surface. This may be due

to nitrate species left behind from the impregnation step or to a

CoO phase. At higher calcination temperatures (.400 uC), this

feature disappears, indicating that a significant amount of

cobalt was in the Co3+ oxidation state, consistent with Co3O4

in which 2/3 of the cobalt is in the Co3+ oxidation state.

The absence of clear shake-up peaks on these samples

containing 10% Co is not surprising, since even the shake-up

peaks observed from bulk Co3O4 were relatively weak.23–25

Calcination at higher temperatures (.450 uC) leads to a

decrease in intensity. From this observation, it appears that the

cobalt oxide particles begin to sinter with the increasing

calcination temperature above 450 uC, resulting in a decrease

in Co surface concentration.

Fig. 6 In-situ XRD patterns of 10 wt% Co–ZrO2 during calcination

in air.

Fig. 7 In-situ XRD patterns of 10 wt% Co–ZrO2 during reduction

under 5% H2–N2. Catalysts were calcined at 400 uC for 3 h.

Fig. 8 XPS spectra of 10 wt% Co–ZrO2 calcined at different

temperatures for 3 h.

Fig. 5 The XRD pattern of 10 wt% Co–ZrO2 after calcination at

400 uC for 3 h.
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3.5. TPC

The evolution of the catalyst during the calcination process

was also examined by calcining the sample in an air stream

using a linear temperature program, while monitoring the gas

phase effluents by an on-line mass spectrometer. The products

eluting from the sample during the calcination process are

shown in Fig. 9. As expected, the water and NOx (determined

by m/z = 30 and 46 ion fragments) result from the

decomposition of the cobalt precursor, Co(NO3)2?6H2O. The

m/z = 30 signal could be due to fragmentation of NO2,

however formation of NO cannot be ruled out. The elution of

NOx up to temperatures well above 300 uC supports our earlier

assertion that part of the Co may still be in a nitrate matrix

when calcined below 400 uC, as seen through the XPS results.

The water signal may also have a contribution from adsorbed

H2O. The CO2 signal is also due to the CO2 adsorption from

the atmosphere during sample handling.

3.6. TPR

The TPR profiles of the samples calcined at different

temperatures are shown in Fig. 10(a). The first small peak at

lower calcination temperature comes from residual nitrate

from the catalyst preparation, since, as seen in Fig. 9, the

cobalt precursor is not completely decomposed until 400 uC.

The first major feature is due to Co3O4 A Co2+ reduction and

the second main feature results from the Co2+ A Co reduction

step. The identification of the reduction steps was verified

by measuring the hydrogen consumption through CuO

reduction calibration. When the H2 consumption quantified

in the first peak is compared to the amount of H2 needed for

the Co3O4 + H2 A 3CoO + H2O reduction step, the relative

error is found to be around 10%. When a similar comparison

is carried out between the H2 consumed in the second step

and H2 needed for the CoO + H2 A Co + H2O reduction,

the relative error is about 5%. The TPR results agree very

well with the in-situ XRD data, which showed the disappear-

ance of CO3O4 and the formation of CoO around 350 uC
and the formation of metallic Co above 450 uC under a linear

temperature program.

Fig. 10(b) shows the variation of the second reduction peak

temperature with calcination temperature. It is seen that the

temperature for this second reduction step goes through a

minimum with increasing calcination temperature. When the

metallic surface area measured from H2 chemisorption

experiments is plotted on the same graph, the two curves

show a mirror image of one another. Initial increase of

reducibility may be due to structural changes in the cobalt

phase as the nitrate phase decomposes and the Co3O4

phase is formed. Much higher calcination temperatures, on

the other hand, lead to the sintering of the cobalt oxide

particle, which contributes to the final decrease of the

reducibility. The sample calcined at 400 uC has the minimum

reduction temperature and should thereby be the easiest to

reduce. The H2 chemisorption results indicate that this

sample has also the maximum metallic surface area. The

calcination temperature of 400 uC is also the lowest at which

residual nitrate from the preparation is not present in the

calcined sample. Based on these results, 400 uC is chosen as an

optimum calcination temperature for these catalysts.

Fig. 9 Evolution of different species during the calcination process

for 10 wt% Co–ZrO2.

Fig. 10 (a) H2 TPR profiles of 10 wt% Co–ZrO2 calcined at different

temperatures for 3 h, and (b) correlation of reducibility with H2

chemisorption results.
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One of the questions that come to mind is whether a

reduction temperature of 350 uC is sufficient to obtain metallic

Co sites, since the bulk reduction to metallic Co takes place at

a much higher temperature under a linear temperature ramp.

To answer this question, a TPR experiment similar to the one

described above was performed over a catalyst sample that was

calcined at 400 uC and reduced at 350 uC for 2 h. The resulting

TPR profile is shown in Fig. 11. The TPR profile from a

calcined sample is also included for comparison. Very low

hydrogen consumption seen over this pre-reduced sample

(manifested as a flat TPR profile) indicates that the pre-

reduction treatment at 350 uC is sufficient to reduce most, if

not all of the cobalt to metallic Co. Although under a linear

temperature program, the reduction is not complete until

much higher temperatures are reached, if the temperature is

held for a longer time, the reduction process will proceed until

the cobalt oxide is fully transformed into metallic cobalt even

at lower temperatures.

3.7. TPR–TPO–TPR

The TPR–TPO–TPR experiment was performed on 10%

Co–ZrO2 calcined at 400 uC, the results of which are shown

in Fig. 12. The sample, which went through an initial TPR

process was oxidized under a similar temperature profile and

then the TPR was repeated. Unlike the H2 signal, the O2

consumption signal is very weak since TCD has much less

sensitivity for O2. Therefore, the O2 consumption signal in

Fig. 12 has been multiplied by 5 for better observation. As can

be seen from Fig. 12, two reduction peaks are still observed

after the oxidation of cobalt, which indicates that during the

TPO step, the metal cobalt has been fully oxidized into Co3O4

rather than to CoO. However, a higher starting point of the

reduction and broader second peak indicate that the sample is

harder to reduce. Moreover, after integration, the area under

the second TPR curve is seen to be smaller than that of the first

H2 consumption curve, which indicates that part of the sample

has been sintered during the first TPR step at higher reduction

temperatures. This amount of sample could not be oxidized,

and consequently, could not be reduced again. Interaction of

cobalt with the support at higher reduction temperatures to

form some metal-support complex is also a possibility.

3.8. TGA

The reduction process of the sample is also investigated

through the TGA technique. As shown in Fig. 13, three mass

losses in the TG signal and corresponding peaks in DTG curve

(first derivative of the TG signal) are readily apparent. The

first small peak comes from residual nitrate decomposition

from the catalyst preparation. The first reduction peak is due

to Co3+ A Co2+ and the second reduction peak comes from

Co2+ A Co, which are calculated from the mass change. The

results are consistent with the H2 TPR profile in Fig. 11(a).

3.9. Ethanol pulse chemisorption

Because the catalytic performance of these materials may be

directly linked to their ethanol adsorption capacity, pulsed

chemisorption experiments were performed over catalysts that

were exposed to different pretreatment parameters. The results

from one such series of experiments are presented in Fig. 14. In

these experiments, samples calcined at 400 uC were pre-

reduced at 350 uC for different time periods, then ethanol

vapor was pulsed over the sample at room temperature and

each pulse was sent to the TCD detector. In the same Figure,

the relationship between metallic Co surface area and reduc-

tion time determined by H2 chemisorption is also presented. It

is interesting to note that the reduction time that gives the

Fig. 11 H2 TPR profiles of 10 wt% Co–ZrO2 calcined at 400 uC for

3 h: (a) without pre-reduction treatment, (b) with pre-reduction

treatment at 350 uC for 2 h.

Fig. 12 TPR–TPO–TPR profiles of 10 wt% Co–ZrO2 calcined at

400 uC for 3 h.

Fig. 13 TGA curves during reduction over 10 wt% Co–ZrO2 calcined

at 400 uC for 3 h.
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highest ethanol uptake coincides with the reduction time that

gives the highest metallic Co surface area. The similarity of the

trends in these two measurements strongly suggests that the

metallic Co centers constitute the active sites for ethanol

adsorption in BESR.

3.10. TPRxn

The TPRxn experiments were performed for samples calcined

at 400 uC and reduced at different temperatures for 2 h. The

maximum in the hydrogen signal in each run has been plotted

as a function of reduction temperature (shown in Fig. 15). The

variation of metallic Co surface area with the reduction

temperature is also plotted in the same Figure for comparison.

As can be seen from Fig. 15, the TPRxn results are in

agreement with the chemisorption results, showing similar

overall trends, especially for reduction temperatures above

200 uC. The reduction temperature which leads to the

maximum H2 formation is also the reduction temperature

which gives the highest metallic surface area. The observation

that the trend does not continue for the lowest reduction

temperature can be explained by the fact that when the catalyst

is mostly in an oxide phase there may be other reactions,

besides the steam reforming of ethanol, that dominate the

reaction network and these reactions may take place on active

sites other than the metallic Co sites.

A similar comparison was made by performing TPRxn

experiments over catalysts calcined at different temperatures,

but reduced at 350 uC for 2 h. The maximum in H2 signal is

plotted against calcination temperature as seen in Fig. 16.

The variation of metallic Co surface area with calcination

temperature is also plotted in the same Figure for comparison.

Again, there appears to be a close correlation between the H2

yield and the metallic Co surface area. The dependence of both

ethanol adsorption capacity and H2 yield on the metallic Co

surface area strongly suggests that metallic Co centers are the

active sites in BESR reaction.

It should be noted that in Fig. 15 and Fig. 16 although the

general trends are similar, there may not be an exact

correlation at each temperature point. As described in the

introduction section, many side reactions which could affect

the H2 yield might take place at different temperature regions

besides the BESR reaction, such as ethanol dehydration or

dehydrogenation at lower temperature and reverse water–gas

shift at higher temperature. Therefore, the accurate correlation

of the BESR activity with the metallic Co sites might be

difficult, due to the complex networks of reactions governing

the H2 production.

4. Conclusions

Investigation of the evolution of the Co–ZrO2 catalysts

through different stages of the synthesis process showed that

catalyst precursors start out with Co existing primarily in a

nitrate phase and transforming into a Co3O4 phase in the fully-

calcined state. The reduction proceeds in two distinct steps as

in Co3O4 A CoO and CoO A Co. There is an optimum in

each of the synthesis parameters, which gives the highest

metallic Co surface area. The maximum in metallic Co area is

often determined by a series of competing processes, such as

transformation from a nitrate to an oxide phase and onset of

Fig. 14 Variation of ethanol chemisorption capacity with the length

of reduction time for 10 wt% Co–ZrO2 calcined at 400 uC and reduced

at 350 uC. Variation of metallic Co surface area with reduction time is

included for comparison.

Fig. 15 Variation of H2 yield with reduction temperature for 10 wt%

Co–ZrO2 calcined at 400 uC. Variation of metallic Co surface area with

reduction temperature is included for comparison.

Fig. 16 Variation of H2 yield with calcination temperature for 10 wt%

Co–ZrO2 reduced at 350 uC for 2 h. Variation of metallic Co surface

area with calcination temperature is included for comparison.
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crystallinity versus reaction with the support at higher

calcination temperatures, reduction to metallic state versus

sintering at higher reduction temperatures. The maximum in

metallic Co area was seen to coincide with the maxima in both

ethanol adsorption capacity and H2 yield in the BESR

reaction, suggesting a strong correlation between metallic Co

sites and BESR activity. The steady-state reaction studies,

which will be presented in the next article of this series, provide

further evidence that metallic Co centers may be the active sites

for the bio-ethanol steam reforming reaction.
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The effect of oxygen mobility on the bio-ethanol steam reforming of ZrO2- and CeO2-supported cobalt
catalysts was investigated. The supported catalysts were prepared by incipient wetness impregnation
(IWI) and characterized through N2 physisorption, X-ray photoelectron spectroscopy, temperature
programmed oxidation, laser Raman spectroscopy, diffuse reflectance infrared Fourier transform spectro-
scopy, O2 pulse chemisorption, isotopic labeling, and transmission electron microscopy techniques at
various life stages of the catalyst. The results indicated that the catalyst deactivation was due mostly to
deposition of various types of carbon on the surface although cobalt sintering could also be contributing
to the deactivation. The addition of ceria was found to improve the catalytic stability as well as activity,
primarily due to the higher oxygen mobility of ceria.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

As the wide-spread application of fuel cells becomes closer to
reality, increased attention has been focused on hydrogen produc-
tion technologies. Bio-ethanol steam reforming (BESR) offers an
environmentally friendly route for hydrogen production from re-
newable sources, with potentially little contribution to green house
effect, since CO2 can be recycled through photosynthesis during
the plant growth. Bio-ethanol can be obtained from fermentation
of biomass (e.g. sugar cane, cellulose, corn). Because of its low toxi-
city and ease of deliverability, ethanol steam reforming lends itself
very well to a distributed-production strategy. Development of a
non-precious catalytic system with high activity and stability will
be an important step in making this technique economically com-
petitive.

With increased interest in hydrogen as an energy carrier for
fuel cells, studies in the literature on ethanol steam reforming cat-
alysts have also increased significantly in recent years. Catalysts
utilized are mainly Ni, Cu, Co and supported noble metals, such
as Rh, Ru, Re, Pd, Ir and Pt [1–4], which have been reviewed by
Haryanto et al. [5] and Vaidya et al. [6]. Although supported no-
ble metal catalysts have been shown to have significant activity
in 500–600 ◦C range and at high space velocities [7–9], high cost
of these metals limits their application. As a less expensive alter-
native, cobalt-based catalysts have been reported to have superior
ethanol steam reforming performance due to their high activity for
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E-mail address: ozkan.1@osu.edu (U.S. Ozkan).
0021-9517/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2008.11.006
C–C bond cleavage at temperatures as low as 350–400 ◦C [10–12].
At these temperatures, researchers have reported good selectivity
to CO2 and H2 with CH4 being the only by-product.

Catalyst deactivation during BESR has been reported over vari-
ous catalyst systems [13–16], especially over supported Ni catalysts
[17–24]. Furthermore, in most of these studies, the metal sinter-
ing and the deposition of carbonaceous species such as amorphous
carbon, carbon filament, and carbonate species have been recog-
nized as the main causes of catalyst deactivation. The number
of studies examining the activity of supported cobalt catalysts is
fewer [25–27], most detailed studies being reported by Llorca and
co-workers [11,12,28–32] and the most commonly used support
being ZnO.

In recent years, increased attention has been given to the role
of oxygen mobility in improving the catalytic stability during BESR
through preventing metal particles from sintering [33,34] and sup-
pressing the formation of carbonaceous species by gasification.
While most of these studies are focused on the utilization of
CeO2 or ZrO2–CeO2 mixed oxide supported noble-metal catalysts
[35–37], the importance of a similar phenomenon for non-precious
metal catalysts such Co has received much less attention.

In our earlier publications [38,39], we have reported on the
catalytic activity of Co/ZrO2 catalysts in ethanol steam reform-
ing and the effect of synthesis parameters on catalytic perfor-
mance. In this study, we focus on the deactivation behavior of
these Co-based catalysts and the effect of the oxygen mobility
of the support on catalytic activity and stability. Ceria, which is
known for its high oxygen storage capacity, has been reported
to enhance the catalytic activity and stability in several reactions
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http://www.elsevier.com/locate/jcat
mailto:ozkan.1@osu.edu
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such as CO oxidation, water–gas shift, and steam reforming of
methane [40–42]. In this paper, the role of CeO2 addition in im-
proving the stability of Co-based catalysts, as examined through
characterization studies that included N2 physisorption, X-ray pho-
toelectron spectroscopy (XPS), temperature-programmed oxidation
(TPO), laser Raman spectroscopy (LRS), diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), O2 pulse chemisorption,
16O2/18O2 exchange, and transmission electron microscopy (TEM)
techniques, is reported.

2. Experimental

2.1. Catalysts preparation

Supported cobalt catalysts with 10 wt% metal loading were
prepared in air by incipient wetness impregnation from cobalt(II)
nitrate hexahydrate (Aldrich 99.999%) aqueous solutions. The pure
supports used were ZrO2 (Saint Gobain, surface area: 55 m2/g,
pore volume: 0.21 cm3/g) and CeO2 (powder <5 μm, 99.9%
Aldrich, surface area: 71 m2/g, pore volume: 0.34 cm3/g). The
10 wt%CeO2–ZrO2 support was prepared by impregnating the ZrO2
support using an aqueous solution of cerium(III) nitrate (Aldrich
99.999%). All the supports were calcined for 3 h in air at 500 ◦C
prior to metal impregnation. After repeating the impregnation of
cobalt precursor and drying steps (at 95 ◦C) as many times as de-
termined by the pore volume of the corresponding supports, the
resulting samples were calcined at 400 ◦C for 3 h in the air and
stored for use. The term “fresh sample” is used to represent the
sample after calcination; the “reduced sample” denotes the sam-
ple reduced at 400 ◦C for 2 h; and the “spent sample” refers to the
sample after reduction treatment and exposure to reaction atmo-
sphere for various time periods.

2.2. Catalysts characterization and reaction performance measurement

The surface areas of the fresh and spent catalysts were mea-
sured using nitrogen adsorption at 77 K (Micromeritics ASAP 2010).
Before each measurement, the sample was degassed under 130 ◦C
overnight to remove any impurities adsorbed from the atmosphere
during storage.

XPS analysis was performed using an AXIS His, 165 Spectrom-
eter manufactured by Kratos Analytical with a monochromatized
AlKα X-ray source. 2.3 V voltage was chosen to make the charge
balance. A stainless steel sample holder was used. Survey scans
were performed to identify all the elements within the sample,
followed by more detailed regional scans for Co 2p, C 1s, O 1s, Zr
3d orbitals in order to achieve the high resolution for these ele-
ments of interest. A controlled-atmosphere transfer chamber was
used for transferring the sample to the XPS instrument without
exposure to atmosphere.

Temperature-programmed oxidation (TPO) experiments were
performed using Autochem-2920 (Micromeritics) with an online
mass spectrometer (MS) (MKS Instruments, 1–300 amu). The sam-
ples were first pretreated at 300 ◦C with He for 30 min in order to
remove adsorbed contaminants during storage. After cooling down
to room temperature under helium, 10%O2/He (30 ml/min) was in-
troduced into the reactor and TPO experiments were subsequently
performed with a heating rate of 10 ◦C/min after the MS signal
was stable.

Raman spectra were taken with a LabRAM HR-800 spectrometer
equipped with an OLYMPUS BX41 microscope (50× magnification)
and a CCD detector. An argon ion green laser (514.5 nm, operated
at 3 mW) was used as the excitation source during spectra collec-
tion.

O2 pulse chemisorption experiments were conducted using Au-
toChem II 2920 (Micrometrics) connected with a Cirrus Mass Spec-
trometer (MKS Instruments, 1–300 amu). Catalysts of ∼200 mg
were sandwiched between two layers of quartz wool and subjected
to an oxidative cleaning step in air for 30 min, at the calcination
temperature of the sample, followed by a reduction step at 400 ◦C
for 2 h. After the system was flushed with He to remove any mois-
ture, the O2 pulses were introduced at 300 ◦C. The m/z = 32 signal
was continuously detected by the MS until there was no variation
between two consecutive peaks.

16O2/18O2 exchange experiments were performed using a
Thermo Finnegan Trace Ultra DQC GC/MS. ∼50 mg samples were
placed in a U-tube quartz reactor. Following a cleaning step un-
der He at 400 ◦C for 30 min to remove impurities adsorbed during
storage, the reactor was cooled down to 300 ◦C, at which tempera-
ture the 16O2/18O2 exchange took place. The m/z = 32, 34, and 36
(mass-to-charge ratio) signals were monitored by the mass spec-
trometer during the exchange process. 10% Ar was included in the
2% 16O2/He stream to account for the gas-phase hold-up time, as
described previously [43–45]. In addition, blank experiments were
also performed and showed no exchange in the gas phase when
no catalyst was present.

The TEM experiments were performed by using Philips Tecnai
TF-20 TEM instrument operated at 200 kV. An X-ray analyzer for
EDS is incorporated into the instrument for elemental analysis un-
der STEM mode for improving image contrast between C and Co
phases. The sample was first dispersed in ethanol and supported
on Lacey-formvar carbon on a 200 mesh Cu grid before the TEM
images were recorded.

DRIFTS was performed with a Thermo NICOLET 6700 FTIR spec-
trometer equipped with a liquid-nitrogen-cooled MCT detector and
a KBr beam splitter. The in situ experiments were performed using
a Smart collector DRIFT environmental chamber with ZnSe win-
dows. Following the pretreatment under He at 400 ◦C for 30 min
and reduction under 5%H2/He at 400 ◦C for 2 h, the environmen-
tal chamber was heated to 450 ◦C for 1 h under He for removing
moisture generated from the reduction step. The reactant vapors
generated from a two-bubbler system were then flowed over the
sample for 1 h at room temperature using He as a carrier gas. The
sample was then flushed with He for 10 min. Spectra were taken at
pre-set intervals while the sample temperature was ramped from
25 to 500 ◦C.

The catalytic performance measurement and analysis methods
used were reported elsewhere [38]. Briefly, all catalysts were first
pretreated at 400 ◦C for 30 min. under He and then reduced in
situ at 400 ◦C for 2 h under 5%H2/He. The reactant liquid consist-
ing of ethanol and water at 1:10 molar ratio was delivered into an
evaporator. The generated reactant vapor was carried by He and in-
troduced into the reactor. The dilution ratio varied between 40 and
75 (inert-to-ethanol molar ratio). For neat experiments, gas phase
reactants were directly fed to the reactor without dilution with an
inert gas. Subsequently the catalytic performances were tested in
the temperature range of 300 to 550, in 50 ◦C increments. The cat-
alyst was held at each temperature for at least 2 h. At the end of
the catalytic test, the flow of EtOH+H2O was stopped and the cat-
alyst was cooled under He stream. The hydrogen yield is defined
as H2 yield % = moles of H2 produced

6×(moles of ethanol fed)
× 100. The time-on-stream

(TOS) tests were performed at 450 ◦C for different time periods
depending on the deactivation rate of various samples. The spent
samples after TOS experiments were cooled down to room temper-
ature under helium before characterization.

The turnover frequency (TOF) reported in the paper is calcu-
lated based on the ethanol conversion rate divided by the total
available metallic cobalt active sites contained over the samples
charged in the reactor. The cobalt dispersion is estimated using
a H2 chemisorption technique, which is described in detail previ-
ously [38].
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Fig. 1. Variation of ethanol conversion and product yields with temperature dur-
ing steady-state steam reforming over 10%Co/ZrO2 (EtOH:H2O = 1:10 (molar ratio),
GHSV = 5000 h−1, and CEtOH = 1.2%).

3. Results and discussion

3.1. The deactivation behavior of Co/ZrO2 catalysts in BESR

As we have reported previously [38], Co/ZrO2 catalysts with
a 10%Co loading gave high H2 yields, at temperatures as low as
450 ◦C. The H2 yield at this temperature is 77% and reaches 92% at
550 ◦C, which is equivalent to 5.5 mol of H2 produced per mol of
ethanol fed. What is also worth noting in Fig. 1 is that at or above
450 ◦C, there are no liquid products remaining in the system. At
450 ◦C and above, the only by products are CO (less than 2%) and
CH4 (less than 7%). At 550 ◦C, the only H-containing product is
H2, giving it a 100% selectivity. The only other product observed
at this temperature besides H2 and CO2 is CO. At lower tempera-
tures, in addition to the main products which are expected to be
formed during BESR reaction, (i.e., H2 and CO2), small quantities
of acetone, CO, CH4, C2H4, and acetaldehyde were also observed
at different levels. As seen in the figure, above 350 ◦C, the ethanol
conversion is complete, hence the yield of H2 is determined by
the competing reactions, including ethanol decomposition, dehy-
dration, dehydrogenation, methanation, WGS and reverse WGS re-
actions.

Although the activity and H2 yield over these Co/ZrO2 cata-
lysts were quite promising, the TOS experiments showed that after
about 25 h on stream at 450 ◦C, the activity declined rapidly. There
was also significant pressure build-up in the reactor.

Post-reaction characterization of the spent 10%Co/ZrO2 cata-
lysts provided information as to the nature of catalyst deactivation.
Fig. 2 shows the results of TPO experiment performed over a deac-
tivated catalyst. As the temperature is raised under an oxygen flow,
significant levels of CO2 formation were observed over the catalyst,
indicating that carbon was deposited over the surface during reac-
tion. The maximum in the CO2 signal, which takes place at 520 ◦C
is accompanied by a minimum in the O2 signal, showing the oxy-
gen depletion during the oxidation of the carbon deposited on the
surface.

The XPS spectra of 10%Co/ZrO2 were taken at different life
stages, i.e., fresh, reduced and spent, which are shown in Fig. 3.
The Co 2p3/2 peak centered at 780.3 eV over fresh sample could
be assigned to Co3O4. The peak shift to 778.4 eV was observed
when the reduced sample was analyzed, indicating the existence of
metallic Co [46–49]. Moreover, the absence of the shake-up lines
nearby the two main Co 2p peaks characteristic of Co2+ [50–52]
implied the full reduction of cobalt oxide under these reduction
conditions. The spectrum of the spent sample showed a very weak
Fig. 2. O2 (m/z = 32) and CO2 (m/z = 44) traces during TPO over spent 10%Co/ZrO2.

(a)

(b)

Fig. 3. (a) Co 2p and (b) C 1s region of the X-ray photoelectron spectra of
10%Co/ZrO2: (1) fresh, (2) reduced, and (3) spent catalyst.

signal in the Co 2p region, suggesting that most of the Co sites
were covered by (or encased in) carbon. Fig. 3b shows C 1s region
of the XPS spectra of 10%Co/ZrO2 catalyst taken at different life
stages, i.e., fresh, reduced and spent. Compared to the fresh and
reduced samples, there was a very strong signal observed over the
spent catalyst, indicating carbon deposition on the surface. Zr 2p
and O 1s regions of the spectra (not shown) also showed reduced
intensities compared to the fresh and reduced samples. However,
this was especially severe for the Co 2p signal.

Raman spectroscopy was used to characterize the carbon de-
posited on the post-reaction catalysts. Fig. 4 shows the Raman
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Fig. 4. Raman spectra of 10%Co/ZrO2 (a) fresh, (b) spent.

spectra taken over 10%Co/ZrO2 sample, before reaction (reduced)
(Fig. 4a) and after 45 h on stream at 450 ◦C (Fig. 4b). The two
broad bands observed over the spent catalyst that are centered
at 1340 and 1590 cm−1 are characteristic of disordered carbona-
ceous and ordered graphitic species [28] and are referred as D
band and G band, respectively. The G band is known to be very
sensitive to the extent of two-dimensional graphitic ordering. The
degree of the disordering of the carbonaceous materials can be
roughly estimated quantitatively based on the integrated intensity
of D and G bands. The larger the microcrystalline planar size La

defined as 44(IG/I D ) is [53], the higher the degree of ordering is
in the carbonaceous materials. In our case, La is estimated to be
2.5 nm after peak fitting by using two Gaussian type bands, which
is higher than the reported value obtained from carbon deposits
over Co-based catalysts [12], indicating the higher degree of order-
ing.

Fig. 5 shows TEM and STEM images of the Co/ZrO2 sam-
ples at three different life stages—calcined (a), reduced (b) and
spent (c–f). The Co3O4 crystallites are represented as darker par-
ticles (a), while the ZrO2 supports are seen as lighter particles.
The lattice fringes are visible for both phases (i.e., Co3O4 and
ZrO2). The average particle size decreased from 24 nm for the
Co3O4 to 12 nm for Co particles, following a reduction treat-
ment. The decrease in size was confirmed by in situ-XRD results
as well [40]. For spent samples, in addition to amorphous carbon,
carbon nanofibers are also observed over 10%Co/ZrO2 with vary-
ing diameters. The cobalt particles appear to be encased at the tip
of the fibers. Figs. 5d and 5f are the STEM images of the same
sample area represented in Figs. 5c and 5e, respectively. Super-
imposed on the STEM images are the EDS analysis results from
the highlighted areas. The area highlighted in Fig. 5d is at the
tip of a fiber and the analysis shows a very strong Co signal. The
area highlighted in Fig. 5f is on a fiber and EDS analysis shows
a very strong C signal. The Cu signal observed in both cases is
due to the copper grid used to support the samples. The carbon
fibers are seen to vary in diameter substantially, depending on the
size of the Co particle that catalyzes its growth. While most of
the fibers are shorter with diameters around 20 nm, there are
some fibers with much larger diameters (∼150 nm). Compared
to the average size of the Co particles of freshly reduced sam-
ples, some of the Co particles encased in carbon fibers appear
to be much larger, suggesting that there may have been sinter-
ing of Co particles during reaction, resulting in larger particle
sizes.
3.2. The effect of support modification with CeO2 on catalytic
performance

While the Co/ZrO2 catalysts deactivated rapidly due to car-
bon deposition on the surface, addition of ceria to the sup-
port showed significant improvement in catalyst stability. Fig. 6
shows a comparison of the TOS performance of 10%Co/ZrO2 and
10%Co/10%CeO2–ZrO2 catalysts at 450 ◦C. While the initial activity
and hydrogen yields observed over these two catalysts are compa-
rable at 450 ◦C (∼76%), Co/ZrO2 catalyst shows rapid deactivation
after about 30 h of TOS. There was not much change in selectivity
during the rapid deactivation. The catalyst that contains 10% CeO2
in the support maintains its activity even after 110 h TOS. Ceria ad-
dition also imparts the catalysts with a higher reforming activity,
especially at lower temperatures, as seen in the inset.

The surface areas and pore volume of these two catalysts
are compared in fresh and spent form and the results obtained
through N2 physisorption are presented in Table 1. The Co/ZrO2
catalysts show increased surface area and pore volume after TOS,
while ceria-containing sample does not show much change. The
increase in surface area and pore volume may be due to carbon
deposition on the surface of the Co/ZrO2 catalyst.

When Co/CeO2–ZrO2 catalysts were characterized with LRS af-
ter being kept on stream for 110 h, there was no Raman signal that
corresponded to carbon (data not shown), indicating that there
was either no carbon deposition or the carbon on the surface was
below the detection limits of the Raman spectrometer.

Post-reaction TEM characterization of the Co/CeO2–ZrO2 cata-
lysts was also performed (Fig. 7). Surface was found to be mostly
free of any carbon deposition with very few carbon fibers detected.
Co particles appeared to remain intact on the surface. EDS analy-
sis also verified that there was not much carbon deposited on the
surface.

Since incorporation of CeO2 into the zirconia support demon-
strated significantly better catalytic performance, Co catalysts sup-
ported on CeO2-only were tested under more demanding reac-
tion conditions (i.e., higher ethanol concentrations and higher
GHSV). Fig. 8 shows a comparison of the H2 yields achieved over
10%Co/10CeO2–ZrO2 and 10%Co/CeO2 catalysts. Under these reac-
tion conditions, Co/ZrO2 catalysts showed very rapid deactivation
and pressure build-up, not allowing data collection at steady-state.
As shown in Fig. 8, Co catalysts supported on ceria gave substan-
tially higher yields for H2 than the ones supported on CeO2–ZrO2
supports in the entire temperature range studied.

The three catalysts (Co/ZrO2, Co/CeO2–ZrO2 and Co/CeO2) were
also compared using TOFs calculated from ethanol conversion data
at 450 ◦C. For these measurements, neat reaction conditions were
used. The TOF data, which are presented in Table 3, show that the
intrinsic activities of the three catalysts increase in the order of
Co/ZrO2 < Co/CeO2–ZrO2 < Co/CeO2.

The long term stability of the three catalysts were tested un-
der neat reaction conditions (without the dilution of an inert
gas) with EtOH:H2O = 1:10 (molar ratio), GHSV = 5000 h−1 and
CEtOH = ∼7.5%. The Co/CeO2 catalyst was kept on-line at 450 ◦C
for 45 h and showed no change in activity or product distribu-
tion. The H2 yield under these conditions was slightly higher than
60%. The Co/ZrO2 deactivated within the 1st hour and showed se-
vere pressure build-up. Co/CeO2–ZrO2 catalyst showed deactivation
starting after ∼15 h. These experiments showed that the stability
also increased in the order of Co/ZrO2 < Co/CeO2–ZrO2 < Co/CeO2.

Since Co catalysts supported on ceria or ceria-modified zirco-
nia gave much higher yields and showed much better stability and
resistance to coking, the differences between the ceria-containing
and ceria-free catalytic systems were examined using different
techniques.
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Fig. 5. Electron microscopy of 10%Co/ZrO2: (a) TEM image after calcination, (b) TEM image after reduction, (c and d) TEM images of spent catalysts, (e and f) STEM images of
the same sample areas shown in (c) and (d), respectively. EDS analyses of the highlighted areas are superimposed.
Co crystal sizes were determined using X-ray diffraction. Table 2
summarizes the evolution of cobalt crystal sizes at different life
stages for all three catalysts calculated using Scherrer equation. The
diffraction lines used for these calculations are (311) and (111) for
the Co3O4 and Co phases, respectively. All three catalysts show a
decrease in crystal size upon reduction. The percent increase in
crystal size upon exposure to reaction medium is the largest for
Co/ZrO2 catalyst. Co/CeO2 catalyst shows no increase in crystal size
during reaction.

DRIFTS technique was used to monitor the surface species dur-
ing BESR reaction over 10%Co/ZrO2. Fig. 9 a and b show the in
situ DRIFT spectra taken during ethanol TPD over 10%Co/ZrO2 and
10%Co/CeO2, respectively. At room temperature, in the region be-
tween 3600–3800 cm−1, the negative features originate from the
molecularly adsorbed ethanol through the formation of hydrogen
bridge bonding with the OH groups of the support. Furthermore,
the molecularly adsorbed ethanol produces the vibrational bands
located at 1323 (δ(CH3)) and 1280 cm−1 (δ(OH)) [1]. Ethanol ad-
sorption also leads to the formation of monodentate and biden-
tate ethoxy species through disassociation as identified by the
CH3 bending (1443, 1381 cm−1) and CCO stretching (1161, 1110,
1066 cm−1) vibrations [29]. The C–H stretching located within
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Fig. 6. (a) Product yields obtained over 10%Co/ZrO2 and 10%Co/10%CeO2–ZrO2 dur-
ing ethanol steam reforming collected at 450 ◦C (EtOH:H2O = 1:10 (molar ratio),
GHSV = 5000 h−1 and CEtOH = 1.2%).

Table 1
Surface area, pore volume and pore size of fresh and spent 10%Co/ZrO2 and
10%Co/10%CeO2–ZrO2 catalysts measured using N2 physisorption.

Catalyst Surface area
(m2/g)

Pore volume
(cm3/g)

Pore size
(Å)

Co/ZrO2 Fresh 49.5 0.202 158.0
Co/ZrO2 Spent 56.4 0.251 170.7
Co/CeO2–ZrO2 Fresh 38.2 0.160 160.3
Co/CeO2–ZrO2 Spent 38.6 0.163 164.8

Fig. 7. TEM image taken over spent 10%Co/10%CeO2–ZrO2.

3000–2700 cm−1 (2970, 2928, 2867, 2710 cm−1) comes from the
CH3– and CH3CH2–groups. Initial temperature increase favors the
ethoxide species adsorbed in bidentate form (stronger 1161 cm−1

peak). The bands characteristic of ethoxy species disappeared with
further temperature increase due to oxidation with the lattice
oxygen from the support. Surface acetate species were observed
to form subsequently at 1552 cm−1 (νassym(COO)), 1441 cm−1

(νsym(COO)), and 1346 cm−1 (δ(CH3)) [54]. These species could
first evolve to monodentate carbonate [1,55] as an intermediate,
then dissociate into CO2, which is seen through the bands at 2361
and 2338 cm−1. It was noted that in the region from 2200 to
2000 cm−1 where adsorbed CO bands would be [56] there were no
peaks during the entire run. Interestingly, over the CeO2-supported
Fig. 8. Comparison of H2 yields obtained over 10%Co/10%CeO2–ZrO2 and 10%Co/CeO2

(EtOH:H2O = 1:10 (molar ratio), GHSV = 20,000 h−1 and CEtOH = 2%).

Table 2
Cobalt/cobalt oxide crystal size estimation from XRD (nm).

Catalyst Fresha Reducedb Spent

Co/ZrO2 27 15 24
Co/CeO2–ZrO2 29 20 25
Co/CeO2 31 25 25

a Calculations are based on (311) diffraction line for Co3O4.
b Calculations are based on (111) diffraction line for Co.

Table 3
The TOFs (s−1) based on ethanol conversion collected under neat reaction condi-
tions at 450 ◦C: EtOH:H2O = 1:10 (molar ratio), GHSV = 5000 h−1 and CEtOH = 7.5%.

Co/ZrO2 0.054
Co/CeO2–ZrO2 0.214
Co/CeO2 0.476

catalyst, the appearance and disappearance of each surface species
mentioned above occur at much lower temperatures (shown in
Fig. 9b). For instance, even at room temperature, the vibration
peaks characteristic for acetate species are present, implying the
abundance of oxygen on the surface available for oxidation of ad-
sorbed ethanol species. The fact that almost no species remain
on the surface of ceria-supported sample at 400 ◦C while very
strong acetate bands are still visible even at 500 ◦C over the ZrO2-
supported catalyst is an indication that the oxidation of surface
species is easily facilitated due to the oxygen mobility of the ce-
ria support. This observation is consistent with the resistance to
coking seen over the ceria-containing catalysts.

The in situ DRIFT spectra obtained during ethanol/water TPD
over 10%Co/ZrO2 and 10%Co/10%CeO2–ZrO2 are shown in Fig. 10.
Compared to Fig. 9a, the spectra collected during ethanol/water
TPD spectra over Co–ZrO2 at room temperature shows much
stronger adsorption bands around 3600–3800 cm−1 due to ad-
sorbed water. The peak located around 1653 cm−1 [56] is also due
to the O–H scissoring resulting from adsorbed water. As a result
of water dilution, the vibration peaks corresponding to the molec-
ular or dissociative adsorption of ethanol are much weaker than
the ethanol TPD spectra taken at the same temperature. Many of
the same features are observed as those seen in Fig. 9a, except for
slight shifts. The effect of water addition to facilitate ethanol con-
version can be seen from the disappearance of the surface acetate
species peaks at lower temperatures. It is worth noting that similar
phenomena are observed over CeO2 containing catalyst, however,
the increased accessibility of oxygen and hence the ease of oxida-
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(a)

(b)

Fig. 9. In situ DRIFTS over (a) 10%Co/ZrO2 and (b) 10%Co/CeO2 during ethanol TPD.

tion is apparent through the disappearance of acetate species at
lower temperatures (Fig. 10b).

The oxygen storage characteristics of Co catalysts supported on
ceria or zirconia and the bare supports were examined through O2

pulse chemisorption. The samples were pre-reduced in situ prior
to pulsing oxygen and monitoring oxygen uptake at 300 ◦C. The
results are presented in Fig. 11. ZrO2 support has no reducibil-
ity and shows no oxygen uptake. Ceria without any Co loading
shows, although small, a non-negligible oxygen uptake, indicating
modest reducibility. Partial reducibility of ceria near the surface
at lower temperatures has been previously observed by other re-
searchers [57,58]. Compared to blank supports, cobalt-loaded sam-
ples display much higher oxygen uptakes, however ceria-supported
samples have a higher oxygen uptake compared to ZrO2-supported
ones, suggesting a greater accessibility of oxygen from the ceria
lattice compared to zirconia. The difference between the oxygen
uptake values is more pronounced when the Co-loaded samples
is compared, suggesting a role for Co in facilitating oxygen mobil-
ity within the support. A similar phenomenon has been previously
reported over noble-metal samples [59–62]. In fact, the quantifica-
tion of the results shows that part of the oxygen uptake for the
ceria-supported samples is attributable to the support.
(a)

(b)

Fig. 10. In situ DRIFTS over (a) 10%Co/ZrO2 and (b) 10%Co/10%CeO2–ZrO2 during
ethanol/water TPD.

Fig. 11. Oxygen uptake during O2 pulse chemisorption over ZrO2, CeO2, 10%Co/ZrO2,
and 10%Co/CeO2.

Isotopic oxygen exchange technique has been widely accepted
as a useful tool for investigating oxygen mobility in oxides [43–45].
The inset of Fig. 12a shows the typical profiles collected during
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(a)

(b)

Fig. 12. (a) Oxygen exchange over ZrO2, CeO2, 10%Co/ZrO2, and 10%Co/CeO2 mea-
sured using 16O2/18O2 switch and (b) Effect of temperature on oxygen exchange
over 10%Co/CeO2.

16O2-to-18O2 and 18O2-to-16O2 switches. All the signals are nor-
malized by the total counts. During the first switch, 16O16O sig-
nal (m/z = 32) decreases, accompanied by a rise of 18O18O signal
(m/z = 36). The 16O18O signal (m/z = 34) is shown to go through
a maximum. The 16O18O formation is derived from the dissocia-
tive adsorption of 18O2 and subsequent recombination of the 18O
atom created and 16O atom originally attached to the sample. This
mechanism has been referred as going through a “three-atom com-
plex” by Winter [63]. The doubly labeled oxygen results from a
“four-atom” complex on the surface. Following the 18O2-to-16O2
switch, relaxation and rise curves are essentially identical as well
as the signal for the cross-labeled oxygen. After integrating the
peak areas of corresponding oxygen species and subtracting the
gas-phase holdup contribution determined from the Ar signal as
described previously [56–58], the amount of exchanged oxygen
atoms was calculated using a technique described previously in the
literature [64] for the two bare supports and ceria- and zirconia-
supported catalysts. As seen in Fig. 12a, not only the CeO2 support,
but also the CeO2-supported Co sample presents notably higher
oxygen mobility than their zirconia counterparts. The effect of the
exchange temperature was further examined over Co–CeO2 sample
and shown in Fig. 12b. As expected, higher temperatures facilitate
the lattice diffusion of oxygen atom, resulting in higher oxygen
mobility. When the temperature reaches 550 ◦C, almost all of the
oxygen atoms stored in the sample become accessible to partici-
pate in the exchange process.

When the results from different characterization experiments
are combined, the emerging picture suggests that the availability of
oxygen plays a key role in determining both the H2 yield and the
stability of the Co-based catalysts. Ethanol steam reforming can be
considered as a redox reaction, where ethanol is oxidized by the
oxygen species originating from water. If there is sufficient oxygen
available/accessible, ethanol can be fully oxidized to CO2. However,
if replenishment of oxygen on the surface is slower compared to
its depletion, other byproducts with intermediate oxidation states
will be formed, including CH4, carbon and CO. Hydrogen yield will
be maximized when carbon in ethanol is oxidized all the way to
CO2. Therefore, effective delivery of oxygen to the oxidation sites
plays a key role in determining the hydrogen yield and maintaining
catalyst stability. Ethanol adsorbs preferentially on the Co sites and
water molecules tend to adsorb onto support surface. The ethanol
oxidation seems to take place at the interface of cobalt particles
and the support. The higher oxygen mobility benefits the oxygen
transfer across entire sample surface, resulting in complete oxida-
tion of ethanol and in turn maximization of hydrogen production.

4. Conclusions

Steady-state reaction experiments coupled with post-reaction
characterization experiments showed significant deactivation of
Co/ZrO2 catalysts through deposition of carbon on the surface,
mostly in the form of carbon fibers, the growth of which is cat-
alyzed by the Co particles. The addition of ceria appears to improve
the catalyst stability due to its high OSC and high oxygen mobil-
ity, allowing gasification/oxidation of deposited carbon as soon as
it forms. Although Co sintering is also observed, especially over the
ZrO2-supported catalysts, it does not appear to be the main mode
of deactivation. The high oxygen mobility of the catalyst not only
suppresses carbon deposition and helps maintain the active sur-
face area, but it also allows delivery of oxygen to close proximity
of ethoxy species, promoting complete oxidation of carbon to CO2,
resulting in higher hydrogen yields. Overall, oxygen accessibility of
the catalyst plays a significant role on catalytic performance during
BESR.
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The effect of calcium doping on the performance of Co/CeO2 catalysts in ethanol steam reforming was examined
using various characterization techniques including CO temperature-programmed reduction, O2 and CO pulse
chemisorption, laser Raman spectroscopy, X-ray diffraction, isotopically labeled oxygen exchange, and diffuse
reflectance infrared Fourier transform spectroscopy. Characterization results showed Ca incorporation to lead
to oxygen vacancies and unit cell expansion in the ceria lattice. The creation of oxygen vacancies, in turn,
enhanced the oxygen mobility in ceria-supported Co catalysts. Steady-state reaction studies showed increased
TOF and higher H2 yields over Co catalysts supported on Ca-doped ceria in ethanol steam reforming.

1. Introduction

Hydrogen is likely to play an important role in the energy
portfolio of the future. In particular, when it is used in fuel cells,
it is an ideal energy carrier that can offer clean and efficient
power generation. In the United States, ∼95% of hydrogen is
produced using a steam reforming process.1 Over 50% of the
world’s hydrogen production relies on natural gas as the
feedstock.2 As the concerns for a sustainable energy future grow,
replacing natural gas and other fossil fuels with renewable
sources has been gaining new urgency. In this context, producing
hydrogen from bioderived liquids such as bioethanol has
emerged as a promising technology because of the low toxicity,
ease of handling, and availability from many different renewable
sources (e.g., sugar cane, algae) that ethanol has to offer. An
added advantage of producing hydrogen from bioderived liquids
is that it is quite suitable for a distributed production strategy.

There has been a rapid increase in recent years in the number
of studies on ethanol steam reforming catalysts. Catalysts
utilized are mainly Ni, Cu, Co, and noble metals, such as Rh,
Ru, Re, Pd, Ir, and Pt,3–6 which have been reviewed by Haryanto
et al.7 and Vaidya et al.8 Although supported noble metal
catalysts offer high ethanol steam reforming activity in the
500-600 °C range and high space velocities,9–11 their high cost
and limited reserves remain as major concerns. Cobalt-based
catalysts have emerged as a less expensive alternative, with
promising ethanol steam reforming performance because of their
high activity for C-C bond cleavage at temperatures as low as
350-400 °C.12–14 At these temperatures, high selectivities to
CO2 and H2 have been reported, with CH4 being the only
byproduct.

Whereas Co catalysts supported on various metal oxides have
shown comparable activity for ethanol conversion, the product
distribution and catalyst stability have varied significantly with
the support material. Supports such as CeO2 with high oxygen
storage capacity and high oxygen mobility have shown higher
selectivity for H2 and CO2 and better stability. There have been
several studies showing the effect of ceria support in enhancing

oxidation reactions, such as CO oxidation, water-gas shift, and
steam reforming of methane because of its high oxygen storage
capability (OSC) and high oxygen mobility,15–17 including our
previous work, which has shown the role played by the oxygen
mobility of the support in imparting the catalysts with better
resistance to coking in ethanol steam reforming.18

The calcium cation has been extensively studied as a dopant
in perovskite-type oxides to create oxygen vacancies to enhance
their ionic conductivity.19–21 Moreover, its role in oxygen
mobility improvement has also been examined in a series of
reactions such as methane oxidation on CeO2

22 and LaFeO3,23

water-gas shift over Pt/CeO2,24 and oxidative dehydrogenation
of propane over MgxV2O5+x

25 catalysts. More recently, it was
incorporated into Ni/ZrO2

29 and Ni-Rh/Al2O3
30 lattice structures

to achieve higher oxygen mobility for better catalyzing the
ethanol steam reforming reaction. The effect of Ca doping on
the surface/bulk properties of CeO2 has been extensively
studied;26–28 however, to the best of our knowledge, its role in
ethanol steam reforming has not been investigated.

In an earlier article, we have reported on the role of oxygen
mobility in the activity and stability of Co-based catalysts for
the ethanol steam reforming.18 In this article, we present the
effect of Ca incorporation into the CeO2 support structure on
oxygen mobility and in turn on the catalytic performance of
the ceria-supported Co catalysts in ethanol steam reforming.
Results from steady-state reaction experiments as well as from
temperature-programmed reduction (TPR), O2 and CO pulse
chemisorption, laser Raman spectroscopy (LRS), X-ray diffrac-
tion (XRD), isotopic labeling, and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) studies are discussed.

2. Experimental Section

2.1. Catalysts Preparation. Supported cobalt catalysts with
10 wt % loading were prepared in air by incipient wetness
impregnation (IWI) technique using cobalt(II) nitrate hexahy-
drate (Aldrich 99.999%) as the metal precursor. The CeO2

support (Aldrich, 71 m2/g, 0.34 cm3/g) was calcined for 3 h
under air at 550 °C prior to impregnation. The Ca-modified
CeO2 support was synthesized using a coprecipitation technique.
Cerium(III) nitrate hexahydrate (99% Aldrich) and calcium
nitrate tetrahydrate (99.0+%, Sigma) were dissolved in deion-
ized water to provide a Ce-to-Ca molar ratio of 9:1. The sodium
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carbonate (Anhydrous ACS GFS) was introduced as a precipita-
tion agent into the aqueous solution in a dropwise manner while
maintaining a pH of 9 to 10 under agitation. The resulting slurry
was vigorously stirred for 1 h. The precipitates were aged at
room temperature for 24 h and then filtrated and washed by
deionized water several times. The precipitates were dried at
95 °C overnight and calcined at 550 °C for 3 h. The resulting
Ca-doped sample was then ready for impregnation. The
impregnation medium was ethanol. Following impregnation, the
samples were dried in an oven overnight at ∼95 °C. After
repeating the impregnation and drying steps as many times as
needed by the pore volume of each support, the catalyst
precursors were calcined at 450 °C under air for 3 h and stored
for use.

For comparison, in some experiments, commercial Ca0.1Ce0.9-
O1.9 (Aldrich, 105 m2/g, 0.41 cm3/g) was also used as the support
following the aforementioned impregnation procedure.

2.2. Catalyst Characterization. O2 pulse chemisorption
experiments were conducted using AutoChem II 2920 (Micro-
metrics) connected to a Cirrus Mass Spectrometer (MKS
Instruments, 1-300 amu). Samples of ∼200 mg were sand-
wiched between two layers of quartz wool and subjected to an
oxidative cleaning step in air for 30 min at the samples’ calcina-
tion temperature, followed by a reduction step at 400 °C for
2 h. After the system was flushed with He to remove any
moisture, the O2 pulses were introduced at 300 °C. The m/z )
32 signal was continuously monitored by the mass spectrometer
until there was no variation between two consecutive peaks.

16O2/18O2 switch experiments were performed using a Thermo
Finnegan Trace Ultra DSQ GC/MS. Samples (∼50 mg) were
placed in a U-tube quartz reactor. Following a cleaning step
under He at 400 °C for 30 min to remove impurities adsorbed
during storage, the reactor was cooled to 300 °C, at which
temperature the 16O2/18O2 switch took place. Initially, steady
state was established under a flow of unlabeled oxygen. The
flow was then abruptly switched to 18O2-containing stream
without perturbing steady state. The m/z ) 32, 34, and 36 (mass-
to-charge ratio) signals were monitored by the mass spectrometer
during the exchange process. Ar (10%) was included in the 16O2/
He stream to account for the gas-phase hold-up time, as
previously described.31–33 In addition, blank experiments were
also performed and showed no exchange in the gas phase when
no catalyst was present.

H2
16O-H2

18O switch experiments were performed using
AutoChem II 2920. Samples (∼50 mg) were first pretreated
under helium (30 mL/min.) at 400 °C for 30 min and then
reduced at 400 °C under 5% H2/He (30 mL/min) for 2 h. The
reactor was then heated to 450 °C under He for 1 h to eliminate
moisture generated during reduction. The samples were subse-
quently cooled to 300 °C under He, at which temperature the
H2

16O/H2
18O switch took place. The m/z ) 18, 20, and 40 (mass-

to-charge ratio) signals were monitored by the mass spectrometer
during the exchange process. Ar (∼14%) was included in the
∼2.7% H2

18O/He stream generated from a two-bubbler setting
to account for the gas-phase hold-up time. In addition, blank
experiments were also performed and showed no exchange in
the gas phase when no catalyst was present.

CO pulse chemisorption experiments were conducted using
AutoChem II 2920 (Micrometrics) connected to a Cirrus mass
spectrometer (MKS Instruments, 1-300 amu). Samples of ∼100
mg were sandwiched between two layers of quartz wools and
subjected to an oxidative cleaning step at the sample’s calcina-
tion temperature in 10% O2/He for 30 min. After the system
was flushed with He to remove physically adsorbed O2

molecules, the CO pulses were introduced at 300 °C. The m/z
) 28 and 44 signals were continuously monitored by the MS
until there was no variation between two consecutive peaks of
m/z ) 28.

CO TPR experiments were conducted using AutoChem II
2920 (Micrometrics) connected to a Cirrus mass spectrometer
(MKS Instruments, 1-300 amu). Samples of 100 mg were
subjected to an oxidative cleaning step at the samples’ calcina-
tion temperature in air, followed by cooling to room temperature
under helium. TPR experiments were subsequently performed
under 10% CO/He (30 mL/min) with a heating rate of 10 °C/
min.

DRIFTS was performed with a Thermo NICOLET 6700
FTIR spectrometer equipped with a liquid-nitrogen-cooled MCT
detector and a KBr beam splitter. The experiments were
performed using a Smart collector DRIFT environmental
chamber with ZnSe windows. Following a cleaning step under
He at 400 °C for 30 min to remove impurities from sample
surface during storage and reduction at 400 °C for 2 h under
5%H2/He, the chamber was heated to 450 °C under He for 1 h
to eliminate moisture generated during reduction. The back-
ground spectra were thereafter collected at various temperatures
under He flowing before the introduction of reactant vapor. The
ethanol vapor generated from a bubbler was then flowed over
the sample for 1 h at room temperature using He as the carrier
gas. The sample was then flushed with He for 30 min. Spectra
were taken at preset intervals under continuous helium flow
while the sample temperature was ramped from 25 to 500 °C.

Raman spectra were taken with a LabRAM HR-800 spec-
trometric analyzer integrated with OLYMPUS BX41 microscope
(50× magnification) and CCD detector. The spectra were taken
using an argon ion green laser (514.5 nm, operated at 3 mW).

XRD profiles were collected from 20° to 90° at a step width
of 0.0144° using Rigaku Ultima III X-ray diffractometer
equipped with a Cu KR (λ) 1.5406 Å) source. The unit cell
dimension was estimated over multiple characteristic diffraction
peaks on the platform of Jade 6.1, a professional XRD pattern
analysis software.

2.3. Reaction Performance Evaluation. The experimental
procedures for steady-state reaction experiments and the analysis
techniques used for quantification of the feed and product stream
compositions are reported in ref 34. In brief, all catalysts were
first pretreated at 400 °C for 30 min under He and then reduced
in situ at 400 °C for 2 h under 5% H2/He. The reactant liquid
consisting of ethanol and water at 1:10 molar ratio was delivered
by a Waters 590 HPLC pump into an evaporator heated at ∼200
°C for rapid evaporation. The generated reactant vapor was
carried by He and introduced into the reactor. Subsequently,
the catalytic performances were tested in the temperature range
of 300-550 °C in 50 °C increments. The catalyst was held at
each temperature for at least 2 h. At the end of the catalytic
test, the flow of EtOH + H2O was stopped, and the catalyst
was cooled under He stream. The hydrogen yield is defined as

ethanol conversion is defined as

and carbon-containing product selectivity is defined as

H2 yield % )
moles of H2 produced

6 × (moles of ethanol fed)
× 100

EtOH conv. % ) moles of ethanol converted
moles of ethanol fed

× 100
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Turnover frequency (TOF) for the reaction of a species is defined
as

3. Results and Discussion

3.1. 16O2-18O2 Switch Experiment. Figure 1 shows the
signals for m/z ) 32, 34, and 36, representing 16O2, 16O18O,
and 18O2, respectively, for the Co catalysts supported on (a)
CeO2 and (b) Ca-CeO2. Catalyst supported on CeO2 shows a
much faster rise and relaxation curve for 18O2 and 16O2 signals,
respectively, compared with the Ca-doped sample. The cross-
labeled oxygen is formed to a larger extent also on the Co/
Ca0.1Ce0.9O2 catalyst. After integrating the peak area of corre-
sponding oxygen species, the amount of exchanged oxygen
atoms was calculated using the same procedure previously
described18,31–33,35 and is shown in the inset of Figure 1a for the
CeO2, Ca-CeO2, Co/CeO2, and Co/Ca-CeO2 samples. When
Ca is introduced into the CeO2 support lattice, a great enhance-
ment of oxygen mobility is observed, resulting from the creation
of oxygen vacancies due to the lower valence state of Ca
compared with Ce. It is also interesting to note that the presence
of Co enhances the oxygen exchange, possibly because of its
ability to adsorb oxygen dissociatively. Furthermore, the
significant increase in the oxygen mobility over Co/Ca-CeO2

suggests that there might be a synergetic effect occurring when
both the Co and Ca are present.

3.2. H2
16O-H2

18O Switch Experiment. Because the oxygen
used for ethanol oxidation during ethanol steam reforming
reaction is replenished from water, which is co-fed with ethanol
during the reaction, it is important to examine the exchange of
oxygen that is in the water molecule with the catalyst surface.
To this end, H2

16O-H2
18O switch experiments were conducted

over the same samples as those previously tested by using
16O2-18O2 exchange. Figure 2a shows the rise and relaxation
of the signals from labeled and unlabeled water species,
respectively, over Co/Ca0.1Ce0.9O1.9. The slow decay in the H2

18O
signal (m/z ) 20) suggests either a long residence time of
adsorbed water on the surface or a rapid exchange of O atom
with the lattice or a combination of these two phenomena. For
comparison, the m/z ) 20 signals corresponding to the H2

18O
collected over the four samples are presented in Figure 2b. After
integrating the peak areas of corresponding water species and
subtracting the gas-phase holdup contribution determined from
the Ar signal, we calculated the amount of exchanged oxygen
atoms and included it in the inset of Figure 2b. The amount of
oxygen exchanged increases following the order of CeO2 < Co/
CeO2 < Ca0.1Ce0.9O1.9 < Co/Ca0.1Ce0.9O1.9, indicating the variation
in their oxygen mobility/accessibility. Not surprisingly, this is
the same order seen in the 16O2-18O2 switch. However, the total
oxygen exchanged in the H2

16O-H2
18O switch experiments is

larger than that calculated for 16O2-18O2 switch experiments.
This could be due to the difference in bond energies involved
in the two switches. To exchange the oxygen contained in O2,
the OdO double bond needs to be broken, which requires an
energy input of 119 kcal/mol. However, only 101 kcal/mol
energy is needed for O-H bond breakage for oxygen exchange
involving the hydroxyl group after dissociative adsorption of

water. It is also possible that H2O molecules adsorb more readily
on the catalyst surface compared with molecular oxygen, leading
to an increase in the O-exchange between the lattice and the
water molecule.

The results from the two sets of oxygen exchange experiments
are consistent with each other and reiterate that Co impregnation
enhances the oxygen mobility because of its ability to catalyze
the bond cleavage (OdO in molecular oxygen and O-H in
water). In addition, the oxygen mobility in CeO2 is significantly
enhanced after Ca doping, possibly because of the creation of
oxygen vacancies originating from the lower oxidation state of
Ca (2+) compared with Ce (4+).

3.3. Comparison of Reducibility. 3.3.1. O2 and CO Pulse
Chemisorption. When the oxygen mobility of the catalysts is
enhanced, it is expected to have an impact on their reducibility
as well. To examine this effect, the reducibilities of the catalysts
with and without Ca doping were compared. Figure 3a shows
the oxygen uptake over the samples following a reduction step
with H2. The results are arranged in the order of increasing O
uptake. CeO2 can adsorb a certain amount of oxygen because
of its partial reducibility near the surface layer at lower
temperatures.36,37 It is again seen that Ca addition improves the
accessibility of oxygen in CeO2 significantly, which might be
ascribed to the introduction of oxygen vacancies because of the
lower oxidation state of Ca27,29 compared with that of Ce.
Compared with blank supports, cobalt-impregnated samples

selectivity of C-containing product i )
no. C × (moles of i produced)

2 × (moles of ethanol converted)

TOF ) moles of i reacted
moles of Co on the surface × time

Figure 1. Comparison of m/z ) 32, 34, and 36 signals collected during
16O2/18O2 switch over (a) Co/CeO2 and (b) Co/Ca0.1Ce0.9O1.9. The inset
in part a shows the amount of O exchanged over CeO2, Ca0.1Ce0.9O1.9,
Co/CeO2, and Co/Ca0.1Ce0.9O1.9.
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display much higher oxygen uptake. The quantification of the
results shows that part of the oxygen uptake for the ceria-
supported samples is attributable to the support, and the
reducibility of the support is enhanced when it is impregnated
with Co.

As complementary data to the reducibility measurements
using O2 pulse chemisorption following reduction with H2, CO
adsorption/reaction with lattice oxygen has also been examined
to evaluate the oxygen accessibility of various samples for CO
oxidation. Figure 3b shows the CO conversion (denoted as CO
uptake) over these catalyst samples. CO uptake signifies the
oxygen consumption because CO depletion and CO2 formation
mimicked each other very closely. The trend seen in these
experiments is very similar to what was observed in oxygen-
uptake experiments over reduced catalysts. The oxygen acces-
sibility changes in the following order: Co/CaCeO2 > Co/CeO2

> CaCeO2 > CeO2. These results once again demonstrate the
significant changes achieved in making the oxygen more
accessible from the support lattice through modifications made
to the support formulation.

3.3.2. CO Temperature-Programmed Reduction. The reduc-
ibility of Co/CeO2 samples with and without Ca doping was
also compared using a TPR procedure using CO as the reductant.
Figure 4 shows the TPR profiles collected over the samples with
and without Ca. Similar to the previously reported reduction
profiles obtained using H2 as the reducing agent,38 there are two
main reduction features that correspond to the reduction of
Co3O4 phase to CoO and further reduction to Co. The shoulders
that appear in the high-temperature feature suggest a contribution

from the reduction of the support. The reduction peaks are seen
to shift to lower temperatures by ∼50 °C when Ca is
incorporated, indicating that Ca doping makes the lattice oxygen
embedded in the sample support more labile, leading to more
active surface oxygen species and, in turn, higher oxygen
mobility, which might contribute to the catalytic performance
improvement over the Ca-modified sample.

3.4. Laser Raman Spectroscopy. The effect of Ca doping
has been further examined using LRS. As shown in Figure 5,
compared with CeO2, the dominant band ascribed to the F2g

mode of fluorite39,40 over the Ca-doped sample shifts from 466
to 459 cm-1, which is indicative of the expansion of the unit

Figure 2. H2
16O-H2

18O switch experiment. (a) m/z ) 18 and 20 signals
obtained over Co/Ca0.1Ce0.9O1.9. (b) Comparions of m/z ) 20 signals
over CeO2, Ca0.1Ce0.9O1.9, Co/CeO2, and Co/Ca0.1Ce0.9O1.9 The inset
shows the amount of O exchanged in the H2

16O-H2
18O experiment

over CeO2, Ca0.1Ce0.9O1.9, Co/CeO2, and Co/Ca0.1Ce0.9O1.9.

Figure 3. Comparison of the reducibility of the CeO2, Ca0.1Ce0.9O1.9,
Co/CeO2, and Co/Ca0.1Ce0.9O1.9. (a) O uptake at 300 °C following
reduction with H2 at 400 °C. (b) CO uptake at 300 °C over freshly
oxidized catalyst. (Note: CO uptake and CO2 formation mimic each
other very closely.)

Figure 4. CO TPR profiles of 10% Co/CeO2 and 10% Co/
Ca0.1Ce0.9O1.9.
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cell after the introduction of Ca into the lattice structure of
CeO2,27 is predicted by the molecular simulation.41 Moreover,
the broadening of this peak also implies a smaller particle size.
The presence of the peak at 605 cm-1 is indicative of oxygen
vacancies,42 which is also consistent with the results obtained
from other characterization studies discussed so far. In addition,
the appearance of a weak band centered at 268 cm-1 can be
attributed to a lowering of the cubic fluorite symmetry to a
tetragonal structure originated from the distortion in the sub-
lattice.39 Similar results are also observed over Co-impregnated
samples (data not shown).

3.5. X-Ray Diffraction. To quantify the CeO2 unit cell
expansion derived from the Ca addition, the XRD technique
was used. The diffraction patterns of CeO2 and Ca0.1Ce0.9O1.9

are shown in Figure 6. The peak broadening effect is observed
over Ca0.1Ce0.9O1.9 compared with CeO2, indicating the existence
of smaller particle sizes. Furthermore, a small shift in the (111)
diffraction line is seen, suggesting a change in the lattice
parameters. The inset in Figure 6 shows the region where (111)
diffraction line is located (25-32°). There appears to be a shift
from 28.56 to 28.23°. The unit cell dimension estimation was
then performed on the platform of Jade 6.1 on the basis of all
of the peak shifts present in the measured region. The calculation
result shows that the CeO2 unit cell has been expanded from
5.4108 to 5.4151 Å because of the 10 mol % addition of Ca,
which is in agreement with the previously reported results.41,43,44

3.6. DRIFTS. The surface species formed following ethanol
adsorption were examined using in situ DRIFTS. As shown in
Figure 7a, at room temperature, ethanol is adsorbed on the
surface dissociatively (indicated by ν(OH): broadband located
between 3600-3200 cm-1) and ethoxide species (indicated by
ν(C-H): 2971, 2933, 2883 cm-1 and ν(CCO): 1116, 1049

cm-1). Because of the high oxygen storage of ceria, part of the
ethoxide is oxidized into acetate (1560, 1440, 1349 cm-1), even
at room temperature. The appearance of carbonate species (1525
cm-1) due to further oxidation of acetate species and CO2 (2364,
2343 cm-1) due to decomposition of acetates shows the
evolution of the surface species during temperature increase.

To examine the effect of Ca doping, we collected spectra
using the same parameters over Ca-doped sample (shown in
Figure 7b). The presence of CO2 species at temperatures as low
as 100 °C as opposed to 150 °C seen over the Ca-free catalyst
confirms the improved ethanol conversion ability of the Ca-
doped sample. Another important difference between the two
sets of spectra is appearance and disappearance of other surface
intermediates at lower temperatures over the Ca-doped sample,
which indicates a rapid oxidation of the carbonaceous species
on the surface.

3.7. Catalytic Performance. The TOFs for ethanol conver-
sion and H2 production obtained over the Co/CeO2 and Co/Ca-
CeO2 catalysts at 400 °C are compared in Table 1. Also
presented in the Table are the H2 yields and selectivities for
the C-containing products. Ca-doped catalysts shows a higher
TOF for ethanol conversion, but the main difference in the
catalytic performance emerges in the H2 yields. The Ca-doped
catalyst has a much higher TOF for H2 production and
consequently higher H2 yields (∼45% higher) than the Ca-free
catalyst. Another important difference is that the Ca-free catalyst
shows significant levels of acetone formation, whereas the Ca-

Figure 5. Laser Raman spectra collected over CeO2 and Ca0.1Ce0.9O1.9.

Figure 6. X-ray diffraction patterns of CeO2 and Ca0.1Ce0.9O1.9.

Figure 7. In situ DRIFT spectra collected during ethanol TPD over
(a) Co/CeO2 and (b) Co/Ca0.1Ce0.9O1.9.
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doped catalyst does not have any liquid products. The difference
in the product distribution is another manifestation of the ease
of the oxygen replenishment of the surface, which allows rapid
oxidation of the carbonaceous species.

4. Conclusions

Through the various characterization techniques used in this
study, the introduction of calcium into the CeO2 lattice structure
is shown to lead to a unit cell expansion and the creation of
oxygen vacancies because of the lower oxidation state of Ca
(2+) compared with that of Ce (4+). The creation of oxygen
vacancies, in turn, facilitates the improvement of oxygen
mobility in the ceria-supported Co catalysts. Increased oxygen
mobility in these catalysts results in better catalytic performance,
which manifests itself in the form of higher H2 and CO2 yields,
higher turnover frequencies, and lower yield to liquid byproduct
such as acetone in ethanol steam reforming.
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TABLE 1: Comparison of Catalytic Performance of
Co/CeO2 and Co/CaCeO2: TOFs (inverse seconds) Based on
Ethanol Conversion and Hydrogen Production; % H2 Yield;
and % Selectivities of C-Containing Products (T ) 400 °C,
H2O/EtOH ) 10:1 (molar ratio), WHSV ) 0.54 gEtOH/
gCat/h, GHSV ) ∼5000 h-1, CEtOH ) 7.5%)

TOF % yield % selectivity

catalyst
ethanol

conversion
H2

production H2 CO2 CO CH4 acetone

Co/CeO2 0.007 0.025 60.3 59.7 2.8 13.9 14.5
Co/CaCeO2 0.0086 0.0442 86.5 78.4 5.6 12.8 0
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a b s t r a c t

In this study, the hydrogen selling price from ethanol steam reforming has been estimated

for two different production scenarios in the United States, i.e. central production

(150,000 kg H2/day) and distributed (forecourt) production (1500 kg H2/day), based on

a process flowchart generated by Aspen Plus� including downstream purification steps and

economic analysis model template published by the U.S Department of Energy (DOE) [1].

The effect of several processing parameters as well as catalyst properties on the hydrogen

selling price has been evaluated. $2.69/kg is estimated as the selling price for a central

production process of 150,000 kg H2/day and $4.27/kg for a distributed hydrogen production

process at a scale of 1500 kg H2/day. Among the parameters investigated through

sensitivity analyses, ethanol feedstock cost, catalyst cost, and catalytic performance are

found to play a significant role on determining the final hydrogen selling price.

ª 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

As the concerns about global warming and other negative

environmental impacts of energy consumption increase, the

advantages of hydrogen as the cleanest burning fuel are more

widely accepted. Also, its potential as a fuel for high efficiency

energy conversion devices, such as fuel cells, makes hydrogen

an even more attractive energy carrier. However, production

of hydrogen efficiently, economically and using renewable

resources is still an area that needs further research and

development. Among different starting materials for

hydrogen production, bio-derived liquids, such as bio-ethanol

stand out as highly attractive alternatives. Especially bio-

ethanol, with its low toxicity, ease of deliverability and its

potential for production from many different sources, ranging

from cellulosic biomass to algae, offers many advantages.

It also lends itself very well to steam reforming for hydrogen

production.

Although recent years have witnessed an increasing

number of studies in the literature on bio-ethanol steam

reforming (BESR) reaction, the commercialization of a BESR

process for hydrogen production still faces many obstacles

before it can become a reality. The major obstacle is the cost

associated with the process. While the cost of the catalyst,

which is usually precious metal based, can be an inhibitive

factor, a detailed analysis of the economics involved in the

process and an understanding of the contribution of many

cost factors are still lacking.

In this paper, an economic analysis model based on the

cost structures in the United States was developed based on

a process for hydrogen production from bio-ethanol steam

reforming. The process includes upstream feedstock

* Corresponding author. Tel.: þ1 614 292 6623.
E-mail address: Ozkan.1@osu.edu (U.S. Ozkan).
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considerations as well as downstream hydrogen purification

strategies and is analyzed for two different capacity levels,

namely a central production scheme (150,000 kg H2/day) and

a distributed (forecourt) production scheme (1500 kg H2/day).

The analysis was based on several assumptions and input

parameters provided by the US Department of Energy [1] and

involve sensitivity analyses of several input parameters and

their effects on the hydrogen selling price.

2. Methodologies

Fig. 1 demonstrates an overall roadmap of the strategy we

have used to develop the economic analysis for hydrogen

production from BESR in the United States. The whole process

is generally divided into three steps. Each step is designed to

accomplish specific tasks based on various inputs through the

use of different softwares. Aspen Plus� v2004 is used to

simulate the BESR process. After inputting the operation

parameters, mass and energy balances are performed and the

data are used as input for the capital investment evaluation.

More accurate simulation can be achieved by using Aspen

Catref� v2004 and the user model given in Aspen Plus� v2004

through Fortran programming, depending on the availability

of the catalyst kinetic model and deactivation mechanisms.

Before performing investment analysis, pinch study needs to

be carried out repeatedly until the most efficient energy flow is

achieved within the proposed process. Aspen Icarus Process

Fig. 1 – Schematic representation of the economic analysis strategy.

Flowchart drawn by
Aspen Plus¨  2004

Materials inputs

(Ethanol, water

natural gas,

cooling water)

Equipment performance 

inputs

(Yield, conversion, temp.

Pressure, approaching temp.)

Aspen IPE¨  2004

Mass

and energy balance

information

Pinch analysis

by Aspen Pinch
¨
 11.1

Integrated mass and energy streams

Information on quipment size and type

Equipment price

quotations

H2A Model

released by DOE on ethanol case study

for 1,500kg H
2
/day forecourt production

Capital cost

Utility cost

Excel File

Feedstock

consumption

(ethanol, water)

Other utility 

consumption

(NG, cooling water)

Catalysts

cost

Financial

parameters

as suggested

H
2
 selling price and contribution from different cost components

Overview of the

Economic Analysis

Strategy

Input assumptions

Fig. 2 – The overview of the economic analysis.
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Evaluator (IPE) � v2004 provides the capability to evaluate the

process cost through inputting the price information acquired

from built-in quotations or literature consultation. The

hydrogen selling price is finally determined by H2A v1.0.11

model released by USDOE [2]. The fixed and variable operation

& maintenance (O&M), feedstock, and catalyst costs as well as

depreciation predictions needed for price estimation have

Fig. 3 – Bio-ethanol stream reforming process flowchart for economic analysis.

Fig. 4 – Hydrogen cost contributions for bioethanol steam

reforming at (a) 150,000 kg/day central production scale

and (b) Forecourt production scale (1500 kg/day).

Table 1 – The ‘‘baseline’’ assumptions for case studies at
the scale of 150,000 kg H2/day and 1,500 kg H2/day.

Item Assumption

H2 recovery in PSA 85% [4]

Installed Capital cost for

PSA system

$7.164 km3/day [3]

Operating cost for PSA

system

$0.184 km3/day [3]

Operating capacity factor 90% for 150,000 kg H2/day case, 70% for

1,500 kg H2/day case [1]

Unit price of commercial

HT WGS catalyst

$4.67/lb [3]

Performance of

commercial HT WGS

catalyst

95% conversion at GHSV of 3,000 h�1

and 5 year lifetime [3]

Plant life 40 years for 150,000 kg H2/day case,

20 years for 1,500 kg H2/day case [1]

Analysis period 40 years for 150,000 kg H2/day case,

20 years for 1,500 kg H2/day case [1]

Total tax rate 38.9% [1]

Depreciation schedule

length

20 years for 150,000 kg H2/day case,

7 years for 1,500 kg H2/day case [1]
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been obtained through the combination of available H2A

model case study and literature reports. A more detailed

description of the information flow between different

modules of the system is shown in Fig. 2.

The flowchart shown in Fig. 3 was used to simulate the

BESR process at different scales. Streams are labeled as

rectangular boxes. The value inside the circle connected with

the stream label indicates the temperature of each stream.

Ethanol and water is mixed at 1:10 molar ratio before being

sent to a series of heat exchangers for preheating to reaction

temperature. Alternatively, bio-ethanol solution from

fermentation can be directly fed into the series of heat

exchangers without pre-mixing. Simultaneously product

streams coming from the high temperature reactor can be

cooled down through heat transfer with feed stream. Subse-

quently, the BESR reaction takes place at 500 �C within the

reformer. In the absence of detailed kinetic and deactivation

data, as a first approximation, the reformer is simulated as

a RYield reactor to account for the catalytic effect [3]. After

being cooled down to 350 �C, the reformate stream undergoes

high temperature water-gas shift (HTS) reaction to minimize

the concentration of CO. The HTS reactor is simulated as

a stoichiometric reactor with a CO conversion of 90%.

Following several consecutive heat exchangers, the condenser

is used to separate liquid water from product stream at 40 �C.

The gas fraction of the product stream after condensation is

then sent into pressure swing adsorption (PSA) unit for

hydrogen purification with 85% recovery [4]. Compressed

hydrogen can then be obtained with a purity of up to 99.999%.

The PSA waste gas stream includes unrecovered hydrogen,

CH4 and CO, which is valuable as a process fuel and is used in

the combustion furnace to supply the energy required for

endothermic BESR reaction in the reformer. The furnace is

simulated as a Gibbs reactor with approaching temperature of

10 �C. The condensed water from knock-out vessels can be

recycled back and used as process water.

After performing simulation in Aspen Plus� v2004 and

several modifications based on the analysis from Aspen

Pinch� 11.1, results obtained are input into Aspen IPE� v2004

for investment evaluation. By combining the built-in price and

literature quotations (e.g. $7.164/thousand standard m3/d as

installed capital and $0.184/thousand standard m3/d as

operating cost of a PSA system [3]) as the installed capital and

operating costs for various equipment items involved as well

as the default investment parameters in the software, the

capital and operating costs are incorporated into the H2A

spreadsheet for H2 selling price estimation.

H2A model released by USDOE provides the platform

where the economic analysis results for H2 selling price can be

compared among different hydrogen production and delivery

systems by unifying various evaluation methods. The acces-

sible unit costs of feedstock and utilities make the assessment

of the variable O&M costs possible. The fixed O&M costs and

financial parameters are achieved as suggested in the model.

All the ‘‘baseline’’ assumptions used in this analysis have

been summarized in Table 1.

3. Results and discussion

Fig. 4a shows the estimation of the hydrogen selling price and

the contribution of different cost components at central

production scale. In this case study, 90% H2 yield is assumed

with ethanol-to-water molar ratio of 1:10 with no dilution.

This yield percentage is based on a Co-based catalyst system

developed in our laboratories at Ohio State University [5–8].

H2 yield is defined as

H2 Yield % ¼ moles of H2 produced
6� ðmoles of ethanol fedÞ � 100

90% capacity factor is implemented and all the other financial

parameters are utilized as suggested in the H2A model.

Natural gas consumption used for reformer and reactant

pre-heater is classified into the other variable contribution

category with a cost of $0.34/Nm3. Also, $0.08/kWh is included

for utilities. The catalyst category comes from the contribu-

tion from catalyst in the reformer for bioethanol steam

reforming with a GHSV of 3000 h�1 and 1,000 h lifetime at

Fig. 5 – The effect of hydrogen yield on the final hydrogen

selling price (H2 yield [ 90% used as base case).

Table 2 – The effect of electricity cost variation on the final hydrogen selling price.

Electricity cost ($/kWh) 0.01 0.05 0.08* 0.1 0.2 0.3 0.4 0.5

H2 selling price

($/kg)

4.16 4.22 4.27* 4.3 4.46 4.61 4.77 4.93

*Base case.
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a unit price of $4.67/lb and a commercial catalyst in the high

temperature water-gas shift reactor with a GHSV of 3000 h�1

and 5-year lifetime at unit price of $4.67/lb. It should be noted

that the lifetime chosen for the reforming catalyst is a very

conservative estimate and represents a ‘‘worst-case

scenario’’. According to the results obtained, the energy

efficiency is close to 70% and the hydrogen selling price is

$2.69/kg H2 for central production at 150,000 kg H2/day output.

Ethanol feedstock contributes significantly to the total

hydrogen selling price, which is a factor external to the

process (i.e. cannot be controlled by process modifications).

For this model, it is assumed to be $1.07 per gallon of ethanol.

6.265 L ethanol is required to produce 1 kg of H2. It should be

noted that, by using a Co-based catalyst, the catalyst cost

input into the additional raw material costs is already reduced

to a very small amount. Therefore, any significant hydrogen

cost reduction has to rely on the decrease of the ethanol feed

price. Nevertheless, compared with other hydrogen genera-

tion methods at central production scale [9]), the price for H2

production from bioethanol steam reforming is quite

competitive.

The economic evaluation for forecourt hydrogen produc-

tion at 1500 kg/day size is also performed by following the

ethanol H2A case study released by USDOE, in which 70%

capacity factor is assumed. All other assumptions described in

the central production case are applied into forecourt

production case also. The results are shown in Fig. 4b. The

hydrogen selling price is estimated to be $4.27/kg.

Fig. 5 shows a sensitivity analysis showing the effect of

hydrogen yield on the final hydrogen selling price. As expec-

ted, the hydrogen yield has a major effect on the estimated

selling price. The price variation can be mainly attributed to

the cost contribution from the feedstock, which is reasonable

since higher yield would require less feedstock (especially

ethanol) to produce the same amount of hydrogen. Simulta-

neously, the slight increase of the catalyst cost with

decreasing yield is ascribed to increased catalyst amount that

would be needed to maintain the same weight hour space

velocity (to compensate for the additional feed rate that would

be needed). The slight decrease of other variables’ contribu-

tion with increasing yield, which is somewhat counter-intui-

tive, is due to the increased supplemental natural gas needed

at higher hydrogen yields since less methane will be produced

as a byproduct to supply part of the energy needed for the

reformer and for heating the reactants.

The supply cost of the electricity and natural gas which are

utilized to operate the equipment and heat the reformer and

the reactants, respectively, can also impact the final hydrogen

selling price. Sensitivity analyses showing the effect of these

two cost factors are shown in Tables 2 and 3. The change in

the hydrogen selling price with the cost variations of

electricity and natural gas is relatively small, due to their

small percent contributions to the overall cost.

While the effect of electricity and natural gas cost fluctu-

ations is relatively small, the ethanol feedstock cost has

a pronounced effect on the final hydrogen price, which is

shown in Fig. 6. Since ethanol is mainly obtained from the

Table 3 – The effect of natural gas cost variation on the final hydrogen selling price.

Natural gas cost ($/Nm3) 0.05 0.1 0.15 0.2 0.25 0.3* 0.35 0.4 0.45 0.5

H2 selling price

($/kg)

3.97 4.03 4.09 4.15 4.21 4.27* 4.33 4.39 4.46 4.52

*Base case.

Fig. 6 – The effect of ethanol cost variation on the final

hydrogen selling price (ethanol cost [ $0.28/L used as base

case).

Fig. 7 – The effect of dilution with inert gas on the final

hydrogen selling price (0% dilution used as base case).
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fermentation of various forms of biomass (e.g. corn, sugar-

cane, cellulose, algea), the ethanol cost is strongly dependent

on the supply of the biomass mentioned above. As new

technologies are developed to produce ethanol from sources

that do not compete with food or feedstock, especially cellu-

losic materials, a decrease in the ethanol cost can be expected.

Fig. 7 shows the hydrogen selling price variation as

a function of the feed dilution ratio. Slight increase of the

hydrogen selling price is observed when the dilution is less

than 50%, followed by the exponential escalation when the

dilution percentage is higher. Dilution of the feed can impact

the final selling price of H2 in a few different ways. First, it can

contribute to the feed cost. For this analysis, industrial grade

nitrogen is assumed at a price of ($0.006/kg). Dilution may also

increase the catalyst costs to keep the GHSV constant. In

addition, the utility costs associated with heating the inlet

stream and pumping the larger flow rates would add to the

overall cost of H2.

Fig. 8 shows the effect of molar ratio of EtOH-to-H2O on the

final hydrogen selling price. $3.76/kg of H2 can be achieved

when 1:3 molar ratio of ethanol to water is used. The two cost

factors affected by addition of excess water are the utilities

cost, and to a smaller extent, catalyst cost. However, another

factor that is not reflected in this analysis is the fact that

excess water (i.e. larger water-to-ethanol ratios) would inhibit

coking on the surface and extend the active catalyst life time.

So, choosing a higher water input may have additional

advantages not captured by this analysis.

The influence of reformer temperature on the final

hydrogen selling price is investigated and shown in Table 4.

The final selling price of H2 does not appear to be very sensi-

tive to reactor temperature. The model assumes full use of the

recycled heat, hence eliminating any energy-related penalties

due to higher temperatures. This may be, however, some-

what, misleading since there are several disadvantages of

having to use higher temperatures, which are not reflected in

this analysis. First of all, use of higher temperatures may

increase materials costs. It may also lead to catalyst deacti-

vation due to sintering. Higher temperatures may bring

additional safety concerns. Finally, if heat cannot be recycled

with high efficiency, increased temperatures would increase

the utility costs as well.

Since the reformer is a key component in the flowchart to

produce hydrogen from steam reforming of ethanol, the effect

of reformer cost fluctuation is also examined. The results are

shown in Table 5. The variation listed in the first row is

normalized according to the standard reformer cost ($ 83 K in

this case). From the capital cost analysis, because reformer

cost accounts for about 8% of the total cost, the variation of

reformer cost does not change the capital cost significantly,

and in turn, the H2 selling price is not very sensitive to this

input parameter. Since the reformer cost evaluation is simply

based on the built-in database of the Aspen Icarus Process

Evaluator 2004�, the estimation might be not accurate enough

and this cost input needs to be refined through more realistic

cost estimates from manufacturers.

Fig. 8 – The effect of molar ratio of EtOH to H2O on the final

hydrogen selling price (EtOH:H2O [ 1:10 used as base case).

Table 4 – The effect of reformer temperature on the final
hydrogen selling price.

Reformer
temperature (oC)

250 350 450* 550 650

H2 selling price

($/kg)

4.24 4.26 4.27* 4.25 4.22

*Base case.

Table 5 – The effect of reformer cost variation on the final
hydrogen selling price.

Reformer cost
variation

0.01 0.1 0.5 1* 2 5 10

H2 selling price

($/kg)

4.21 4.21 4.24 4.27* 4.33 4.51 4.81

*Base case.

Fig. 9 – The effect of catalyst unit price on the final

hydrogen selling price (Catalyst unit price [ $10/kg used as

base case).
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Fig. 9 shows the effect of the unit price variation of the

catalyst charged in the reformer at GHSV of 3000 h�1 and

1000 h lifetime on the final hydrogen selling price. In this

analysis, the commercial catalyst is assumed for high-

temperature water-gas shift reaction, with 3000 h�1 GHSV and

5 years lifetime at a price of $4.67/lb. The transition metal

catalyst cost can be around $10/kg, requiring a H2 selling price

of $4.27/kg. Any further reduction in the catalyst cost does not

reduce the final selling price of hydrogen. However, increasing

the catalyst cost (keeping all other parameters constant)

would impact the final selling price significantly.

The effect of space velocity is shown in Fig. 10. This analysis

uses the same parameters given for and a BESR catalyst unit

cost of $10/kg. At very low GHSVs, the contribution from the

catalyst cost is significant and decreases with increasing space

velocity. At GHSVs higher than 3000 h�1, the effect becomes

negligible. Increased space velocities may lead to more rapid

catalyst deactivation and this is not reflected in the analysis.

Fig. 11 depicts comparisons of the precious metal catalysts

and transition metal catalysts (e.g. Co) using different

assumptions. Fig. 11a shows that if all other parameters

remain the same, using a precious metal catalyst, which may

have a cost of $1000/kg would require a H2 selling price of

$22.34/kg, as opposed to $4.27/kg for a transition metal

catalyst. It should be kept in mind, however, that this analysis

assumes the space velocities and catalyst life times over the

catalyst would be identical, which may not be a realistic

assumption since higher activity and stability would be

expected from the noble metal catalysts. Also, not reflected in

this analysis is the unpredictability of precious metal

(especially Rh) prices, which have shown major fluctuations in

the last two years (2007–09). Fig. 11b shows the GHSVs needed

to achieve the same H2 selling price. Fig. 11c shows the

catalyst lifetimes needed to achieve the same H2 selling price.

Again, it should be emphasized that these comparisons are

made keeping all other parameters identical, which may not

be fully justifiable. It is expected that, although precious metal

catalyst cost would be substantially higher than that of the

transition metal catalysts, the difference required in the

catalytic performance (i.e. activity and catalyst life time) to

achieve the same H2 selling price may be significantly smaller

than the model predicts.

4. Conclusions

By incorporating our reaction data into the RYield model

used to simulate the performance of the reformer, the

hydrogen selling price for central production at 150,000 kg/

day scale and forecourt production at 1500 kg/day scale is

evaluated using the cost structures relevant to the applica-

tions in the United States. Sensitivity analyses are also

performed examining the effect of utility cost, feed cost,

catalyst cost, reaction temperature and GHSV. Among the

input parameters examined, the catalyst cost, feed cost and

catalyst performance (i.e. H2 yield) are found to impact the

final selling price significantly. Although the cost estimates

are limited to applications in the United States, the sensi-

tivity analyses and trends may provide insight for applica-

tions in other countries as well. The analysis also shows

Fig. 10 – The effect of GHSV on the final hydrogen selling

price (GHSV [ 3,000 hL1 used as base case).

Fig. 11 – Comparison of transition metal and noble metal catalysts (a) H2 selling price required if all the parameters are

identical for the two catalysts (b) GHSV required to reach the same H2 selling price of $4.2.kg (c) Catalyst life time required to

reach the same H2 selling price of $4.2/kg. For parts b and c, all other parameters are kept the same for the two catalysts.
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a major cost difference that may arise if precious metal

catalysts instead of transition metal are used. For the cost

difference to become negligible, the precious metal catalysts

need to show a much superior catalytic performance (activity

and life time) than the transition metal catalysts. Although

better activity and stability are expected from precious metal

catalysts, whether the difference in catalytic performance

can be so drastic to compensate for the significantly higher

unit catalyst cost is not clear.
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a b s t r a c t

The effect of impregnation medium on the activity of Co/CeO2 catalysts in ethanol steam reforming was
investigated using various characterization techniques including temperature programmed calcination,
temperature programmed reduction, X-ray diffraction, laser Raman spectroscopy, X-ray photoelectron
spectroscopy, and diffuse reflectance infrared fourier transform spectroscopy. The steady-state reac-
tion experiments showed that catalysts that were prepared in an organic medium (e.g., ethanol) during
eywords:
obalt catalyst
eria
thanol steam reforming
mpregnation medium
RIFTS
aman

impregnation gave higher H2 yields than those prepared in aqueous media. Characterization results
showed the presence of oxygenated carbonaceous species left on the surface from the impregnation step.
These species, which were stable through oxidation and reduction pre-treatment steps, may possibly con-
tribute to the activity, selectivity and stability of the catalysts by keeping the Co particles segregated and
by blocking the sites for side reactions.

© 2009 Elsevier B.V. All rights reserved.
PS

. Introduction

Hydrogen continues to hold promise as an important energy car-
ier for the future, with its high gravimetric energy density, its low
mpact on the environment, and its potential as a fuel for more effi-
ient energy conversion devices such as fuel cells. With increasing
emand for hydrogen, producing it from renewable sources, such
s bio-derived liquids, is also gaining increased importance. Bio-
thanol offers a promising starting material for hydrogen due to its
ow toxicity, its ease of handling and its availability from many
ifferent renewable sources, ranging from sugar cane to algae.
ydrogen produced from a bio-source has the potential to recycle

he CO2 produced during its production through photosynthesis
uring plant growth. Finally, producing hydrogen through steam
eforming of bio-derived liquids such as bio-ethanol lends itself
ell to a distributed production strategy.

Recent years have seen a significant increase in the number of
tudies on ethanol steam reforming (ESR). Catalysts utilized are
ainly Ni, Cu, Co and noble metals, such as Rh, Ru, Re, Pd, Ir and
t [1–4], which are reviewed by Haryanto et al. [5] and Vaidya and
odrigues [6]. Although supported noble metal catalysts have been
hown to have excellent performance during ESR in 500–600 ◦C
ange and high space velocities [7–9], the high and widely fluctu-

∗ Corresponding author. Tel.: +1 614 292 6623; fax: +1 614 292 3769.
E-mail address: Ozkan.1@osu.edu (U.S. Ozkan).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.11.003
ating cost of these metals limits their wide applications. As a less
expensive alternative, cobalt-based catalysts have been reported
to have superior ethanol steam reforming performance due to
their high activity for C–C bond cleavage at temperatures as low
as 350–400 ◦C [10–12]. At these temperatures, researchers have
reported good selectivity to CO2 and H2 with CH4 being the only
by-product.

Various metal oxides, most of which have been reported by
Llorca et al. [12], have been used as support materials for Co in
order to provide a high surface area as well as good thermal stabil-
ity leading to better cobalt dispersion even at higher temperatures.
Although cobalt catalysts supported on these oxides showed com-
parable activity, the product distribution was significantly different
indicating that these selected supports actively participated in the
ESR reaction. Among the various supports, ceria offers increased
resistance to coking due to its high oxygen storage capacity (OSC)
and oxygen mobility, as shown in many other reactions that involve
an oxidation step such as CO oxidation, water–gas shift, and steam
reforming of methane [13–15]. Increased oxygen mobility pro-
motes gasification and oxidation of carbon deposits on the surface,
hence improving stability, which was demonstrated in our previous
studies [16].
In addition to the support effects mentioned above, several other
promotional effects have been extensively investigated aiming to
enhance the catalytic activity as well as stability during ESR. For
instance, the addition of alkaline metals (e.g., Li, Na, and K) has been
shown to improve the catalytic performance [17–19]. In addition,

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:Ozkan.1@osu.edu
dx.doi.org/10.1016/j.molcata.2009.11.003
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se of different cobalt precursors [20–22], different preparation
echniques, and synthesis/pre-treatment parameters [23–25] have
een shown to have a significant impact on the catalytic perfor-
ance. One conclusion emerging from various studies is that the

atalytic activity is directly related to cobalt dispersion [26,27].
There have been reports in the literature, showing an effect of

he impregnation medium used in the preparation of supported
o catalysts for Fischer-Tropsch reaction [28]. In this paper, as a
ontinuation of our previous work [16,23,29], we examine the role
f the impregnation medium on the activity of Co-based catalysts
or ethanol steam reforming. The supported catalysts were pre-
ared by incipient wetness impregnation (IWI) and characterized
hrough temperature programmed calcination (TPC), temperature
rogrammed reduction (TPR), in situ X-ray diffraction (XRD), in
itu laser Raman spectroscopy (LRS), X-ray photoelectron spec-
roscopy (XPS), and diffuse reflectance infrared fourier transform
pectroscopy (DRIFTS). The results from characterization studies
ere used in explaining the activity differences observed for cata-

ysts prepared in different media.

. Experimental

.1. Catalysts preparation

Supported cobalt catalysts with 10% weight loading were pre-
ared in air by IWI technique. Cerium (IV) oxide (nanopowder,
25 nm, Aldrich) was calcined at 550 ◦C for 4 h, resulting in a sup-
ort with a surface area and pore volume of 71 m2/g and 0.34 cm3/g,
espectively. Cobalt (II) nitrate hexahydrate (Aldrich 99.999%),
hich was used as the cobalt precursor, was dissolved in either

thanol or deionized water and then impregnated on the previously
alcined support. After repeated impregnation and drying steps
overnight at approximately 95 ◦C) as many times as required by
he pore volume of the CeO2 support, the as-prepared samples were
alcined at 450 ◦C under air for 3 h and stored for later use. In the
omenclature used in this paper, the letter in parenthesis following
he catalyst formulation represents the impregnation medium, i.e.,
for aqueous (DI water) and E for ethanol.

.2. Catalysts characterization

Cobalt dispersion was determined through a H2 chemisorption
echnique using a Micromeritics ASAP 2010 Chemisorption system.
rior to adsorption measurements, calcined samples were pre-
reated at 450 ◦C and then reduced in situ under 5%H2/He at 400 ◦C
or 2 h followed by evacuation to 1.33–0.67 KPa and cooling down
o 50 ◦C to maximize activated chemisorption while minimizing H2
pillover [30]. The adsorption isotherms were measured at equi-
ibrium pressures between 6.67 and 66.7 kPa. The first adsorption
sotherm was established by measuring the amount of H2 adsorbed
s a function of pressure. After completing the first adsorption
sotherm, the system was evacuated for 1 h at 1.33–0.67 kPa. Then
second adsorption isotherm was obtained. The amount of probe
olecule chemisorbed was calculated by taking the difference

etween the two isothermal adsorption amounts. Metallic sur-
ace area was determined by assuming a one-to-one stoichiometry
etween Co and atomic hydrogen and a cross-sectional area of
.0662 nm2 for a Co atom.

The calcination process was investigated through TPC experi-
ent. The sample was placed between two layers of quartz wool
n a stainless steel reactor which was placed in the center of a
emperature programmable furnace. A constant air flow rate was

aintained over the sample throughout the process and the reactor
utlet stream was monitored by a Cirrus Mass Spectrometer (MKS
nstruments, 1–300 amu).
talysis A: Chemical 318 (2010) 21–29

H2 TPR experiments were performed using a laboratory flow
system equipped with a thermal conductivity detector (TCD). Sam-
ples of 50 mg were loaded into a U-tube and then subjected to
an oxidative cleaning step at the samples’ calcination tempera-
ture in air, followed by cooling to room temperature under helium.
TPR experiments were subsequently performed under 5%H2/N2
(30 ml/min) with a heating rate of 10 ◦C/min. The exit gas from the
reactor was sent to a column filled with silica gel for trapping water
before being sent to the TCD for analysis.

XRD profiles were collected from 20◦ to 90◦ at a step width
of 0.0144◦ using Bruker D8 advance X-ray diffractometer. In situ
XRD was also performed during calcination process under air
(30 ml/min) and reduction process under 5%H2/N2 (30 ml/min)
using a linear heating rate of 0.3 ◦C/min and holding at different
preset temperatures for a given time for stabilizing and data collec-
tion. The XRD patterns used for particle size estimation at various
stages of the catalyst life-time were collected from 20◦ to 90◦ at a
step width of 0.002◦ using Rigaku Ultima III X-ray diffractometer
equipped with a CuK� source (� = 1.5406 Å).

Raman spectra were taken with a LabRAM HR-800 spectro-
metric analyzer integrated with OLYMPUS BX41 microscope (50×
magnification) and CCD detector. The in situ calcination experiment
was performed under air (30 ml/min) using an “operando cell”.
The sample was first heated to various temperatures and cooled
down to room temperature where the spectra were taken using an
argon ion laser (514.5 nm, operated at 3 mW). A similar procedure
was followed while performing in situ reduction experiment under
5%H2/He (30 ml/min).

XPS analysis was performed using an AXIS His, 165 Spectrome-
ter manufactured by Kratos Analytical with a monochromatized Al
X-ray source. 2.3 V voltage was chosen to make the charge balance.
The sample was pressed into a stainless steel cup before loading into
the instrument. The survey scan was performed to identify all the
elements within the sample, followed by regional scans for Co 2p,
C 1s, O 1s, Ce 3d orbitals in order to achieve the high resolution for
these elements of interest. A controlled-atmosphere transfer cham-
ber was used for transferring the samples to the XPS instrument in
order to prevent the reduced samples from being re-oxidized again.
For quantification of the surface and near surface concentrations
of elements, the instrument-dependent atomic sensitivity factors
were used.

DRIFTS was performed with a Thermo NICOLET 6700 FTIR spec-
trometer equipped with a liquid-nitrogen-cooled MCT detector
and a KBr beam splitter. The experiments were performed using
a Smart collector DRIFT environmental chamber with ZnSe win-
dows. For room-temperature spectra, following a cleaning step
under He at 450 ◦C for 30 min to remove impurities from sample
surface that might have adsorbed during storage, the chamber was
cooled down to room temperature under He and sample spectra
were then collected. As background, the spectrum taken over the
sample impregnated in aqueous media was used.

2.3. Activity tests

The catalytic activity tests were performed in a tubular
quartz reactor (4 mm internal diameter). The catalyst was placed
between two layers of quartz wool. The aqueous ethanol solution
(EtOH:H2O = 1:10 at molar ratio) was delivered into the evaporator
by an isocratic pump (Eldex MicroPro). The feed vapors gener-
ated were carried by helium and sent into the reactor after being
combined with nitrogen, which was used as internal standard. The

delivery lines were heated with heat tapes to prevent condensation.

All catalysts were first pretreated at 450 ◦C for 30 min under He
and then reduced in situ at 400 ◦C for 2 h under 5%H2/He. Subse-
quently the catalytic performances were tested in the temperature
range of 300–500 ◦C, in 50 ◦C increments. The catalyst was held at
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Table 1
Product distribution during steady-state reaction over 10%Co/CeO2(A) and 10%Co/CeO2(E) at various temperatures: H2O:EtOH = 10:1 (molar ratio), WHSV = 0.48 gEtOH/g Cat/h,
GHSV = ∼20,000 h−1, and CEtOH = 2%.

Productsa 300 ◦C 350 ◦C 400 ◦C 450 ◦C 500 ◦C

(A) (E) (A) (E) (A) (E) (A) (E) (A) (E)

% yield
H2 10.9 42.4 32.9 83.3 64.7 88.9 71.4 89.4 74.9 91.4

% selectivity
CO2 5.6 55.1 17.4 85.6 29.9 91.2 35.0 90.4 59.4 88.5
CO 4.1 2.3 7.5 2.9 4.4 2.8 5.5 4.6 5.8 6.6
CH4 3.5 3.2 5.2 8.4 2.9 6.0 2.7 4.9 10.9 4.9
C2H4 0 0 0.0 0.0 0.0 0.0 1.2 0.0 2.7 0.0
C2H6 0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0
CH COCH 6.0 3.5 37.0 3.1 62.8 0.0 55.6 0.0 20.6 0.0
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experiment, the catalyst has shown no sign of deactivation, main-
taining an ethanol conversion of 85%, a H2 yield of ∼82% and
a CO2 yield of ∼70%. The yield of all other products remained
low, below 8%. When a similar time-on-stream experiment was
3 3

CH3CHO 80.7 35.9 29.5 0.0
(C2H5)2O 0 0 3.4 0.0

a The values reported in the table are defined in Section 2.3.

ach temperature for at least 2 h. At the end of the catalytic test, the
ow of EtOH + H2O was stopped and the catalyst was cooled under
He stream.

The analysis of the reactants and all the reaction products
as carried out online by gas chromatography (Shimadzu Scien-

ific 2010). Analysis was done using two different detectors and
he separation was achieved using two different sample injec-
ion loops/valves and two analysis lines: the first line consisted
f a Carboxen column and a 5-Å molecular sieve column con-
ected in series in a column isolation scheme. This combined
olumn arrangement was used in conjunction with a pulse dis-
harge helium ionization detector (PDHID). The second line was
separate 30 m-long Q-Plot column used with a methanizer and a
ame ionization detector (FID) to allow detection of CO as low as
0 ppm. Helium was used as the carrier gas for both of the anal-
sis lines. All the carbon-containing products could be separated
y the Q-Plot column and detected by FID. PDHID can detect all the
roducts in the stream, including CO, CO2, and H2. Response factors
or all products were obtained and the system was calibrated with
ppropriate standards before each catalytic test.

The H2 yield, selectivity and yield of carbon-containing prod-
cts, and ethanol conversion were defined as follows:

2 yield % = moles of H2 produced
6 × (moles of ethanol fed)

× 100

Yield of C-containing product, i %

= #C × (moles of i produced)
2 × (moles of ethanol fed)

× 100

Selectivity of C-containing product i

6 = #C × (moles of i produced)
2 × (moles of ethanol converted)

tOH Conv.% = moles of ethanol converted
moles of ethanol fed

× 100

The turnover frequency (TOF) reported in the paper is calculated
ased on the ethanol conversion rate and hydrogen produc-
ion, respectively, divided by the total metallic cobalt active sites
xposed on the surface of the catalysts in the reactor, which was
etermined from H2 chemisorption experiment described above.

. Results and discussion
.1. Catalytic performance comparison

Table 1 shows the H2 yields and the selectivities for C-containing
roducts. At every temperature tested, the catalysts prepared in an
.0 0.0 0.0 0.0 0.0 0.0

.0 0.0 0.0 0.0 0.0 0.0

organic medium, give higher H2 yields and CO2 selectivity while
selectivities to CO and CH4 are lower. Another important aspect
of the product distribution comparison is that Co/CeO2(E) catalyst
does not have any liquid products left in the product stream above
350 ◦C, with CH4 and CO being the only other products besides CO2
and H2. Catalyst prepared in an aqueous media, on the other hand,
continues to have significant levels of acetone in the product stream
even at higher temperatures. In addition, although their amount
is relatively small, other undesirable by-products such as diethyl
ether, ethylene, and ethane are also observed over Co/CeO2(A)
at various temperatures. Formation of C2 hydrocarbons suggests
hydration steps that might lead to coke formation.

When TOFs for the (E) and (A) catalysts are compared, it is seen
that ethanol conversion TOFs are comparable for the two catalysts
(0.006 and 0.007 s−1 at 300 ◦C, respectively). TOFs for H2 forma-
tion, however, show a much higher activity for Co/CeO2(E), with a
value more than twice that of the (A) catalysts (0.011 and 0.024 s−1

at 300 ◦C, respectively), indicating a higher ability for C–C bond
cleavage and for complete oxidation of C in the ethanol molecule.

The ethanol-impregnated catalyst was kept on stream for 40 h
to examine its stability. Fig. 1 shows the ethanol conversion and
product yields during the run at 350 ◦C. For the duration of the
Fig. 1. Time-on-stream behavior of 10 Co/CeO2(E) catalyst at 350 ◦C. Reac-
tion conditions: H2O:EtOH = 10:1 (molar ratio), WHSV = 0.48 g EtOH/g Cat/h,
GHSV = ∼20,000 h−1, and CEtOH = 2%.
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ig. 2. Elution of gas phase species over Co/CeO2(E) during the calcination process.

erformed over the Co/CeO2(A) catalyst, rapid deactivation was
bserved starting within 15 h (data not shown). Once activity loss
tarted, the main products were hydrocarbons, signaling dehydra-
ion reaction becoming important. Poor carbon balance during this
eriod suggested coking on the surface, which was verified by post-
eactivation examination of the spent catalyst.

.2. Characterization
Catalysts prepared in the two different impregnation media
ere characterized using various techniques, in an effort to under-

tand the possible surface and structural characteristics that might
ontribute to the differences in performance.

ig. 3. In situ XRD patterns of Co/CeO2(E) taken during the calcination process.
Fig. 4. In situ Raman spectra collected over/CeO2(E) during the calcination process.

Fig. 2 shows the gas phase species eluting from the Co/CeO2(E)
sample during the calcination process. Water is seen to form at two
distinct temperatures. The low-temperature feature indicates the

release of the crystal water present in the cobalt precursor. The
larger peak at higher temperature might be derived from the OH
groups in the sample formed from the ethanol impregnation during
sample preparation. The combination of 30 and 46 ion fragments



H. Song, U.S. Ozkan / Journal of Molecular Catalysis A: Chemical 318 (2010) 21–29 25

r
d
g
T
a
(

e
A
o
b
e
s
p
c
a
o

e
R
b
h
c
c
w
h
t
r
p
p
a
o
h
w
c
t
p

s
T
r
C
t

Fig. 5. H2 TPR profiles of (a) Co/CeO2(A) and (b) Co/CeO2(E).

eveals the production of NOx from the cobalt nitrate oxidative
ecomposition, which is accompanied by the corresponding oxy-
en consumption. No carbon-containing gas products are detected.
he gas phase species eluting from the sample prepared in the
queous media exhibited similar features of H2O and NOx species
profiles not shown).

The calcination process of the catalyst impregnated in an
thanol medium was further examined using the XRD technique.
lthough there is a broad feature from 35◦ to 45◦ due to the flu-
rescence of Co, the signal can still be discriminated from the
ackground. As shown in Fig. 3, the cubic CeO2 support is visible at
ach temperature. However, the evolution of the cobalt oxide can
een be with increasing calcination temperature. When the tem-
erature is above 300 ◦C, the diffraction peaks corresponding to
ubic Co3O4 begin to appear. The gradual increase of the Co3O4 peak
long with increasing calcination temperature implies the growth
f Co3O4 particles at higher temperatures.

The calcination process over the Co/CeO2(E) sample was also
xamined by laser Raman spectroscopy. Fig. 4 shows the in situ
aman spectra collected during calcination. The low wavenum-
er region (100–800 cm−1) shows the formation of Co3O4 and
igher region (4500–5500 cm−1) shows the decomposition of
obalt nitrate, left behind from the impregnation step. Although
obalt nitrate has a major Raman band centered around 1050 cm−1,
hen impregnated onto CeO2, its signal is masked due to the
ighly Raman active nature of the support. Therefore, the evolu-
ion of the nitrate phase was followed in the high wavenumber
egion. As seen in Fig. 4, CeO2 peak is observed throughout the
rocess without changing, Co3O4 begins to appear when the tem-
erature is above 300 ◦C. The gradual increase of the Co3O4 peak
long with increasing calcination temperature implies the growth
f Co3O4 particles at higher temperature. The doublet shown in
igh wavenumber region shows the cobalt nitrate decomposition
hich is completed when the temperature is above 300 ◦C which

oincides with the formation of Co3O4. The catalyst precursor for
he Co/CeO2(A) showed a similar evolution through the calcination
rocess (data not shown).

The reduction behaviors of the Co/CeO2(E) and Co/CeO2(A) are
tudied using the TPR technique and the results are shown in Fig. 5.

wo peaks are observed and identified as Co3O4–CoO and CoO–Co
eduction features, using CuO to calibrate H2 consumption and
o3O4 as a standard reference. When the reduction profiles for
he two catalysts were compared, the sample synthesized in the
Fig. 6. In situ XRD patterns taken during reduction process over (a) Co/CeO2(E) and
(b) Co3O4.

organic media showed noticeably better reducibility, which corre-
lates well with ESR activity [23]. Neither surface nor bulk reduction

of CeO2 occurs within the reduction temperature range investi-
gated.

The evolution of the crystalline phases during the reduction pro-
cess over the calcined Co/CeO2(E) is shown in the XRD patterns
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Table 2
Cobalt/cobalt oxide crystal size estimation from XRD (nm).

Catalyst Fresha Reducedb Spentc

Co/CeO2(A) 15 12 25
Co/CeO2(E) 14 8 8

a Calculations are based on (3 1 1) diffraction line for Co3O4.
b Samples were reduced at 400 ◦C for 2 h. Calculations are based on (1 1 1) diffrac-

tion line for Co.
c XRD patterns were collected after time-on-stream for 40 h over 10%Co/CeO2(E)

and 10 h over 10%Co/CeO2(A). Calculations are based on (1 1 1) diffraction line for
Co.

Table 3
Surface elemental analysis using XPS technique over 10%Co/CeO2(A) and
10%Co/CeO2(E) after calcination and reduction.

After calcination After reduction
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Co element. The presence of shake-up lines in the Co 2p XPS spectra
of the sample reduced at 400 ◦C for 2 h points to the reduction of
Co3O4 to CoO since the satellite peaks are characteristic of the Co2+

oxidation state [32–34]. The shoulder at 777.8 eV near the main
Co/CeO2(A) Co/CeO2(E) Co/CeO2(A) Co/CeO2(E)

%Co 7.3 5.9 10.0 7.8
Co/Ce 0.27 0.43 0.25 0.34

cquired in situ (Fig. 6a). In situ XRD patterns obtained over bulk
o3O4 during a similar reduction process are also included (Fig. 6b)

or comparison. The disappearance of the Co3O4 phase and the
ppearance of the CoO phase coincide at a reduction temperature
f 350 ◦C. The diffraction line that corresponds to CoO phase disap-
ears above 400 ◦C and a metallic Co phase appears at 450 ◦C, which

s consistent with the TPR profile shown in Fig. 5. Compared to the
tandard Co3O4, the phase transformation takes place at a higher
emperature, possibly due to the metal–support interaction. The
rystal phase transformations during the reduction of Co/CeO2(A)
re also shifted to higher temperatures (data not shown) com-
ared to the Co/CeO2(E), sample, implying that this sample is more
ifficult to reduce, consistent with the TPR profiles shown earlier
Fig. 5).

Crystallite sizes of Co3O4 and metallic Co were determined using
-ray diffraction data. Table 2 summarizes the crystallite sizes for

he two catalysts at different life stages calculated using Scher-
er equation. The diffraction lines used for these calculations are
3 1 1) and (1 1 1) for the Co3O4 and Co phases, respectively. The
act that both of the samples have similar particle sizes for Co3O4
fter calcination implies that the preparation in organic media has
o effect on controlling the Co3O4 crystallite size. However, the
rystallite sizes for the reduced and spent sample show a major
ifference, suggesting a strong effect of the impregnation medium

n suppressing particle growth during reduction and reaction.
The reduction characteristics of the two samples prepared in

rganic versus aqueous media are compared through in situ LRS
echnique in Fig. 7a and b, respectively. The spectra corresponding
o pure CeO2, Co3O4 and CoO are also shown as reference. As the
emperature is raised step-wise in a 5% H2 stream, no significant
hase transformation takes place below 400 ◦C. When the tempera-
ure is at 400 ◦C, Co/CeO2(A) gives signal from both CO3O4 and CoO.

hen the temperature is raised up to 600 ◦C, cobalt oxide species
re still visible in this sample. For the sample prepared in organic
edia, however, the reduction to metal takes place much more

eadily. At 450 ◦C, the bands that correspond to Co–O vibrations
re no longer visible.

XPS surface analysis was performed over both samples at three
ifferent stages: (a) following calcination, (b) following reduction
t 400 ◦C, and (c) following reduction at 600 ◦C. The spectra for
e 3d and Co 2p regions are presented in Fig. 8 for Co/CeO (E).
2
he oxidation state of Ce remains at +4 even in the sample that
as been reduced at 600 ◦C, indicating that surface CeO2 is not
educed within the tested reduction temperature range [31]. How-
ver, changes have been observed in the oxidation state of surface
talysis A: Chemical 318 (2010) 21–29
Fig. 7. In situ Raman spectra collected over (a) Co/CeO2(E) and (b) Co/CeO2(A) during
reduction process.
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287 eV over the Co/CeO2(A) sample, it was much weaker and close
ig. 8. The Ce (3d) and Co (2p) XPS spectra collected over Co/CeO2(E) after (a) cal-
ination at 450 ◦C for 3 h, (b) reduction at 400 ◦C for 2 h, and (c) reduction at 600 ◦C
or 2 h.

eak at 780.2 eV shows the existence of metallic Co on the sur-
ace [35], implying that after the reduction treatment at 400 ◦C for
h, the Co3O4 particles have been reduced to a mixture of CoO
nd metallic Co. The spectrum taken following reduction at 600 ◦C
hows a higher intensity for metallic Co signal, but Co2+ signal is still
resent. Although at 600 ◦C, reduction of the cobalt oxide phase
o metallic Co is expected to be complete, presence of Co-oxide
pecies can be due to partial reoxidation of the surface by lattice
xygen from the support. The oxygen mobility in CeO2 has been
emonstrated before in several different systems [16,36,37].

In order to evaluate the surface concentrations of the Co and
e elements before and after reduction and compare this ratio
etween the two catalysts evaluated, the Co/Ce atomic ratios deter-
ined by XPS results have been quantified and tabulated in Table 3.
s can be seen, the Co/CeO2(E) has significantly higher Co/Ce ratio

han its counterpart both before and after reduction, indicating bet-

er cobalt dispersion over Co/CeO2(E), which is consistent with H2
hemisorption results, which showed 9.4% and 15.1% Co dispersion
or Co/CeO2(A) and Co/CeO2(E), respectively. In addition, it is worth
oting that although Co concentration on the surface decreases for
Fig. 9. The C (1s) and O (1s) XPS spectra collected over Co/CeO2(E) after (a) calcina-
tion at 450 ◦C for 3 h, (b) reduction at 400 ◦C for 2 h, (c) reduction at 600 ◦C for 2 h,
and (d) over Co/CeO2(A) after calcination at 450 ◦C for 3 h.

both of the catalysts following reduction, the % decrease is larger for
the Co/CeO2(A) sample, suggesting a sintering effect during reduc-
tion over this catalyst. The reduction temperature did not affect
much the Co concentration on the surface of the Co/CeO2(E) when
it was reduced at 600 ◦C. There was no additional decrease in the
Co surface concentration over this catalyst compared to what was
obtained following the lower temperature reduction process.

The XPS spectra taken over the Co/CeO2(A) (data not shown)
exhibited features similar to those of Co/CeO2(E). When the C 1s
and O 1s regions of the spectra were compared, however, the two
catalysts showed major differences (Fig. 9). C 1s spectrum showed
a feature at a binding energy of 287.8 eV over the Co/CeO2(E) cata-
lyst. This peak was observed in all three spectra, the one taken over
the fully oxidized sample as well as the ones taken following reduc-
tion at 400 and 600 ◦C. Although a weak peak also appeared around
to 1 eV apart. When O 1s spectra were compared, the Co/CeO2(E)
catalyst showed a peak at 531.1 eV, which remained even after
reduction at 600 ◦C. This peak was absent in the O 1s spectrum
taken over the sample prepared in aqueous media. Appearance of
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Fig. 10. DRIFTS spectra of Co/CeO2(E) at various life stages.

hese additional peaks in the O 1s and C 1s spectra suggests the
resence of some oxygenated carbon species on the surface of the
atalyst prepared in organic media [35]. It should be noted that the
resence of a shoulder at 533.5 eV in O 1s spectrum over the fully
xidized sample and the noticeable change in the relative intensi-
ies of the C 1s peaks suggest that these species go through some
ransformation during the reduction steps, but are stable enough
o remain on the surface even when exposed to a high-temperature
educing atmosphere.

The presence of oxygenated carbonaceous species was further
erified by the DRIFTS experiments performed over the samples
repared in different media. Fig. 10 shows the difference spectra
lotted by subtracting the spectrum collected over the sample pre-
ared in aqueous media from the ones taken over the Co/CeO2(E)
ample, following three different pre-treatment steps. The band
ocated at 1787 cm−1 suggests the presence of a carbonyl group
�(C O)), possibly in a carboxylate species. However, this band is

uch weaker compared to the ones located at 1552 and 1450 cm−1.
he presence of these bands together with a weaker one around
80 cm−1, suggests an acetate species, possibly coordinated to a
etal center. Formation of acetate species has been identified as the

referred reaction pathway in ethanol steam reforming for high H2
electivity, as reported in our previous publications [16,29]. Based
n our in situ DRIFTS experiments, the acetate species evolves from
he ethoxide species originating from the dissociative adsorption of
thanol. The acetate species formed will subsequently be oxidized
o carbonate and finally decomposed to CO2.

Although there are slight shifts in the band position when the
amples are reduced, the main features of the spectra remain the
ame. Although it is difficult to make definitive assignments due
o large number of overlapping bands of this region, it appears
hat there are oxygenated carbonaceous species on the surface
nd these species are stable enough to withstand calcination and
eduction steps, the latter at temperatures even as high as 600 ◦C.

The observation that the presence of such species over the (E)
ample is the only apparent difference between the two catalysts
uggests that these oxygenated carbon species may be playing a
ole in the superior performance of the catalysts prepared in organic

edia. One possibility is that the presence of these organic ligands
ay keep the Co particles segregated, ensuring a high level of dis-

ersion throughout their life history. The other possibility is that
hese species may be blocking the sites that lead to the dehydration

[

[

[

talysis A: Chemical 318 (2010) 21–29

and aldol condensation-type reactions, which would lead to coking
and acetone formation, respectively. A related possibility is that the
presence of acetate species on the surface of the catalysts prior to
any reactions may make it easier for ethanol to be converted to sur-
face acetate species, by following an “imprint” left on the surface
during the impregnation step. The concept of molecular imprint-
ing on metal complexes has been previously reported in different
studies [38–42] and many of these studies have been summarized
in a review article by Tada and Iwasawa [43]. In these studies, usu-
ally ligands are used as template molecules, which, when removed,
leave behind cavities near the metal site. One of the possible mech-
anisms through which such imprinting can help is by providing
“shape-selective reaction space on the active metal center” [38].
It is conceivable that what is observed in our study stems from
such a phenomenon where the acetate-type surface species formed
during the impregnation step may provide necessary surface geom-
etry for the selective reaction pathway in ethanol steam reforming.
However, the current results do not provide sufficient evidence to
prove or to refute any of these aforementioned possibilities.

4. Conclusions

The Co–CeO2 catalysts prepared in ethanol medium showed sig-
nificant improvement in catalytic performance (higher H2 yield,
higher stability and fewer side reactions) compared to the ones
prepared in aqueous media. Characterization results showed the
presence of oxygenated carbon species, possibly metal-coordinated
acetates, on the surface. These species are likely to play a role in the
improved performance. Although the nature of this role is not clear
at this point, possibilities include a segregation effect that prevents
sintering, a site-blocking effect that suppresses the side reactions,
or an “imprinting” effect that makes it easier for the acetate inter-
mediates to form on the surface. Additional studies are needed to
elucidate the exact role played by these surface species resulting
from the impregnation medium.
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Abstract Novel synthesis methods such as solvothermal

decomposition, colloidal crystal templating, and reverse

microemulsion have been used to prepare CeO2-supported

Co catalysts. These catalysts have shown much better

catalytic performance than the catalysts prepared using

conventional incipient wetness impregnation for Ethanol

Steam Reforming. The improvement can be attributed to a

better cobalt dispersion and a better Co–CeO2 interaction

for the catalysts prepared using these novel methods.

Keywords Cobalt catalyst � Ceria � Ethanol steam

reforming � Solvothermal � Colloidal crystal templating �
Reverse microemulsion

1 Introduction

As hydrogen production from non-fossil fuel sources con-

tinues to gain importance, many studies have focused on

bio-derived liquids as the feed. Among these liquids, eth-

anol offers an attractive starting material for hydrogen

production due to its low toxicity, easy deliverability and

its availability from many different sources, ranging from

cellulose to algae.

There have been many studies that appeared in the lit-

erature in recent years for catalytic hydrogen production

from ethanol steam reforming. Many of these studies

have focused on noble metal catalysts such as Rh, Ru, Pd,

Pt, Re, Au, and Ir [1–6], reporting high activity for ethanol

steam reforming in a wide range of temperatures (350–

800 �C) and gas hourly space velocities (GHSV: 5,000–

300,000 h-1). High activity is often related to the C–C

bond cleavage capability of the active metal [7]. Among

the noble metal catalysts reported so far, Rh appears to

have the best performance [8–12], giving high hydrogen

yields. Although the loading of the precious metals is rel-

atively low (1–5 wt.%) compared to non-noble metal cat-

alysts (10–15 wt.%), the cost can still be prohibitive. As a

less expensive alternative, cobalt-based catalysts supported

on different oxide supports have been reported to have

promising ethanol steam reforming performance due to

their high activity for C–C bond cleavage at temperatures

as low as 350–400 �C [13–17]. Although cobalt catalysts

supported on different oxides showed comparable activity,

the product distribution was significantly different, indi-

cating an important role played by the support. Among

these oxide supports, CeO2 offers the most potential due to

its high oxygen storage capacity, as reported for various

reactions [18–20]. Our previous work has also shown the

important role played by oxygen mobility of the support in

controlling the deactivation characteristics of the supported

Co catalysts [21].

In addition to the support effect, the preparation meth-

ods can also have significant impact on the catalytic per-

formance. Various synthesis techniques have been used

preparing ethanol steam reforming catalysts, the most

commonly utilized ones being incipient wetness impreg-

nation (IWI) [22–25], wet impregnation [26–28], sol–gel

(SG) [29, 30], and co-precipitation (CP) [31–34], each with

its own advantages and disadvantages. Impregnation is the

most convenient method for large-scale catalyst manufac-

turing, however, the non-homogeneous distribution of the

active metal is a major shortcoming. Metal particles tend

agglomerate in catalysts prepared by the impregnation

method, resulting in catalyst deactivation. In contrast,
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although it is easier to achieve homogeneous dispersion of

the active metal using SG or CP techniques, the repro-

ducibility can be relatively poor, showing differences from

one batch to the next. Besides, since some of the active

metal atoms are embedded in the support matrix, they are

not accessible for the catalytic reaction. Hence, catalysts

prepared by SG and CP are, in general, more stable, but can

be less active than those prepared by impregnation. Recent

years have witnessed application of many novel synthesis

techniques to catalyst preparation, some of which have

been reviewed recently [35].

In this paper, we report the catalytic performance of the

CeO2-supported cobalt catalysts prepared by solvothermal

decomposition, colloidal crystal templating, and reverse

microemulsion methods, for ethanol steam reforming.

2 Experimental

2.1 Catalysts Preparation

2.1.1 Solvothermal Decomposition

In this method, the Co/CeO2 catalyst was prepared by

heating the mixed CeO2 and CoO nanocrystals at high

temperature to remove the organic species. The organic

ligand-capped CeO2 and CoO nanocrystals were synthe-

sized separately by thermally decomposing Ce or Co oleate

in an organic solvent. For cerium oleate synthesis,

40 mmol Ce(III) chloride heptahydrate and 120 mmol

sodium oleate were dissolved in a solution consisting of

30 mL ethanol, 40 mL water, and 70 mL hexane. The

resulting solution was then heated for 5 h while refluxing.

The oil phase was then collected and washed several times

with water and ethanol. The washed oil phase was dried at

105 �C overnight, giving a light yellowish, gel-like prod-

uct. 11.2 g of this gel-like complex was dissolved in 50 g

1-octadecene (ODE) and heated at 320 �C for 4 h under

Ar. Oleic-acid-capped CeO2 was obtained by precipitating

it from the cooled solution after ethanol was added to it.

A similar procedure was applied for cobalt oxide nano-

crystal synthesis with slightly different parameters. In this

case, 40 mmol Co(II) chloride hexahydrate and 80 mmol

sodium oleate were dissolved in a mixture of 30 mL eth-

anol, 40 mL water, and 70 mL hexane. By following the

same procedure used for Ce, a purple wax-like product was

obtained after drying. 11.2 g of the gel-like complex was

then dissolved in 50 g ODE and heated at 320 �C for

30 min under Ar to decompose the cobalt-oleate complex.

The final product was obtained by precipitation from the

solution after ethanol or acetone addition. Subsequently,

the CeO2 and CoO nanocrystals acquired from above-

mentioned processes were dissolved in hexane. Specific

amounts of the two solutions were taken and mixed in a

glass vial. The solution was heated gradually to 450 �C and

kept at this temperature for 4 h, giving a black powder as

the final catalyst. The sample prepared by this method is

referred to as Co/CeO2 (O).

2.1.2 Colloidal Crystal Templating

A colloidal crystal templating (CCT) method was devel-

oped to prepare CeO2 with a three-dimensionally ordered

macroporous (3DOM) structure. In this process, poly-

methylmethacrylate (PMMA) nanospheres were used as a

template for the macroporous structure. A gel of polymer

beads and the cerium precursor were prepared at first. The

gel was then calcined at high temperature to burn off the

beads and to convert the cerium precursor into oxide.

PMMA beads were prepared according to a procedure

reported earlier [36]. Typically, Ar was bubbled through

the aqueous monomer (MMA) solution (CMMA = 0.688

mol/L) for 20 min while stirring to remove the inhibitor

contained in the as-received MMA. The solution was then

heated up to 70 �C where sodium dodecyl sulfate (surfac-

tant, Sigma–Aldrich, 99?%) with a concentration of

8.5 9 10-4 M and K2S2O8 (initiator) with a concentration

of 2.1 9 10-3 M were added and the temperature was held

constant for 2 h to complete the polymerization reaction.

After centrifuging and washing repeatedly with deionized

water and methanol, the solids were dried at 60 �C over-

night and stored for Ce loading.

The loading of cerium precursor was achieved based on

a procedure reported previously [37]. Typically, 1.085 g

Ce(NO3)3�6H2O and 0.525 g citric acid were dissolved in

5 mL ethanol. The dried PMMA beads were deposited on

filter paper in a Büchner funnel. The solution was added

dropwise over the PMMA beads while the funnel was

under vacuum. The resulting wet sample was then dried at

room temperature for 1 day before calcining. The calci-

nation was carried out at 400 �C for 5 h with a heating rate

of 1 �C/min.

The cobalt was loaded on the CeO2 support synthesized as

outlined above, through wet impregnation and stored for

catalytic performance tests. For abbreviation, the sample

prepared by this method is referred to as Co/CeO2 (3DOM).

2.1.3 Reverse Microemulsion

In order to control the cobalt particle size more effectively,

CeO2-supported Co catalysts were prepared through a

reverse microemulsion technique. The metal particle size

can be controlled by adding surfactants functioning to

encapsulate cobalt precursor within a spatially limited

hydrophilic environment to prevent reagglomeration of
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cobalt particles. The addition of tetrahydrofuran (THF:

C4H8O) at very slow rates overcomes the problem of metal

being embedded by the support. The silylation of metal

oxide support by adding hexamethyldisilazane (HMDS:

(CH3)3SiNHSi(CH3)3) aims to enhance chemical compat-

ibility between the surface of the support and the micellar

medium, resulting in prevention of metal dispersion loss

when the metal nanoparticles are deposited onto the outer

surface of the carrier.

The detailed preparation procedure through reverse

microemulsion has been described elsewhere [38, 39]

except for the use of different support materials. Briefly,

the commercial CeO2 (nanopowder, \25 nm, Aldrich)

support first underwent a cleaning process under air flow at

550 �C for 3 h. The fresh support was then mixed with

HMDS (Aldrich, 99.9%) in toluene (C6H5CH3, Mallinck-

rodt, [99.0%) in a molar ratio of CeO2:HMDS:toluene

1:0.15:10. The slurry was subsequently refluxed at 120 �C

for 2 h under a dry nitrogen stream. It was then filtered and

washed with toluene several times and the final product

was obtained after drying the washed solid at 60 �C

overnight. Reverse microemulsions were achieved by

mixing n-hexanol (Fluka, [99%), polyoxyethylene octyl-

phenyl ether (Triton X114: (C2H4O)nC14H22O, n = 7 or 8,

Aldrich) and aqueous solution of cobalt nitrate hexahydrate

(Co(NO3)2�6H2O, Fisher, 98.4%). The water-to-surfactant

molar ratio was set to 8 and the cobalt concentration in the

aqueous solution was 0.3 M and the surfactant concentra-

tion in the organic phase was 1 M. A reddish transparent

and stable microemulsion was obtained through stirring.

Hydrazine monohydrate (NH2NH2�H2O, Aldrich, 98%)

was then directly added as a weak reductant to the prepared

microemulsion to transform the cobalt phase to nanopar-

ticulates, followed by the immediate addition of the

appropriate amount of the silylated CeO2 support, thus

leading to a cobalt nominal loading of 10 wt.%. The THF

(Sigma,[99.5%) was then injected into the acquired slurry

at a flow rate of 0.33 mL/min in an amount of 100 mL per

gram of support. The resulting sample was filtered and

washed thoroughly with ethanol, followed by drying at

room temperature overnight and then at 60 �C for 10 h.

The resulting precursor was then calcined at 500 �C for 3 h

to remove the residual organic materials introduced during

the procedure and the anchored trimethylsilyl groups

remaining on the sample surface produced during silyla-

tion. In order to remove the surface-attached SiO2 species

after calcination, the calcined sample was soaked in 5 M

NaOH solution for 4 days. After washing with DI water,

drying at 95 �C overnight, and calcining at 450 �C for 3 h,

the final product was stored for use. Catalysts prepared by

this method will be denoted as Co/CeO2 (HMDS).

2.1.4 Incipient Wetness Impregnation

For comparison, a reference catalyst was also prepared using

IWI method. Cerium (IV) oxide (nanopowder, \25 nm,

Aldrich) was calcined at 550 �C for 4 h, resulting in a sup-

port with a surface area and pore volume of 71 m2/g and

0.34 cm3/g, respectively. Cobalt (II) nitrate hexahydrate

(Aldrich 99.999%), which was used as the cobalt precursor,

was dissolved in deionized water and then impregnated on

the previously calcined support to achieve 10 wt. % nominal

Co loading. After repeated impregnation and drying steps

(overnight at approximately 95 �C) as many times as

required by the pore volume of the CeO2 support, the

as-prepared samples were calcined at 450 �C under air for

3 h and stored for later use. In the nomenclature used in this

paper, this catalyst will be denoted as Co/CeO2 (N).

2.2 Catalysts Characterization

The sample morphology was examined using a Philips

XL-30 ESEM equipped with an X-ray analyzer for energy-

dispersive X-ray spectroscopy (EDS). The samples were

dispersed onto the surface of carbon tabs before being

mounted into the vacuum chamber for SEM imaging.

The TEM imaging was performed using a Philips Tecnai

TF-20 TEM operated at 200 kV. An X-ray analyzer for

EDS is incorporated into the instrument for elemental

analysis. For achieving better contrast, some images were

also taken under STEM mode. The sample was first dis-

persed in ethanol and supported on lacey-formvar carbon

on a 200 mesh Cu grid before the TEM images were

acquired.

2.3 Reaction Performance Evaluation

The catalytic performance measurement and analysis

methods used are reported elsewhere [16]. Conversion and

product distribution data reported were taken after a min-

imum of 1 h on line. The hydrogen yield is defined as

H2 Yield% ¼ moles of H2 produced

6� ðmoles of ethanol fedÞ � 100;

ethanol conversion is defined as

EtOH Conv:% ¼ moles of ethanol converted

moles of ethanol fed
� 100;

and carbon containing product yield is defined as:

Selectivity of C-containing product i

¼ #C� ðmoles of i producedÞ
2� ðmoles of ethanol convertedÞ:
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3 Results and Discussion

3.1 Catalyst Characterization

3.1.1 Solvothermal

Figure 1 shows the TEM images of Co/CeO2 (O) and its

precursors at different stages of preparation, namely, CeO2,

CoO, and Co-incorporated CeO2 samples. Because the

ceria with small particle size is oleic acid capped, the

contrast in Fig. 1a is low. However, it can still be seen that

CeO2 nanocrystals may have particle sizes around 1–2

nanometers. Cobalt oxide particles with various sizes and

shapes are identified in Fig. 1b, including triangles, rods,

spheres, and cubes. Furthermore, the as-made cobalt oxide

has been confirmed to be CoO and the calcined sample to

be Co3O4 through XRD patterns (not shown). Figure 1c

shows the TEM image for the final form of the catalyst,

Co/Ce oxide after calcination. Nanoparticles with sizes of

2–3 nm are observed. The lack of defined shapes as shown

in Fig. 1b suggests that the original shapes of CoO have

been destroyed during the high temperature calcination.

Even individual Co3O4 and CeO2 can not be identified; we

expect that the mixture of Co3O4 and CeO2 should be

homogeneous because of the nature of the mixing.

3.1.2 Colloidal Crystal Templating

Although CeO2 with 3DOM structure is used widely for the

design of photonic crystals, sensors, and power sources,

there are very few examples of its application in catalysis

and, to the best of our knowledge, none in ethanol steam

reforming. Considering the distinct structural features, the

3DOM CeO2 could have potential to be used as a support

for cobalt, to improve the catalytic stability during ethanol

steam reforming. The well ordered porous structure is

expected to help with the cobalt dispersion, and in turn,

prevent particle sintering (considered as one of the reasons

of catalyst deactivation) during reaction, and facilitate

diffusion of reactants through the pores.

Figure 2a shows an SEM image of the PMMA beads,

which confirms that mono-dispersed PMMA beads with

particle size around 300 nm have been obtained. Figure 2b

and c show the macroporous structure of CeO2 that was

achieved. The macroporous structure can be further opti-

mized through pore size regulation, wall thickness adjust-

ment, and tuning the pore size distribution.

3.1.3 Reverse Microemulsion

Figure 3 shows three of the typical TEM images of the

Co/CeO2 (HMDS) catalysts taken at various locations of

the sample focusing on the Co3O4 particles highlighted by

(a)
 

(b)

(c)

Fig. 1 TEM images of a CeO2, b CoO, and c Co/CeO2 prepared

using solvothermal method
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(a)

(b)

(c)

Fig. 2 a SEM image of PMMA beads and b, c STEM images of

3DOM CeO2

(a)

(b)

(c)

Fig. 3 The TEM images taken from various locations over Co/CeO2

(HMDS)
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the red circles. Using a statistical analysis (not shown),

*90% Co3O4 particles were found to have a size falling

into a very narrow range between 6 and 7 nm. In addition,

as shown in Fig. 3, after the surface modification by hex-

amethyldisilazane, the cobalt particles appear to be

embedded onto the surface of the CeO2 support, leading to

better dispersion, enhancement of the metal–support

interaction and increase of the metal–support interface.

3.2 Catalyst Performance

The catalytic performances of the three catalysts that are

described in the previous section are compared in Fig. 4,

using the H2 production rates in the temperature range

300–550 �C. The results obtained over the catalyst pre-

pared by a conventional IWI technique are also included

for comparison. At first glance, it is quite apparent that the

three catalysts prepared by the novel synthesis techniques

show much higher H2 yields compared to the catalysts

prepared by IWI. What is more remarkable, however, is the

fact that the Co/CeO2 (HDMS) catalyst has a significantly

higher H2 production rate than any of the other three

catalysts.

Table 1 compares the H2 yields and C-containing

selectivities over Co/CeO2 (N), Co/CeO2 (O), and Co/CeO2

(3DOM). It should be noted that the higher temperature

data are included to show how the product distribution

changed after complete conversion was achieved. As seen

in Table 1, the catalysts display major differences in

product distributions as well. For example, the Co/CeO2

(O) catalyst exhibits much higher selectivities to liquid

byproducts, such as acetone and acetic acid, especially at

lower temperatures as well as small amounts of C2H4 and

C2H6 hydrocarbons (not listed). These are undesirable by-

products, since they signal an ease of dehydration reaction

over this catalyst and a propensity for deactivation. This

became apparent by the rapid pressure build-up observed

when the Co/CeO2 (O) catalyst was kept online at 450 �C

and the post-deactivation examination of the spent catalyst

which displayed coke formation on the surface (data not

shown).

The Co/CeO2 with 3DOM structure showed significant

improvement compared to Co/CeO2 (N), especially at low

temperatures (\450 �C). Ethanol dehydrogenation and

acetaldehyde decomposition are two main reactions taking

place in sequence at low temperatures (\400 �C), resulting

in the formation of acetaldehyde and methane, respec-

tively. When the temperature is further increased, methane

steam reforming, ethanol steam reforming, and water–gas

shift reaction are the dominant reactions, leading to the

increase of the main product yields (H2 and CO2). The

notable increase in CO selectivity is due to the reverse

water–gas shift reaction when the temperature is above

450 �C. The overall hydrogen yield is higher than 90% at

temperatures as low as 450 �C. The acetone formation is

not observed in the temperature region used for Co/CeO2

(3DOM). Compared with the IWI catalyst, the superior

catalytic activity of 3DOM CeO2-supported sample might

be attributed to the higher cobalt dispersion achieved

through the ordered porous network of the CeO2 skeleton.

The H2 yields and selectivities to C-containing products

obtained over the Co/CeO2 (HMDS) catalyst are presented

in Table 2. An important point to note about the results

presented in Table 2 is that the data over Co/CeO2

(HMDS) were obtained using a WHSV twice as high as

that used for the other catalysts. In spite of doubling of the

space velocity, the Co/CeO2 (HMDS) shows substantial

activity even at 200 �C, a temperature at which none of the

other catalysts showed any activity. It also shows higher H2

yields than any of the other catalysts at every temperature

Fig. 4 Hydrogen production

rates over Co/CeO2 (N), Co/

CeO2 (O), Co/CeO2 (3DOM),

and Co/CeO2 (HMDS)

catalysts. Reaction conditions:

H2O:EtOH = 10:1 (molar ratio)

and CEtOH = *7.5%
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tested. Dehydrogenation of ethanol appears to be dominant

at temperatures below 300 �C, leading to acetaldehyde and

H2. Single carbon containing products become more

dominant above 250 �C, indicating the take-off of the

steam reforming reaction. The subsequent steam reforming

of methane and other liquid intermediates such as

acetaldehyde and acetone results in the increase of hydro-

gen yield along with increasing temperature. Increased

selectivity to CO at higher temperatures is a result of the

reverse water–gas shift reaction.

The stability of the Co/CeO2 (HMDS) catalyst was

tested by a time-on-stream experiment where the catalyst

Table 1 Steady-state H2 yields (%), ethanol conversion (%), and C-containing product selectivities(%) obtained over Co/CeO2 (N), Co/CeO2

(O), and Co/CeO2 (3DOM) catalysts

Catalyst Products 300 �C 350 �C 400 �C 450 �C 500 �C 550 �C

Co/CeO2 (N) H2 yield 10.5 50.9 60.3 61.8 64.7 67.2

Ethanol conversion 28.85 100 100 100 100 100

C-containing product selectivities

CO2 28.0 47.9 59.7 62.7 63.6 63.3

CO 10.7 3.2 4.0 4.8 8.2 13.8

CH4 12.5 10.9 19.1 32.5 28.2 22.9

Acetone 10.4 38.0 17.2 0 0 0

CH3CHO 38.4 0 0 0 0 0

Co/CeO2 (O) H2 yield 32.3 68.0 90.7 89.8 90.0 92.4

Ethanol conversion 88.4 100 100 100 100 100

C-containing product selectivities

CO2 3.7 19.5 28.5 30.4 55.2 61.1

CO 0 6.8 8.3 0 5.4 6.8

CH4 4.6 10.5 8.0 23.5 37.4 32.1

Acetone 28.6 41.3 48.1 46.1 2.0 0

Acetic acid 5.2 21.8 7.1 0 0 0

CH3CHO 57.8 0 0 0 0 0

Co/CeO2 (3DOM) H2 yield 31.0 68.3 84.7 90.5 92.1 94.6

Ethanol conversion 53.4 100 100 100 100 100

C-containing product selectivities

CO2 22.2 60.3 79.9 90.7 92.7 90.1

CO 5.5 12.1 5.2 1.4 3.1 7.9

CH4 4.3 27.6 14.9 7.9 4.2 2.0

Acetone 0 0 0 0 0 0

CH3CHO 58.1 0 0 0 0 0

Reaction conditions: H2O:EtOH = 10:1 (molar ratio) and CEtOH = *7.5% GHSV = 5,000 h-1, and WHSV = 0.54 g EtOH/g Cat./h

Table 2 Steady-state H2 yields (%), ethanol conversion (%), and C-containing product selectivities obtained over Co/CeO2 (HMDS) catalysts

Catalyst Products 200 �C 250 �C 300 �C 350 �C 400 �C 450 �C 500 �C 550 �C

Co/CeO2 (HMDS) H2 yield 19.8 39.8 62.8 86.3 93.3 94.7 95.8 97.4

EtOH conv. 21.0 59.3 81.3 100 100 100 100 100

C-containing product selectivities

CO2 17.5 25.6 55.0 90.5 92.7 94.0 93.6 94.7

CO 1.0 1.6 8.5 0.3 2.9 3.7 4.6 4.8

CH4 12.4 11.7 15.3 9.2 4.4 2.3 1.8 0.5

Acetone 0 0 10.8 0 0 0 0 0

CH3CHO 69.1 61.1 10.3 0 0 0 0 0

Reaction conditions: H2O:EtOH = 10:1 (molar ratio) and CEtOH = *7.5% GHSV = 10,000 h-1, and WHSV = 1.08 g EtOH/g Cat./h
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was kept on-line at 400 �C for 120 h (Fig. 5). The catalyst

showed no sign of deactivation, by maintaining 100%

ethanol conversion and a H2 yield over 90% throughout the

run. In addition to H2 and CO2, the main products from

ethanol steam reforming, only small amounts of CH4

(\5%) and CO (\4%) were observed.

4 Conclusions

In this paper, preparation of Co/CeO2 catalysts by three

different novel synthesis techniques (solvothermal decom-

position, colloidal crystal templating, and reverse micro-

emulsion) has been described. All of the novel preparation

techniques led to superior behavior in ethanol steam

reforming reaction compared to IWI method. Among the

catalysts studied, the one prepared with the reverse micro-

emulsion technique showed the best performance, giving

higher H2 yields at much higher space velocities. The cata-

lyst also showed good stability, with no sign of deactivation

when it was kept on-line at 400 �C for 120 h. The superior

performance is likely to be related to the improved cobalt

dispersion, enhanced metal–support interaction and

increased metal–support interface facilitated by the reverse

microemulsion technique.
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a b s t r a c t

The effect of cobalt precursor on the performance of Co/CeO2 catalysts in ethanol steam reforming
was investigated. The catalysts were characterized using various characterization techniques including
H2 chemisorption, temperature-programmed reduction, temperature-programmed desorption, X-ray
diffraction, transmission electron microscopy, and diffuse reflectance infrared Fourier transform spec-
troscopy. The results obtained from steady-state reaction experiments showed a significantly better
catalytic performance over the samples prepared by using organometallic Co precursors (especially,
cobalt acetyl acetonate). Characterization results suggest that the organic ligands bound to the cobalt
species might facilitate its dispersion on the surface of the CeO2 support, resulting in the improved
activity and stability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Among catalytic hydrogen production strategies, steam reform-
ing continues to play a major role. Steam reforming accounts for
∼95% of the hydrogen produced in the United States [1]. On a global
scale, over 50% hydrogen production relies on natural gas reforming
[2]. There is increased interest to replace natural gas and other fos-
sil fuels by renewable alternatives. Bio-derived liquids, especially
bio-ethanol is a promising alternative due to its availability from
many different sources (ranging from sugar canes to algae), its low
toxicity, and its potential to be a starting material for distributed
hydrogen production processes.

The number of studies in the literature on ethanol (EtOH) steam
reforming catalysts has significantly increased in recent years. Cat-
alysts utilized are mainly Ni, Cu, Co and noble metals, such as
Rh, Ru, Re, Pd, Ir and Pt [3–6]. Some of these catalysts have been
reviewed extensively [7,8]. Although supported noble metal cata-
lysts have been shown to have good performance (>90% H2 yield)
during ethanol steam reforming in 500–600 ◦C range and high gas
hourly space velocities (GHSV: >10,000 h−1) [9–11], the high cost
of these metals limits their applications. Fluctuating prices and
limited reserves are also cause for concern. As a less expensive alter-
native, cobalt-based catalysts have been reported to have superior
ethanol steam reforming performance due to their high activity for
C–C bond cleavage at temperatures as low as 350–400 ◦C [12–14].

∗ Corresponding author. Tel.: +1 614 292 6623; fax: +1 614 292 3769.
E-mail address: Ozkan.1@osu.edu (U.S. Ozkan).

Various metal oxides have been used to support Co in order
to provide large surface area as well as good thermal stability,
leading to high cobalt dispersion even at high temperatures [14].
Although cobalt catalysts supported on these oxides showed com-
parable activity, the product distribution was significantly different
indicating the role played by the supports in the steam reforming
reaction. Ceria, which is the support used in this study, has been
reported to enhance reactions that involve oxidation steps, includ-
ing CO oxidation, water–gas shift, and steam reforming of methane,
due to its high oxygen storage capacity (OSC) and oxygen mobil-
ity [15–17]. Our previous work has also shown the role played by
ceria in imparting Co catalysts with higher resistance to coking in
ethanol steam reforming [18].

As reported previously, the nature of the cobalt precursor
used in catalyst synthesis is another important parameter that
impacts the catalytic performance [13,19,20]. As the ethanol
steam reforming activity has been correlated to the metallic
Co sites on the surface [21–23], any parameter that would
give a higher Co dispersion is likely to improve the catalytic
performance. In this paper, we examine the role played by dif-
ferent Co precursors in the catalytic behavior, with the main
comparison being between the organometallic precursors and
inorganic salts. CeO2-supported catalysts were prepared by incip-
ient wetness impregnation (IWI) and characterized through
N2O chemisorption, temperature-programmed reduction (TPR),
temperature-programmed desorption (TPD), X-ray diffraction
(XRD), transmission electron microscopy (TEM), and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS). The
activity and selectivity measurements were done using steady-
state and transient techniques.

0926-860X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2010.04.016
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2. Experimental

2.1. Catalysts preparation

CeO2 (Aldrich, 71 m2/g, 0.34 cm3/g)-supported cobalt catalysts
with 10% weight loading were prepared in air by incipient wet-
ness impregnation (IWI) technique. The Co precursors used were
cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O, Aldrich, 99.999%),
cobalt (II) sulfate heptahydrate (CoSO4·7H2O, Sigma, >99%; Aldrich,
99.995%), cobalt chloride hexahydrate (CoCl2·6H2O, Riedel-de
Haën, >99%), octacarbonyldicobalt (Co2(CO)8, Alfa Aesar, stabilized
with 1–5% hexane), cobalt (II) carbonate hydrate (CoCO3·xH2O,
Aldrich), cobalt (II) oxalate dehydrate (CoC2O4·2H2O, Aldrich), and
cobalt (II) acetyl acetonate (Co(C5H7O2)2, Aldrich, 97%). Ethanol
was used as the impregnation medium for all synthesis exper-
iments. The CeO2 support was calcined for 3 h under air at
500 ◦C prior to impregnation. After repeating impregnation on
the CeO2 support with ethanol solution of each aforementioned
cobalt precursor and drying in an oven overnight at approximately
95 ◦C as many times as determined by the pore volume of the
support measured from N2 physisorption, the resulting samples
were calcined at 450 ◦C under air for 3 h and stored for later
use.

2.2. Catalyst characterization

Dispersion of cobalt was studied by N2O chemisorption tech-
nique using the procedure outlined earlier by Jensen et al. [24]. For
each run, 100 mg of sample was packed in a 0.25′′ OD fixed bed
quartz reactor with a quartz frit bed and placed inside a inside a
tubular furnace (Carbolite, MTF 10/15/130). The catalysts were pre-
reduced with 5%H2/He (30 ccm) at 400 ◦C for 2 h and then, flushed
with helium (50 ccm) at 450 ◦C for 30 min. N2O chemisorption was
carried out by introduction of 4%N2O/He containing stream to the
reactor at 40 ◦C. The effluents were monitored via an on-line mass
spectrometer (MKS–Cirrus II) calibrated for instrumental sensitiv-
ity factors for N2 and N2O, and the contribution of the fragment
of N2O to the m/z = 28 trace. For quantitative determination of N2
evolving as a result of interaction of N2O with the surface, the mass
spectrometer was further calibrated by injection of known amounts
of N2 that approximately match the amounts of N2 obtained during
N2O chemisorption runs. An external sampling loop and a six-port
valve were used for the N2 injections. The number of moles of N2
evolved is related to the moles of oxygen consumed and cobalt oxi-
dized assuming a Co:O stoichiometry of 1:1. A plot of Co conversion
versus square root of time, calculated from the time when N2 is first
detected with the mass spectrometer, can be used to obtain the Co
dispersion by subtracting out the oxygen uptake through Fickian
diffusion of oxygen atoms from the surface to the bulk.

DRIFTS was performed with a Thermo NICOLET 6700 FTIR spec-
trometer equipped with a liquid-nitrogen-cooled MCT detector and
a KBr beam splitter. The experiments were performed using a Smart
collector DRIFT environmental chamber with ZnSe windows. Fol-
lowing a cleaning step under He (30 ml/min) at 400 ◦C for 30 min
to remove impurities from sample (∼0.2 g) surface that might be
adsorbed during storage and reduction at 400 ◦C for 2 h under
5%H2/He (30 ml/min), the chamber was heated to 450 ◦C under He
(30 ml/min) for 1 h to eliminate moisture generated during reduc-
tion. The background spectra were collected at each temperature
under He flow before the introduction of the reactant vapor. The
DRIFT spectra taken over bare support was acquired using the same
procedure as Co/CeO2 catalysts. The ethanol vapor generated from
a bubbler (CEtOH = ∼7.8%) was then flowed over the sample for 1 h
at room temperature using He as carrier gas (30 ml/min). The sam-
ple was then flushed with He (30 ml/min) for 30 min. Spectra were
taken with resolution of 4 cm−1 and 500 scans at pre-set inter-

vals under helium continuous flow at 30 ml/min while the sample
temperature was ramped from 25 to 500 ◦C.

TPD experiments were performed using AutoChem II 2920.
Samples (0.15 g) were first pretreated under helium (30 ml/min)
at 400 ◦C for 30 min and then reduced at 400 ◦C under 5%H2/He
(30 ml/min) for 2 h. The reactor was then heated to 450 ◦C under a
He flow (30 ml/min) for 1 h to eliminate moisture generated during
reduction. The samples were subsequently cooled down to room
temperature under He. The ethanol vapors generated from a bub-
bler system (CEtOH = ∼7.8%) were then allowed to flow through the
sample bed for 1 h. Following the purging step with helium, the
sample was subjected to a linear temperature program at a rate
of 10 ◦C/min. The effluent was monitored by a Cirrus MKS Mass
Spectrometer.

H2 TPR experiments were performed using a laboratory flow
system equipped with a thermal conductivity detector. Samples of
100 mg were subjected to an oxidative cleaning step at the samples’
calcination temperature in air (30 ml/min), followed by cooling to
room temperature under helium. TPR experiments were subse-
quently performed under 5%H2/N2 (30 ml/min) with a heating rate
of 10 ◦C/min.

XRD profiles were collected from 15◦ to 105◦ at a step width of
0.0144◦ using Rigaku Ultima III X-ray diffractometer equipped with
a CuK� source. The average crystalline particle size estimation was
performed according to the Scherrer equation over multiple charac-
teristic diffraction peaks on the platform of Jade® 10, a professional
XRD pattern analysis software. LaB6 was used as the reference
material for instrumental broadening correction.

The TEM experiments were performed by using Philips Tecnai
TF-20 TEM instrument operated at 200 kV. The instrument was
equipped with the EDS X-ray analysis capability for elemental anal-
ysis and the STEM mode, which was used for improving image
contrast between CeO2 and Co phases. The sample was first dis-
persed in ethanol and supported on lacey-formvar carbon on a
200-mesh Cu grid before the TEM images were recorded.

2.3. Catalytic performance evaluation

The catalytic performance measurement and analysis methods
used are reported previously [22]. Briefly, all catalysts were first
pretreated at 400 ◦C for 30 min under He (30 ml/min) and then
reduced in situ at 400 ◦C for 2 h under 5%H2/He at 30 ml/min. The
reactant liquid consisting of ethanol and water at 1:10 molar ratio
was delivered by a Waters® 590 HPLC pump into an evaporator
heated at ∼200 ◦C for rapid evaporation. The generated reactant
vapor was carried by He and introduced into the reactor. Subse-
quently the catalytic performances were tested in the temperature
range of 300–550 ◦C, in 50 ◦C increments. The catalyst bed was held
at each temperature for at least 2 h before data collection. At the
end of the catalytic test, the flow of EtOH + H2O was stopped and
the catalyst was cooled under a He stream. The hydrogen yield is
defined as:

H2 Yield% = moles of H2 produced
6 × (moles of ethanol fed)

× 100.

The ethanol conversion is defined as:

EtOH Conv.% = moles of ethanol converted
moles of ethanol fed

× 100,

and carbon containing product selectivity is defined as:

Selectivity of C − containing product i

= #C × (moles of i produced)
2 × (moles of ethanol converted)

.



Author's personal copy

60 H. Song et al. / Applied Catalysis A: General 382 (2010) 58–64

Fig. 1. Effect of Co precursor on the hydrogen yield over ceria-supported
cobalt catalysts Steady-state reaction conditions: H2O:EtOH = 10:1 (molar ratio),
GHSV = ∼5000 h−1, and CEtOH = ∼7.5%.

3. Results and discussion

3.1. Catalytic performance

Different cobalt precursors were used in synthesis of CeO2-
supported catalysts to examine the effect of cobalt precursor on
the catalytic performance. Not only inorganic salts such as CoCl2,
CoSO4, Co(NO3)2, and CoCO3, but also organometallic compounds
were used as precursors. The hydrogen yields and C-containing
product selectivities for the catalysts prepared using CoCl2, CoSO4,
CoCO3, Co(NO3)2, Co(C8H15O2)2, Co(C5H7O2)2, Co2(CO)8 are pre-
sented in Fig. 1 and Table 1, respectively (the rest of the catalysts
prepared were also tested and showed activities falling within the
range represented by the selected catalysts presented in Fig. 1
and Table 1). Generally speaking, the samples prepared using inor-
ganic salts show significantly lower hydrogen yields compared to
the ones prepared by the organometallic precursors, especially at
higher temperatures. A possible poisoning effect due to the pres-
ence of the inorganic anions such as Cl−1 and SO4

2− introduced
during cobalt precursor impregnation cannot be excluded. How-
ever, since the precursors that did not have such ions (e.g., Co
nitrate, Co carbonate) also led to lower hydrogen yields compared
to their organic counterparts, the observed differences cannot be
solely due to a poisoning effect. The product distributions were
also quite different depending on the Co-precursor used. The
ones prepared by inorganic salts showed significant levels of ace-
tone and acetaldehyde even at elevated temperatures (Table 1).
Other byproducts observed were C2H4 over the catalyst pre-
pared from CoSO4 (signaling dehydration of ethanol), CH3COOH
and C2H5OC2H5 over the sample prepared using Co(C8H15O2)2
at 450 ◦C. It should be noted that similar experiments performed
over bare CeO2 support showed no steam reforming activity below
450 ◦C, and gave a H2 yield of less than 2% at 500 ◦C.

Among all the precursors examined (including Co2(CO)8 precur-
sor which showed the best performance in previous publications
[13,19]), Co(C5H7O2)2 led to the best catalytic performance in this
study, as shown in Fig. 1. Hydrogen yield was much higher, espe-
cially at lower temperatures, compared to other catalysts. There
were no side products other than CO and CH4 above 300 ◦C. The
stability of this catalyst, which will be referred as Co/CeO2 (A), was
tested by keeping it on-line at 450 ◦C for 70 h. As seen in Fig. 2,
there was no sign of deactivation with the H2 yield remaining over

Table 1
Effect of Co precursor on the selectivities (%) of C-containing products and ethanol
conversion (%). H2O:EtOH=10:1 (molar ratio), GHSV = ∼5000 h−1, and CEtOH = ∼7.5.

Products 300 ◦C 350 ◦C 400 ◦C 450 ◦C

CoCl2
CO2 0 9.0 24.6 40.8
CO 3.2 4.9 0.5 0.6
CH4 4.8 6.0 6.6 5.7
Acetone 0 0 66.2 52.9
CH3CHO 91.9 80.1 2.1 0
EtOH conversion 6.3 26.5 66.6 100

CoSO4

CO2 0.7 3.3 16.7 18.5
CO 0 0 0 0.3
CH4 0 0 0 5.7
C2H4 0 0 0.8 1.1
Acetone 0 47.1 82.5 74.5
CH3CHO 99.3 49.6 0 0
EtOH conversion 13.8 65.3 99.1 100

CoCO3

CO2 0 29.3 43.6 66.9
CO 0.6 0.9 0.7 1.7
CH4 2.3 5.0 5.7 14.2
Acetone 0 0 49.9 17.2
CH3CHO 97.1 64.8 0 0
EtOH conversion 17.1 76.6 100 100

Co(C8H15O2)2

CO2 11.6 13.4 76.7 84.3
CO 1.8 0.8 5.2 1.0
CH4 8.9 2.8 7.0 14.7
Acetone 0 0 0 0
CH3CHO 77.0 83.0 0 0
Diethyl ether 0 0 4.1 0
Acetic acid 0 0 7.0 0
EtOH conversion 11.2 52.4 100 100

Co(C5H7O2)2

CO2 26.1 67.7 89.3 94.6
CO 5.5 14.4 7.5 2.7
CH4 27.3 17.9 3.2 2.7
Acetone 0 0 0 0
CH3CHO 41.0 0 0 0
EtOH conversion 59.2 100 100 100

Co(NO3)2

CO2 28.0 47.9 59.7 62.7
CO 10.7 3.2 4.0 4.8
CH4 12.5 10.9 19.1 32.5
Acetone 10.4 38.0 17.2 0
CH3CHO 38.4 0 0 0
EtOH conversion 28.85 100 100 100

Co2(CO)8

CO2 4.7 58.4 87.0 89.4
CO 2.4 2.8 1.3 1.0
CH4 4.1 5.0 11.7 9.6
Acetone 0 31.8 0 0
CH3CHO 88.8 2.0 0 0
EtOH conversion 16.9 81.6 100 100

90%. The product distribution also remained constant with no liquid
byproducts such as acetaldehyde and acetone and with only small
amounts of CH4 (<5%) and CO (<4%) for the duration of the experi-
ment. When a similar time-on-stream experiment was performed
over the catalyst prepared using a nitrate salt (Co/CeO2 (N)), rapid
deactivation was observed starting within 15 h (data not shown).
Once activity loss started, the main products were hydrocarbons,
signaling dehydration reaction becoming important. Poor carbon
balance during this period suggested coking on the surface, which
was verified by post-deactivation examination of the spent catalyst.
Since the availability of oxygen suppresses coking and the presence
of Co on the surface increases the accessibility of lattice oxygen on
the ceria support [18], one can expect that the smaller particle sizes
and higher dispersion achieved over the catalyst prepared using
acetyl acetonate (see Section 3.2), would be less prone to deactiva-
tion by coking due to the larger interface between the support and
the active metal.
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Fig. 2. Time-on-stream data collected over 10%Co/CeO2 using cobalt acetyl acet-
onate as precursor at 450 oC under reaction conditions of H2O:EtOH = 10:1 (molar
ratio), GHSV = ∼5000 h−1, and CEtOH = ∼7.5%.

3.2. Co dispersion

N2O chemisorption experiments were performed to deter-
mine the Co dispersion over the catalysts prepared using different
precursors. The dispersion data are presented in Table 2. The disper-
sion of the catalysts varied in the following order: Co(C5H7O2)2∼
Co2(CO)8 > CoCO3 > Co(NO3)2 > Co(C8H15O2)2 > CoCl2∼CoSO4. The
catalyst which was prepared by cobalt acetyl acetonate and which
had the highest H2 yield had one of the highest dispersions. The cat-
alysts prepared by CoCl2 and CoSO4 had the lowest Co dispersion as
well as the lowest H2 yield, also suggesting a correlation between
dispersion and catalytic performance. The dispersion of the catalyst
prepared using the cobalt nitrate precursor was about 45% lower
than that of the highest dispersion catalyst. Above 350 ◦C, this cat-
alyst had the third lowest H2 yield. The H2 yields for other catalysts
did not show a clear trend with dispersion.

3.3. Further characterization of Co/CeO2 (A) and Co/CeO2 (N)
catalysts

Based on its superior catalytic performance, the catalyst pre-
pared using cobalt acetyl acetonate as the precursor, Co/CeO2 (A),
was chosen for further characterization to examine the relationship
between its properties and catalytic performance. For comparison,
characterization results acquired over the catalyst prepared from
Co(NO3)2, the most commonly used Co inorganic salt for catalyst
preparation, are also presented.

3.3.1. Ethanol TPD
Mass spectrometry signals obtained during ethanol TPD for

Co/CeO2 (N) and Co/CeO2 (A) catalysts are shown in Fig. 3. Gen-

Table 2
Effect of precursor on Co the dispersion
over Co/CeO2 catalysts determined using N2O
chemisorption.

Sample Co dispersion (%)

CoCl2 4
CoSO4 4
Co2(CO)8 25
Co(C8H15O2)2 12
Co(C5H7O2)2 25
Co(NO3)2 14
CoCO3 16

Fig. 3. Mass spectrometer signals of species eluting during EtOH TPD over
10%Co/CeO2 prepared with (a) cobalt nitrate and (b) cobalt acetyl acetonate.

erally speaking, surface transformation of the ethanol derivatives
takes place at lower temperatures over the Co/CeO2 (A) catalyst,
showing a temperature shift of 30–50 ◦C compared to the Co/CeO2
(N) catalyst. In both cases, the formation of the first water peak
could be due to the combination of the hydroxyl groups and the
nearby hydrogen atoms produced from the dissociative adsorption
of ethanol. The second water peak might be associated with either
the recombination of two neighboring hydroxyl groups or the com-
bination of hydroxyl group with a nearby hydrogen atom formed
during further dehydrogenation of the acetate intermediate. The
absence of any ethylene species suggests that dehydration is not a
likely step leading to the formation of water. The low-temperature
peaks of methane, hydrogen, and CO occurring around the same
temperature can be attributed to the decomposition of ethanol fol-
lowing the equation: C2H5OH → CH4 + CO + H2. The second H2 peak
is accompanied with a strong CO2 peak, suggesting the completion
of the surface reaction to give the final products of CO2 and hydro-
gen. When the relative intensities of different peaks are compared
for the two catalysts, there are pronounced differences. The second
H2 peak over the Co/CeO2 (A) is much stronger than the first one,
accompanied by a strong CO2 peak and a much smaller CH4 peak.
Over the Co/CeO2 (N) catalyst, this trend is reversed, with the sec-
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ond H2 peak being smaller and the second CH4 peak being stronger
than their low-temperature counterparts. CO2 peak is also not as
strong as observed over the Co/CeO2 (A) catalyst. These results
imply that adsorbed ethanol can be more easily oxidized to the
final products (i.e., H2 and CO2) with minimized byproducts (i.e., CO
and CH4 in this case) over the Co/CeO2 (A) catalyst. This could be a
function of higher oxygen accessibility, which may result from the
creation of more metal–support interfaces originating from higher
cobalt dispersion, as seen through N2O chemisorption experiments.
Furthermore, the higher cobalt dispersion leads to completion of
surface transformations at much lower temperatures, as seen when
the CO and CO2 signals are compared. These results are consistent
with the higher resistance to coking observed over the Co/CeO2 (A)
catalyst.

3.3.2. In situ DRIFTS during EtOH TPD
Temperature-programmed desorption behavior of the two cat-

alyst systems were also compared using the DRIFTS technique. As
shown in Fig. 4a, at room temperature, ethanol is adsorbed on the
surface of the catalyst dissociatively (indicated by � (OH): broad
band located between 3600 and 3200 cm−1) and ethoxide species
(1116 and 1049 cm−1) [25–27]. The ethanol adsorption process
is associated with the consumption of surface hydroxyl groups
evidenced by the negative feature occurring around 3666 cm−1,
which has also been observed by Raskó et al. [28] over TiO2-
supported catalysts. Because of the high oxygen storage capability
of ceria, part of the ethoxide has been oxidized into acetate (1560,
1440, 1349 cm−1) [29,30] even at room temperature with residual
�2-type adsorbed acetaldehyde species present (1713, 1261, and
1024 cm−1) [31]. The appearance of carbonates (1525 cm−1) [16]
due to further oxidation of acetates and formation of CO2 (2364,
2343 cm−1) [32] as the decomposition product of acetates lend
support to the evolution of the surface species during temperature
increase. Furthermore, the bands at 2971, 2933, 2883, and 889 cm−1

due to C–H stretching and bending further verify the existence of
ethoxy and acetate species at various stages [26–32].

Fig. 4b shows that, over Co/CeO2 (A) catalyst, the species fol-
lowing ethanol adsorption at room temperature are the same as
they were on the Co/CeO2 (N) catalyst, consisting of molecularly
adsorbed ethanol and ethoxy species. Formation of CO2 starts
at temperatures as low as 100 ◦C as seen through bands 2364,
2343 cm−1. The acetate species form at 100 ◦C (1556, 1529, 1450,
1346 cm−1). The bands associated with ethoxy species that were
present up to temperatures of 300 ◦C over Co/CeO2 (N) catalyst dis-
appear at lower temperatures over the Co/CeO2 (A) catalyst (bands
1020, 1149 cm−1). These differences are likely due to higher oxy-
gen mobility achieved in the catalysts that were prepared by the
Co–acetyl acetonate precursor. Fig. 4c shows spectra taken over
bare ceria support, which was pretreated using the same proce-
dure used for catalysts. A stronger band in the OH region indicates
a larger quantity of molecularly adsorbed ethanol although the
presence of ethoxy species is also clearly visible. Although transfor-
mation of ethoxy species to acetate species readily take place, the
bands attributed to acetate species are still present even at 450 ◦C,
indicative of the difficulty of C–C bond breakage when there is no
Co on the surface.

3.3.3. XRD
In order to obtain quantitative information of the cobalt parti-

cle size over the samples synthesized with various precursors, XRD
technique was employed, the results of which are shown in Fig. 5.
Green rectangles represent the diffraction lines due to CeO2 cubic
phase. The dark triangles point to the formation of Co3O4 cubic
phase after the calcination treatment. Since the peak broadening
effect can be used to estimate the particle size of different crys-
talline phases, comparison of the diffraction patterns shows that

Fig. 4. In situ DRIFT spectra collected during ethanol TPD over (a) Co/CeO2 prepared
with cobalt nitrate and (b) Co/CeO2 prepared with cobalt acetyl acetonate (c) bare
CeO2 support.

CeO2 support maintains its particle size in the two different syn-
thesis processes. However, Co3O4 diffraction lines are much less
intense in the Co/CeO2 (A) sample and significant line broadening
effect has been observed compared to the Co/CeO2 (N) catalyst.
By applying Scherrer equation to the multiple diffraction lines
indicated by its corresponding crystal planes, the average cobalt
oxide particle size has been estimated to be 13–14 and 6–7 nm for
the samples synthesized by cobalt nitrate and cobalt acetyl aceto-
nate, respectively. Panpranot et al. [20] have reported synthesizing
Co3O4 particles with sizes smaller than 5 nm supported on MCM-
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Fig. 5. XRD patterns collected over 10%Co/CeO2 prepared with cobalt nitrate and
cobalt acetyl acetonate after calcination treatment.

41 using cobalt acetyl acetonate as the precursor. These results are
consistent with the N2O chemisorption results, which showed a
higher Co dispersion over the Co/CeO2 (A) catalyst. It should be
noted that although it may be expected that smaller Co3O4 particles
generally translate to smaller Co particles after they are reduced,
there may be differences in the way the particles sinter and there-

fore it may be difficult to extrapolate the particle size trends in the
oxide phase directly to metallic Co particles.

3.3.4. TEM
Fig. 6 shows typical TEM images taken over the bare CeO2 sup-

port, Co/CeO2 (A) and Co/CeO2 (N) catalysts. The areas highlighted
by the red circles indicate Co3O4 particles. Overall, Co3O4 parti-
cles are well dispersed throughout the entire CeO2 particle surfaces
examined. The cobalt oxide particles are easily discriminated from
the CeO2 particles, due to their distinct morphological difference.
The CeO2 support has a characteristic rectangular shape as seen
in the TEM images taken before Co loading (Fig. 6a), whereas, the
Co3O4 particles formed after calcination are mostly round. More-
over, the Co3O4 and CeO2 phase identifications have also been
confirmed through characteristic lattice structure analysis at high
resolution with lattice fringe spacing of 0.24 nm for Co3O4 ([3 1 1])
and 0.27 ([1 0 0]) for CeO2, respectively. A comparison of the images
shown in Fig. 6b, c and d shows cobalt oxide particles sizes of 15 and
6 nm for Co/CeO2 (A) and Co/CeO2 (N), respectively, which are in
good agreement with our observations from the XRD experiments.

3.3.5. H2 TPR
The reducibility of the two catalysts prepared with cobalt nitrate

and cobalt acetyl acetonate has been compared through H2 TPR
technique (Fig. 7). A TPR profile acquired over bare ceria support has
also been included for comparison. As shown in Fig. 7, although the
general profiles look quite similar, with two maxima due to reduc-
tion from Co3O4 to CoO and from CoO to metallic Co, both peaks are
shifted to lower temperatures by about 50 ◦C over the Co/CeO2 (A)
sample, indicating better reducibility when cobalt acetyl acetonate
is used as the precursor. Since the catalyst reducibility is closely

Fig. 6. Typical TEM images taken over (a) CeO2, (b) Co/CeO2 (N), (c) and (d) Co/CeO2 (A).



Author's personal copy

64 H. Song et al. / Applied Catalysis A: General 382 (2010) 58–64

Fig. 7. H2 reduction profiles of CeO2 and Co/CeO2 catalysts prepared with cobalt
nitrate and cobalt acetyl acetonate.

related to oxygen mobility as well as accessibility of active sites,
which has been reported earlier by other researchers [21] as well
as in our own previous studies [22,23], this result is again consistent
with the better performance of the catalysts prepared by Co(AcAc)2
compared to its counterpart (catalyst made from Co(NO3)2). The
TPR performed over the bare support shows H2 uptake starting
around 350 ◦C and exhibiting a maximum around 511 ◦C. How-
ever, as we have seen through isotopically labeled oxygen exchange
experiments previously [18], presence of Co on the surface makes
lattice oxygen in the ceria support more accessible. Therefore, the
hydrogen consumption in the two profiles, especially in the second
feature is likely to have contribution from the partial reduction of
the support. It can also be expected that the two different precur-
sors may change the oxygen accessibility of the support although
the work presented in this article has not attempted to quantify the
difference.

4. Conclusions

In this paper, multiple cobalt precursors including inorganic
salts and organometallic compounds were used to prepare Co/CeO2
catalysts. The steady-state reaction experiments show much higher
H2 yields and fewer side products over the catalysts prepared
using organometallic precursors. Among these, the catalyst pre-
pared using cobalt acetyl acetonate has the highest H2 yield, most

favorable product distribution, and best stability. Characterization
results point to smaller particle sizes and an improved dispersion
on the surface. It is possible that the organic ligands surrounding
Co ions provide a spatial barrier effect, keeping the particles segre-
gated even under the reaction environment and leading to better
dispersion and stability.
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Investigation of the Reaction Network in Ethanol Steam Reforming over
Supported Cobalt Catalysts

Hua Song, Lingzhi Zhang, and Umit S. Ozkan*

Department of Chemical & Biomolecular Engineering, The Ohio State UniVersity, Columbus, Ohio 43210

In this study, a network of reactions involved in the ethanol steam reforming (ESR) over supported Co catalysts
has been investigated using temperature-programmed reaction (TPRxn) and isotopic labeling techniques. The
products and intermediates in the gas phase have been monitored by mass spectrometry (MS) as a function
of temperature. Ethanol conversion and product distribution obtained in steady-state reaction experiments
have also been presented. The results point to a complex network of reactions that directly impact the selectivity
and H2 yield that can be obtained in ethanol steam reforming. The reaction network is governed by the
temperature range as well as the type of catalyst used, with catalysts exhibiting higher oxygen mobility favoring
complete oxidation of ethanol to CO2 and leading to increased hydrogen yield as well as improved stability.

1. Introduction

As the concerns for CO2 emissions grow, the search for
alternatives to fossil fuels for energy generation has also
intensified. Hydrogen, with its high gravimetric energy density,
its cleanliness (water being its only product), and its suitability
to be used as fuel for fuel cells, continues to be an attractive
energy carrier since it can be produced from many different
sources, including bioderived materials. Also, if it is used as a
fuel for fuel cells, it can lead to higher efficiencies than direct
combustion. Although hydrogen can be produced from a variety
of sources, ethanol has emerged as an attractive starting material
with its low toxicity and easy deliverability. The possibility for
obtaining ethanol from a wide range of bioderived sources (e.g.,
sugar cane and algae, to name a few) makes it a potentially
carbon-neutral starting material for hydrogen production and
renders steam reforming of ethanol an important reaction to
study.

The number of studies in the literature on ethanol steam
reforming catalysts has increased significantly in recent years.
Catalysts used are mainly Ni, Cu, Co, and supported noble
metals, such as Rh, Ru, Re, Pd, Au, Ir, and Pt,1-6 which are
summarized in several recent reviews.7,8 Although supported
noble metal catalysts have been shown to have significant
activity in the 500-600 °C range and high space velocities,9-11

the high cost of these metals limits their application. As a less
expensive alternative, cobalt-based catalysts are shown to have
applicability for ethanol steam reforming because of their high
activity for C-C bond cleavage at temperatures as low as
350-400 °C.12-14 At these temperatures, high selectivities to
CO2 and H2 have been reported.

Although the thermodynamics of ethanol steam reforming
makes it appear as a simple reaction with very few side products,
in kinetically controlled regimes, the reaction network can be
quite complex and heavily dependent on the catalyst system
employed.15 In order to obtain the maximum amount of
hydrogen out of ethanol used, the side reactions should be
effectively suppressed, and the byproducts such as methane,
carbon monoxide, acetaldehyde, acetone, and acetic acid should
be minimized. The reaction pathway not only determines the
selectivity and H2 yield that can be obtained but also directly
impacts the catalyst stability because some catalytic routes may

lead to rapid deactivation through coking. To control selectivity,
yield, and catalyst stability, it is critical to gain a comprehensive
understanding of the reaction networks involved. Although
reaction networks involved in ethanol steam reforming over Ni-
based catalysts have been studied earlier,16 to the best of our
knowledge, a comprehensive study of the ESR reaction networks
over Co-based catalyst is still missing.

In a series of earlier papers,15,17-20 we have reported on the
effect of the synthesis parameters, the role of the support, and
the oxygen mobility in determining catalytic activity and stability
for supported Co catalysts in ethanol steam reforming. ZrO2-
supported catalyst has shown significantly better catalytic
performance toward hydrogen production than SiO2- and Al2O3-
supported ones.15 It has also shown a strong temperature effect
on product distribution. In this paper, we present a study using
Co/ZrO2 as the model system where we examine the ESR
reaction networks that lead to different product distributions
through temperature-programmed reaction (TPRxn). As indi-
cated in our previous work,18 the introduction of CeO2 as the
support can significantly improve the catalytic stability of the
Co/ZrO2 through gasifying the carbonaceous materials deposited
on the catalyst surface due to its high oxygen mobility.
Therefore, the Co/CeO2 has been chosen as the model catalyst
to investigate how oxygen and hydrogen from H2O get
incorporated during ESR using isotopic labeling technique.
Products and intermediates in the gas phase were monitored
using online mass spectrometry as a function of temperature.
Moreover, we used the possible products and stable intermedi-
ates formed during steady-state ESR reaction as the reactants
to monitor how the chosen model catalyst systems convert such
species at various temperature regimes in the presence of water
vapor. Steady-state reaction results obtained over ZrO2- and
CeO2-supported Co catalysts are also presented for quantitative
comparison of the product distributions.

2. Experimental Section

2.1. Catalysts Preparation. Supported cobalt catalysts with
10 wt % loading were prepared in air by incipient wetness
impregnation (IWI) technique from cobalt(II) nitrate hexahydrate
(Aldrich 99.999%) aqueous solutions. The support pellets of
ZrO2 (31 m2/g, 0.21 cm3/g) purchased from Saint Gobain were
ground and then sifted through a 100-150 mesh. CeO2 (Aldrich,
71 m2/g, 0.34 cm3/g) was used as received. All the supports
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were calcined for 3 h under air at 500 °C prior to impregnation.
After repeating impregnation and drying in an oven overnight
at ∼95 °C as many times as determined by the pore volume of
each support, the resulting samples were calcined at 450 °C
under air for 3 h and stored for use.

2.2. Catalyst Characterization and Reaction Network
Studies. The catalytic performance measurement and analysis
methods used in Tables 1 and 2 are reported elsewhere.15

Steady-state conversion and product distribution data reported
were taken after a minimum of 1 h on line. The hydrogen yield
is defined as

ethanol conversion is defined as

and carbon-containing product yield is defined as

Detailed characterization of the catalysts using X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS), laser
Raman spectroscopy (LRS), diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), and various temperature-
programmed techniques was presented in earlier publica-
tions.15,17-21 TPRxn experiments were performed using
AutoChem II 2920. Samples were first pretreated under
helium (30 mL/min) at 450 °C for 30 min and then reduced
at 400 °C under 5% H2/He (30 mL/min) for 2 h. The reactor
was then heated to 450 °C under He for 1 h to eliminate

moisture generated during reduction. The samples were
subsequently cooled down to room temperature under He.
The ethanol and water vapors generated from a two-bubbler
system or other gas reactants (CO, CH4, acetone, acetalde-
hyde) at desired flow rates were then allowed to flow through
the sample bed. The effluent was monitored by a Cirrus MKS
mass spectrometer (MS). When the MS signals were stable,
the sample was subjected to a linear temperature program at
a rate of 10 °C/min while the reactant vapors were flowing.
Experiments that involved isotopically labeled water (D2O,
H2

18O) were performed using the same procedures used for
unlabeled species.

3. Results and Discussion

Ethanol steam reforming steady-state reaction experiments
performed over the Co/ZrO2 catalysts showed a product
distribution that changed significantly with temperature. Table
1 presents the product distribution obtained in ethanol steam
reforming with an ethanol concentration of 7.5%, steam-to-
carbon ratio of 5, and a GHSV of 5000 h -1. The product
distribution included CH4, CH3CHO, and (CH3)2CO in addition
to H2, CO, CO2, and C2H4.

Steady-state reaction data obtained over Co/CeO2 under
conditions identical to those used for Co/ZrO2 are presented in
Table 2. Although many of the same side-products and
intermediates are formed over Co/CeO2, they show much smaller
yields. Also, the hydrogen yields are much higher at each
temperature, showing only CO2 and methane as the carbon-
containing products above 400 °C. The two catalytic systems
also showed major differences in stability (i.e., resistance to
coking) from those reported previously.18 To be able to discern
different reactions that become dominant in different temperature
ranges, the Co/ZrO2 system was chosen for the transient studies
conducted using the temperature-programmed reaction (TPRxn)
technique.

From the results predicted from thermodynamic analysis15

and obtained from steady-state reaction experiments, methane
steam reforming (MSR) emerges as a significant reaction
pathway within the complex ESR reaction network. Therefore,
the MSR over 10% Co/ZrO2 was investigated by using the
TPRxn technique, the results of which are shown in Figures
1-3. Since a significantly high excess of water was co-fed with
methane into the reactor, the variation in the water signal was
not significant and therefore not included in Figure 1. Four
distinct reaction stages have been observed in Figure 1. In stage
I, there is no reaction taking place except for the CO2 desorption,

Table 1. Conversion and Product Yields Obtained in Ethanol Steam
Reforming over Co/ZrO2 Catalysta

temperature (°C)

(%) 300 350 400 450 500 550

H2 yield 0 5.5 15.1 27.7 31.5 38.1
CO2 yield 0 1.9 9.4 20.6 27.9 36
CO yield 0 0 0 0 1.1 3.7
CH4 yield 0 0.5 0.6 4.4 22.7 33.9
C2H4 yield 0 0.2 1.0 3.5 0 0
(CH3)2CO yield 0 5.0 15.8 23.7 33.8 26.9
CH3CHO yield 0 16.6 35.4 19.2 0.3 0
EtOH conversion 0 24.1 61.4 72.0 85.4 100
theoretical H2 yield 8.8 17.7 30.4 46.6 65.0 80.2

a Reaction conditions: H2O/EtOH ) 10:1 (molar ratio), weight-hourly
space velocity (WHSV) ) 0.54 gEtOH/gCat/h, gas-hourly space velocity
(GHSV) ) 5000 h-1, CEtOH ) 7.5%.

Table 2. Conversion and Product Yields Obtained in Ethanol Steam
Reforming over Co/CeO2 Catalysta

temperature (°C)

(%) 300 350 400 450 500 550

H2 yield 10.5 50.9 60.3 61.8 64.7 67.2
CO2 yield 8.1 48 58.9 62.5 63.5 62.9
CO yield 3.1 3.2 3.9 4.8 8.2 13.7
CH4 yield 3.6 10.9 18.9 32.4 28.1 22.8
C2H4 yield 0 0 0 0 0 0
(CH3)2CO yield 3 38.1 17.0 0 0 0
CH3CHO yield 11.1 0 0 0 0 0
EtOH conversion 28.8 100 100 100 100 100
theoretical H2 yield 8.8 17.7 30.4 46.6 65.0 80.2

a Reaction conditions: H2O/EtOH ) 10:1 (molar ratio), WHSV )
0.54 gEtOH/gCat/h, GHSV ) 5000 h-1, CEtOH ) 7.5%.

H2 yield (%) )
mol of H2 produced

6 × (mol of ethanol fed)
× 100

EtOH conv. (%) ) mol of ethanol converted
mol of ethanol fed

× 100

yield of C-containing product i ) #C × (mol of i produced)
2 × (mol of ethanol fed)

Figure 1. MSR TPRxn profiles over 10% Co/ZrO2. Reaction conditions:
CH4/H2O ) 1:8 and total flow rate ) 51 mL/min.
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possibly due to the adsorption of CO2 from the atmosphere
during sample storage. However, in stage II, methane activation
begins to take place, resulting in the production of H2, CO, and
CO2, suggesting the occurrence of MSR and water gas shift
reactions. Meanwhile, the formation of a small amount of
acetone and propylene has also been observed in this stage,
which could possibly be attributed to methane polymerization.22

In stage III, reverse MSR (methanation) leads to the formation
of CH4 while consuming CO2 and H2. CO methanation in this
temperature range is also a possibility, although CO signal shows
a slight increase, which could be ascribed to the reverse water
gas shift reaction. A significant increase of H2 signal is observed
in stage IV, accompanied by a pronounced decrease in the CH4

signal. The fact that there is no appreciable increase in the
combined COx signals suggests that the predominant reaction
in this region is likely to be the methane decomposition reaction.
A qualitative consideration of the carbon balance in this section
suggests coke formation, which is considered to happen in this
region because of the increased amount of C3H6 formed. To
further examine this possibility, we have performed another
TPRxn experiment, this time using only methane as the reactant.
The profiles obtained from this experiment are shown in Figure
2. The sharp decrease in CH4 signal is accompanied by an
increase of H2. Carbon oxide products are likely to result from
oxygen from the lattice or hydroxyl groups left on the surface
following reduction. Obviously, the small amounts of carbon-
containing products observed could not account for all the
carbon consumption from the conversion of methane. The only
way to account for the carbon balance is the decomposition of
methane, i.e., CH4 w C + 2H2. The deposition of the carbon
on the surface of the sample is confirmed by the subsequent

temperature-programmed oxidation (TPO) experiment where a
stream of O2/He was flowed over the catalyst after the
methane-H2O TPRxn was completed. The O2 consumption and
CO2 formation profiles, which mirror each other, are shown in
Figure 3.

Water gas shift (WGS) reaction also plays an important role
in the ESR network. It is also important in determining the CO/
CO2 selectivity. Therefore, the performance of 10% Co/ZrO2

in the WGS was studied using the TPRxn technique, the results
of which are shown in Figure 4. For the same reason as
described in the MSR section, the water signal is also not shown
in Figure 4. The WGS reaction begins to take place when the
temperature is between 150 and 200 °C, leading to the
production of CO2 and H2. The methanation reaction starts to
occur around 300 °C. Above 350-400 °C, reverse water gas
shift (RWGS) becomes dominant. H2 production at higher
temperatures may be due to methane steam reforming. A small
amount of acetone is also observed around 350-450 °C along
with the formation of methane, which suggests a hydrogenation/
methylation type reaction.

The RWGS reaction was also studied in a similar way except
for using H2 and CO2 as the reactants instead of CO and H2O.
As seen in Figure 5, the whole temperature range can be
separated into four regions characterized by different reactions.
There is no reaction taking place in stage I. In stage II, two
reactions contribute to the increase of the CH4, H2O, and CO
as well as the decrease of H2 and CO2 signals, i.e., methanation,
CO2 + 4H2 w CH4 + 2H2O, and RWGS, CO2 + H2 w CO +
H2O. In stage III, in addition to RWGS, the MSR reaction takes

Figure 2. Methane TPRxn profiles over 10% Co/ZrO2.

Figure 3. TPO profiles over 10% Co/ZrO2 after MSR TPRxn experiment.

Figure 4. WGS TPRxn profiles over 10% Co/ZrO2. Reaction conditions:
CO/H2O ) 1:8 and total flow rate ) 51 mL/min.

Figure 5. RWGS TPRxn profiles over 10% Co/ZrO2. Reaction conditions:
CO2/H2 ) 1:1 and total flow rate ) 60 mL/min.
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place to account for the decrease of CH4 and increase of H2.
The MSR reaction continues to play a role in stage IV, but the
main reaction has switched to RWGS.

As seen in the ESR steady-state reaction, acetaldehyde is one
of the byproducts produced at lower temperatures. Examining
the acetaldehyde reaction behavior is important to understand
the reaction network involved in ESR. The results from the
acetaldehyde-water TPRxn are shown in Figure 6. Starting from
350 °C, steam reforming of acetaldehyde takes place, leading
to the formations of H2, CO, and CO2 accompanied by the
dramatic decrease of acetaldehyde signal. Since the water
amount fed is significantly higher than the stoichiometric
requirement for the steam reforming reaction, the variation of
the water signal is negligible and not included. The formation
of acetone at slightly higher temperature (∼390 °C) might be
derived from the aldol condensation of acetaldehyde, followed
by the dehydrogenation and decarboxylation, as proposed by
Nishiguchi et al.23 The fact that the formation of acetone is
accompanied by an increase in H2 and CO2 concentrations is
also in accordance with acetone formation from acetaldehyde.
When the temperature is >500 °C, the decrease of acetone signal
along with the simultaneous increases of H2 and CO concentra-
tions suggests steam reforming of acetone. The further increase
of CO signal at temperatures > 590 °C can be attributed to the
RWGS evidenced by the H2 and CO2 decreases. However,
another likely possibility is the decomposition of acetaldehyde
to CO and CH4, as suggested by the gradual rise in the CH4

signal.
From the ESR steady-state reaction, acetone is another

byproduct occurring at slightly higher temperatures compared
to those where acetaldehyde is witnessed. Examining the acetone
reaction behavior is important to understand the reaction network
involved in ESR. The results from the acetone-water TPRxn
are presented in Figure 7. The temperature range can be divided
into five different stages. In stage I, there is acetone activation.
Initial acetone steam reforming starts in stage II, generating CO,
CO2, and H2 as products. In stage III, a notable amount of
propylene was formed, possibly as a result of a hydrogenolysis
reaction, such as CH3COCH3 + H2 w C3H6 + H2O. Decarbo-
nylation of acetone to C2H6 and CO is also possible. CH4 may
result from a decomposition as well as a methanation reaction.
In stage IV, propylene steam reforming may be important. At
higher temperatures (stage V), methane steam reforming and
RWGS reactions may become more important.

To get a better picture of the role played by H2O in the ESR
reaction, TPRxn experiments were repeated using ethanol and

labeled water (H2
18O and D2O). For the experiments that used

labeled water, Co/CeO2 was chosen as the catalyst. The same
experiment was previously performed and reported in ref 15
using unlabeled ethanol and water over Co/ZrO2. By using H2

18O
as one of the reactants, any reaction involving the participation
of water can be further clarified. As shown in Figure 8, no
reaction takes place below 280 °C. The rapid drop of H2

18O
and ethanol signals, accompanied with the formations of H2,
CH4, CO, C18O, C16O18O, C18O2, and CO2, indicates the steam
reforming and decomposition of ethanol. The gradual decrease
of CH4 signal after going through a maximum at ∼310 °C is
due to the steam reforming of methane at higher temperatures.
The acetone formation observed within the temperature window
between 300 and 500 °C may result from the aldol condensation-
type reaction of two acetaldehyde molecules (the formation of
acetaldehyde as a reaction intermediate has been shown in our
previous studies15,18-21). Methylation of an ethoxy species is
also a possibility. Acetone steam reforming may account for
the subsequent decrease in the acetone signal. Furthermore, no
18O was seen in the acetone, verifying that acetone was formed
from ethanol only, without participation of labeled H2O. The
decrease of CO2 signal along with the simultaneous increase of
CO and C18O above 380 °C is an indication of reverse water
gas shift reaction taking place, which has been evidenced again
by the decline of C16O18O at higher temperatures (after 480 °C)
coinciding with the rise of CO and C18O signals. The fact that
the appearance of the CO2 formation (centered at 380 °C) is
earlier than that of the C16O18O formation peak indicates that

Figure 6. Acetaldehyde steam reforming TPRxn profiles over 10% Co/
ZrO2. Reaction conditions: CH3CHO/H2O ) 1:10 and total flow rate ) 55
mL/min.

Figure 7. Acetone steam reforming TPRxn profiles over 10% Co/ZrO2.
Reaction conditions: CH3COCH3/H2O ) 1:10 and total flow rate ) 55 mL/
min.

Figure 8. Mass spectrometry traces in EtOH + H2
18O TPRxn over 10%

Co/CeO2.
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the oxidation of ethanol takes place at the catalyst surface rather
than in the gas phase and the surface oxygen is used during
ESR reaction. CO2 formation results from the oxidation of
ethoxy species by the OH groups left on the sample surface
from the reduction step. C16O18O production, on the other hand,
is derived from the oxidation of ethanol by the surface 18OH
groups obtained from the H2

18O dissociative adsorption. Since
the surface originally has an abundance of OH groups before
being exposed to the H2

18O atmosphere and the replacement of
OH groups by 18OH groups is not instantaneous, C16O18O signal
lags behind CO2 signal. This phenomenon was demonstrated
previously through a H2

16O/H2
18O exchange experiment.20

The reaction network is further investigated using D2O as
water instead of H2

18O in TPRxn of ethanol steam reforming.
As shown in Figure 9, the general trends of all the products
displayed are very similar to those observed in Figure 8. Again,
in addition to the D2O signal, the simultaneous HDO formation
implies that ethanol and labeled water are dissociatively
adsorbed onto the sample surface, respectively. This results in
the formations of OH and OD groups, and these groups undergo
a recombination to produce HDO. The maximum observed in
the HDO signal (and a weak local maximum in the D2O signal)
around 300 °C may result from desorption of water that was
adsorbed at lower temperatures. The prominent increase in HD
signal clearly shows the involvement of water (in this case
(D2O)) in the formation of hydrogen.

CH3D formation peaks further verify the involvement of the
hydrogen atom coming from the water molecule in the final
production of hydrogen molecules and methane formation if
insufficient oxygen is provided to oxidize ethanol all the way
to CO2.

4. Conclusions

Studies using temperature-programmed reaction and isotopic
labeling techniques have shown that the reaction network
involved in ethanol steam reforming is complex, with many
competing reactions taking place depending on the temperature
range used (Scheme 1). Dehydrogenation and decomposition
of ethanol dominate the reactions taking place at lower
temperatures (<400 °C), leading to the formation of acetalde-
hyde, H2, and small amounts of CO and CH4 (eqs 1 and 2 in
Scheme 1). Acidic surfaces could lead to dehydration and form
C2H4 (eq 3). The acetaldehyde produced can then either be
decomposed to form CO and CH4 or form acetone through aldol

condensation reaction (eqs 4 and 5). Acetaldehyde can also go
through steam reforming (eq 6). Steam reforming of ethanol
begins to dominate when temperature is higher than 400 °C,
leading to large amounts of CO2 and H2 formation and a
decrease of the concentrations of methane and other liquid
intermediates. The catalyst with higher oxygen mobility favors
complete oxidation of ethanol to CO2, leading to maximization
of hydrogen production (eqs 7 and 8). In addition to decomposi-
tion of ethanol and acetaldehyde, methanation of COx is another
reaction that increases methane yield (eq 9). Methane steam
reforming also becomes an important reaction above 400 °C
(eq 10). At lower temperatures water gas shift reaction and at
higher temperatures (>450 °C) reverse water gas reaction play
a role in the reaction network (eqs 11 and 12). Over catalysts
with low oxygen mobility, coking reactions become significant
(eqs 13-15), leading to rapid activity loss.
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Abstract The interactions of reactants and intermediates

with the surfaces in ethanol steam reforming over Co cat-

alysts supported on ZrO2 and CeO2 were investigated using

Temperature Programmed Desorption, Thermogravimetric

Analysis-Differential Scanning Calorimetry (TGA-DSC),

in situ Diffuse Reflectance Infrared Fourier Transform

Spectroscopy (DRIFTS) and isotopic labeling techniques.

Possible mechanistic steps are proposed that lead to acet-

aldehyde and acetone formation, steam reforming and

coking. The role of the support versus active metal (i.e.,

Co) and the involvement of water in the reaction network

are discussed.

Keywords Cobalt catalyst � Zirconia � Ceria � Ethanol

steam reforming � DRIFTS � Isotope labeling � TGA-DSC

1 Introduction

Hydrogen, with its high gravimetric energy density and its

potential to provide higher efficiency when used as a fuel

for fuel cells, is an important energy carrier. Production of

hydrogen efficiently and economically from renewable

sources, however, remains a challenge. Among diverse

hydrogen production technologies available, steam

reforming, especially that of natural gas, is the most

commonly used process [1, 2]. Finding alternatives to

natural gas and other fossil fuels has been the subject of

many studies in recent years. Among alternatives, ethanol

has emerged as an attractive starting material with its low

toxicity and easy deliverability. The potential for obtaining

ethanol from a wide range of biomass-derived sources

(e.g., sugar cane, algae, to name a few) makes steam

reforming of ethanol an even more important reaction to

study.

The number of studies in the literature on ethanol steam

reforming catalysts has increased significantly in recent

years. Catalysts that are active for this reaction include Ni,

Cu, Co and supported noble metals, such as Rh, Ru, Re, Pd,

Ir and Pt [3–6], and studies over these catalytic systems

have been summarized in several recent reviews [7, 8].

Although supported noble metal catalysts have been shown

to have significant activity in the 500–600 �C range and at

high space velocities [9–11], the high cost of these metals

limits their application. As a less expensive alternative,

cobalt-based catalysts have been shown to have applica-

bility for ethanol steam reforming due to their high activity

for C–C bond cleavage at temperatures as low as

350–400 �C [12–14]. At these temperatures, high selec-

tivities for the formation of CO2 and H2 have been

reported.

The reaction network involved in ethanol steam

reforming is complex, with many reactions that lead to

several intermediates and side products, including acetal-

dehyde, acetone, methane, ethane, and coke. The adsorp-

tion/desorption behavior of reactants and intermediates

over the Co-based catalysts is still not well elucidated. A

group of studies have examined the reaction pathways

through product distribution analysis at various reaction

H. Song � U. S. Ozkan (&)

Department of Chemical and Biomolecular Engineering,

The Ohio State University, Columbus,

OH 43210, USA

e-mail: Ozkan.1@osu.edu

X. Bao � C. M. Hadad

Department of Chemistry, The Ohio State University, Columbus,

OH 43210, USA

123

Catal Lett (2011) 141:43–54

DOI 10.1007/s10562-010-0476-z



conditions (e.g., temperature [15–20], gas space velocity

[9], concentration [21], and reactant molar ratio [22, 23]).

Others have focused on monitoring the evolution of surface

intermediates involved in chemical bond formation and

cleavage through in situ FT-IR technique [24–29]. The

integration of these two approaches is important for

acquiring a comprehensive understanding of the mecha-

nistic steps involved in different reaction pathways that

control selectivity.

In a series of earlier papers [30–37], we have reported

on the effect of the synthesis parameters and the role of the

support in determining catalytic activity and stability for

supported Co catalysts in ethanol steam reforming. In our

earlier work, ZrO2-supported catalyst showed significantly

better catalytic performance toward hydrogen production

than TiO2- and Al2O3-supported ones [31]. These earlier

studies also showed acetaldehyde and acetone to be the two

major liquid byproducts observed at temperature lower

than 450 �C. At higher temperatures ([450 �C), H2 and

CO2 became the major products, with CO and CH4 being

the only gas byproducts. Over ZrO2-supported catalysts,

*90% H2 yield was achieved when the temperature was

higher than 450 �C with a gas hourly space velocity

(GHSV) of 5,000 h-1 and ethanol concentration in the feed

stream of 1.2 vol.%. Complete ethanol conversion was

observed when the temperature was above 350 �C. H2

selectivity reached 100% (no other H-containing products

observed) at 550 �C. As indicated in our previous work

[33], the introduction of CeO2 to the support can signifi-

cantly improve the catalytic stability of the Co/ZrO2 by

gasifying the carbonaceous materials deposited on the

catalyst surface due to its high oxygen mobility. We have

previously reported on the comparison of CeO2- and ZrO2-

supported catalysts and shown ceria-supported catalysts to

have improved activity, selectivity and stability compared

to zirconia-supported ones, with the best-performing cata-

lysts giving over 90% H2 yield at temperatures as low as

350 �C. The ethanol concentration and GHSV were 7.5%

and 10,000 h-1, respectively [32, 34].

In this paper, we present a study using Co/ZrO2 as a

model catalytic system where we examine the adsorption/

desorption behavior and surface interactions of reactants

and stable intermediates and/or side products by using

DRIFTS, combined with Mass Spectrometry (MS), TGA-

DSC, and isotopic labeling techniques. Co/CeO2 has also

been included as a model catalyst to investigate how

oxygen and hydrogen from H2O get incorporated during

ethanol steam reforming using isotopic labeling technique.

The transient data from this study and steady state reaction

data from our earlier work have been combined to propose

possible reaction steps for the formation of different

products and intermediates.

2 Experimental

2.1 Catalysts Preparation

Supported cobalt catalysts with 10 wt% loading were

prepared in air by Incipient Wetness Impregnation (IWI)

technique from cobalt (II) nitrate hexahydrate (Aldrich

99.999%) aqueous solutions. The support pellets of ZrO2

(31 m2/g, 0.21 cm3/g) purchased from Saint Gobain were

ground and then sifted through a 100–150 mesh. CeO2

(Aldrich, 71 m2/g, 0.34 cm3/g) was used as received. The

support materials were calcined for 3 h in air at 500 �C

prior to impregnation. After repeating impregnation and

drying (at 95 �C overnight) steps as many times as deter-

mined by the pore volume of each support, the resulting

samples were calcined at 450 �C in air for 3 h and stored

for later use.

2.2 Catalysts Characterization

TPD experiments were performed using AutoChem II

2920. Samples were first pretreated under helium (30 mL/

min) at 450 �C for 30 min and then reduced at 400 �C

under 5% H2/He (30 mL/min) for 2 h. The samples were

subsequently cooled down to room temperature under He.

The reactants that were liquid at room temperature were

introduced by saturating an inert stream (i.e., He) with the

reactant by bubbling it through a bubbler. In case of

acetaldehyde, the bubbler was kept at sub-ambient tem-

peratures by placing it in an ice bath due to the low normal

boiling point of acetaldehyde (20.2 �C). The reactant vapor

generated from the bubbler was then allowed to flow

through the sample bed for 1 h. Following the purging step

with helium, the sample was subjected to a linear tem-

perature program at a rate of 10 �C/min. The effluent was

monitored by a Cirrus MKS Mass Spectrometer. All the

possible gas phase products formed during the TPD

experiments performed in this study have been traced in

real time using their corresponding characteristic ion

fragments (i.e., m/z values) listed in Table 1, which were

verified using reference compounds. For some products

where multiple ion fragments are generated, a major one

(indicated by ‘‘a’’ labeled in Table 1) is selected such that

the overlap with the fragments produced from other species

was minimized while maintaining a high signal intensity.

Corrections were used whenever there was overlap of m/z

values by using the ratios of various ion fragments for a

given product determined from the reference compounds.

The correction involves subtracting from the signal in

question the contributions that result from overlapping

mass fractions, using the relative ratios of different ion

fragments for the contributing compound.
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TGA/DSC experiments were performed using TG-DSC

111 (SETARAM). Samples were first pretreated under

helium (30 mL/min) at 450 �C for 30 min and then reduced

with 5% H2 at 400 �C for 2 h. The samples were subse-

quently cooled down to room temperature under He. TPD

experiments were performed using a linear temperature

program with a ramp rate of 5 �C/min under helium, fol-

lowing the room-temperature adsorption of the reactant for

1 h.

DRIFT spectroscopy was performed with a Thermo

NICOLET 6700 FTIR spectrometer equipped with a liquid-

nitrogen-cooled MCT detector and a KBr beam splitter.

The in situ experiments were performed using a Smart

collector DRIFT environmental chamber with ZnSe win-

dows. Following the pretreatment under He at 450 �C for

30 min and reduction under 5% H2 in He at 400 �C for 2 h,

the background spectra were collected with 500 scans at

various temperatures under He flow before the introduction

of the reactant vapor. The reactant vapors were then flowed

over the sample for 1 h at room temperature using He as a

carrier gas. The sample was then flushed with He for 10

min. Spectra were taken at pre-set intervals under He while

the sample temperature was ramped from 25 to 500 �C.

Experiments that involved isotopically labeled water

(D2O, H2
18O) were performed using the same procedures

used for the unlabeled species.

3 Results and Discussion

3.1 Ethanol Adsorption on Bare ZrO2 and Co/ZrO2

The role of Co was examined by ethanol TPD over

Co-ZrO2 catalyst and bare ZrO2 support, both of which

were exposed to the same reduction step used for catalyst

samples. As shown in Fig. 1a, at room temperature over

Co/ZrO2, the molecularly adsorbed ethanol produces the

vibration bands located at 1381, 1323 (d(CH3)) and 1280

Table 1 The characteristic ion fragments monitored during TPD

Species Characteristic ion fragments

monitored (m/z)

Acetaldehyde (CH3CHO) 29a, 44, 43

Acetic acid (CH3COOH) 43, 45, 60a

Acetone (CH3COCH3) 43a, 58

Labeled acetone (CH3C18OCH3) 45a, 60

Butene (C4H8) 41a, 56, 39

Carbon dioxide (CO2) 44

Labeled carbon dioxide (C18O2) 48

Labeled carbon dioxide (C18O16O) 46

Carbon monoxide (CO) 28

Labeled carbon monoxide (C18O) 30

Crotonaldehyde (CH3CHCHCHO) 41, 39, 70a, 69

Diethyl ether (C2H5OC2H5) 31, 59a, 74

Ethanol (CH3CH2OH) 31a, 45, 46

Furan (C4H4O) 68a, 39

Hydrogen (H2) 2

Labeled hydrogen (HD) 3

Labeled hydrogen (D2) 4

Isopropanol ((CH3)2CHOH) 45, 43

Ketene (CH2CO) 14a, 42

Methane (CH4) 16a, 15

Labeled methane (CH3D) 17a, 16

Propane (C3H6) 41, 39, 42, 27a

Water (H2O) 18

Labeled water (HDO) 19

Labeled water (D2O) 20

a The major ion fragment used to identify the product

Fig. 1 In situ DRIFT spectra taken during ethanol TPD over a
Co/ZrO2, b ZrO2
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cm-1 (d(OH)) [28]. Ethanol adsorption also leads to the

formation of monodentate and bidentate ethoxy species

through dissociation as identified by the CH3 bending

(1443, 1381 cm-1) and CCO stretching (1,066 cm-1)

vibrations [29]. The C–H stretching bands located within

3,000–2,800 cm-1 region (2970, 2928, 2867 cm-1) come

from the CH3- and CH3CH2-groups. The IR band at 1,161

cm-1 is attributed to the vibration of the C–C bond [38].

The peaks characteristic of molecularly or dissociatively

adsorbed ethanol disappear with increasing temperature

due to oxidation reactions with the lattice oxygen from the

catalyst. Although abstraction of a second hydrogen atom

would be expected to lead to acetaldehyde species, there is

no indication of a carbonyl group on the surface. The

absence of acetaldehyde species can be explained by its

rapid decomposition or oxidation to an acetate species as

soon as it is formed, as suggested earlier by Yee et al. [39].

The presence of subsequently formed surface acetate spe-

cies [38] can be seen through the bands at 1552, 1441, and

1346 cm-1. These species could be further oxidized to

produce CO2, which is seen through the adsorbed CO2

bands at 2,361 and 2,338 cm-1 bands [29].

Compared with the ethanol DRIFTS-TPD results over

10% Co/ZrO2, much stronger C–C vibration band intensity

and disappearance at much higher temperatures over blank

support indicate (Fig. 1b) that Co is needed in catalyzing

the C–C breakage. Furthermore, compared with Fig. 1a,

the appearance and disappearance of each surface inter-

mediate at higher temperatures over the bare ZrO2 support

implies that the metal/support interface is needed for oxi-

dation of the surface species at lower temperatures.

Another difference between the two sets of spectra is the

shift of the band due to the asymmetric stretching of the

acetate species from 1,563 to 1,552 cm-1 when Co is

incorporated into the catalyst matrix, which may signal a

difference in the strength of the back bonding between the

two adsorbed states of the acetate species.

3.2 Role of H2O

To examine the role of water and its interaction with eth-

anol on the surface, a TDP-DRIFTS experiment, similar to

the one described in Sect. 3.1, was performed. In this case,

however, a sequential adsorption step was used where

ethanol adsorption was followed by water adsorption

before spectral acquisition started. The results are pre-

sented in Fig. 2a. The water adsorption is evident from the

broad band around 3,700–3,200 cm-1 due to O–H

stretching and the peak located around 1,650 cm-1 due to

O–H scissoring [40]. The surface species formed following

ethanol adsorption go through similar transformations with

increasing temperature as seen in Fig. 1a. However, when

water is adsorbed following ethanol, these transformations

take place more readily (at lower temperatures), thereby

showing the role of water in facilitating ethanol conversion.

Figure 2b shows the DRIFT spectra acquired during a

similar experiment where H2O was replaced with D2O in

the water adsorption step. The rationale behind this

experiment was to identify the source of the surface

hydroxyl groups by making use of the isotopic shift that

would be expected in the IR bands when hydroxyl (OH)

groups are replaced by OD groups. Figure 2b shows the

OH band that appeared in the 3,700–3,200 cm-1 region

shifts to lower frequencies by about 1,000 cm-1 when D2O

is used, exhibiting the isotopic shift one would expect to

see between OH and OD groups in the IR spectra [41].

Simultaneously the peak due to the molecularly adsorbed

D2O was observed to shift from 1,650 cm-1 in the H2O

Fig. 2 In situ DRIFT spectra over Co/ZrO2 during a EtOH ? H2O

TPD, b EtOH ? D2O TPD
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adsorption to 1,581 cm-1. When the temperature is above

100 �C, the band due to molecularly adsorbed D2O dis-

appears. A similar phenomenon was observed for the H2O

adsorption. In addition, the OH group derived from dis-

sociative adsorption of ethanol (the broad band ranging

from 3,600 to 3,200 cm-1) is no longer visible. However,

the OD group is still present until most of the adsorbed

surface species are desorbed completely, implying that the

surface OH (or OD) groups resulting from dissociation of

water adsorption are abundant and can participate in the

reaction scheme across a wide temperature range.

The role of water was further examined by monitoring

the gas-phase species by mass spectrometry during the

EtOH ? D2O TPD experiment. As shown in Fig. 3, in

addition to the D2O peak due to the removal of molecularly

adsorbed D2O, the simultaneous HDO formation suggests

that OD groups may be combining with H atoms that result

from the dissociative adsorption of ethanol. Similar to the

H2 signal observed when unlabeled water is used [42], two

HD peaks are also seen, indicating contribution from water

and ethanol molecules to the formation of the hydrogen

molecule. The first peak is likely due to the H atom

abstracted from ethanol reacting with D or OD from water

dissociation. The fact that there is almost no carbon-con-

taining species such as CH4 or CO (over ZrO2-supported

catalyst, there is a very small CO peak) in the low-tem-

perature regions suggests that the extent of decomposition

of ethanol at this temperature is small. The second HD

peak at the higher temperature coincides with the formation

of carbon containing products such as CH3D, CO2, and

small amounts of CO. Water gas shift conversion of CO

with H2O is also a possible reaction at this temperature.

Considering the surface intermediates observed by

DRIFTS in Fig. 1, these compounds are possibly derived

from the C–C bond breakage of surface acetate species.

Although it is not directly observed in DRIFTS, decom-

position of acetaldehyde is also a possibility. The CH3D

product observed in the same temperature window might

be the result of the reaction taking place between CH3

fragment coming from the C–C bond breakage of the

acetate and a nearby OD or D species left on the surface

from the D2O dissociation. The second HD peak also

shows the involvement of water in the formation of

molecular hydrogen at this temperature. Interestingly, there

is no D2 or H2 species observed within the temperature

range tested, which further confirms the involvement of

hydrogen from both the water and the ethanol molecules.

There is also a small signal, corresponding to acetone, that

appears around 340 �C. Although it was seen as a product

in the steady state experiments [30–36], there was no

acetaldehyde observed in these experiments. This may be

due to the transient nature of these experiments, which

makes the detection of short-lived intermediates such as

acetaldehyde difficult. In a separate set of experiments,

which will be reported in an upcoming paper, we collected

DRIFT spectra during steady state ethanol steam reforming

reaction. While the spectra clearly showed the presence of

acetaldehyde under true operando conditions, as soon as

the gas phase species were flushed from the sample

chamber, its signal disappeared, pointing to the short-lived

nature of the acetaldehyde species on the surface.

To examine the role of the support, a similar experiment

was performed over a ceria-supported catalyst (Fig. 3b).

Ceria has a much higher oxygen mobility and can oxidize

the carbonaceous fragments more readily. As seen in

Fig. 3b, the observed trends were very similar to those

obtained over the Co-ZrO2 catalyst. There were, however,
Fig. 3 Gas phase species monitored with mass spectrometry during

EtOH ? D2O TPD over a Co/ZrO2, b Co/CeO2
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differences in relative intensities. The smaller amount of

CH3D formation and larger amounts of CO2 and CO could

be an indication of the ease of oxidation of the carbona-

ceous species over the Co/CeO2 catalyst. This, in turn, is

likely a result of the higher oxygen mobility of the ceria-

supported catalyst, as was discussed previously [33].

In order to trace the oxygen atom contained in the

water molecule during ethanol steam reforming reaction,

water with labeled oxygen (H2
18O) was used in the ethanol–

water TPD experiment, where the gas-phase species were

monitored by mass spectrometry. For this experiment, the

ceria-supported catalyst was chosen due to its high oxygen

mobility. As shown in Fig. 4, the desorption peaks from

ethanol and H2
18O are observed at the low temperature

region (30–230 �C). The hydrogen formation peak occur-

ring at lower temperatures (230–330 �C) is again due to

recombination of H atoms abstracted from ethanol and

water molecules. Small amounts of CO and CH4 around

280 �C show that decomposition of ethanol (C2H5OH ?
CO ? H2 ? CH4) can take place, but is not a predominant

step. The H2
18O peak present between two neighboring

hydrogen formation peaks is possibly evolved from the

recombination of adjacent labeled hydroxyl groups derived

from the dissociative adsorption of H2
18O. The second CH4

peak is accompanied by a strong unlabeled CO peak which

may be due to decomposition of acetaldehyde. The strong

signal from cross-labeled CO2 (C16O18O) shows direct

involvement of water in the formation of acetate species by

providing an oxygen atom to the acetaldehyde and further

oxidation of carbonaceous fragments. The C16O18O species

may also be a product of the water gas shift reaction (CO ?

H2
18O ? C16O18O ? H2). The appearance of small amount

of C18O and C18O2 may be ascribed to the surface 16O/18O

exchange reaction. The fact that no such signal corre-

sponding to the formation of CH3C18OCH3 is observed

suggests that acetone is produced through the aldol con-

densation of two acetaldehyde molecules formed from

dehydrogenation of ethanol without the participation of

H2
18O molecule.

The role of water in the ethanol steam reforming

mechanism was further investigated by combining isotopic

labeling with DRIFT spectroscopy. Figure 5a and b com-

pare the in situ DRIFT spectra taken during ethanol–water

TPD over Co/CeO2 catalyst using H2
16O and H2

18O,

respectively. Similar to what was observed over Co/ZrO2

Fig. 4 Gas phase species monitored with mass spectrometry during

EtOH ? H2
18O TPD over Co/CeO2

Fig. 5 In situ DRIFT spectra during a EtOH ? H2
16O, b EtOH ?

H2
18O TPD over Co/CeO2
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catalyst (Fig. 2a), water and ethanol molecules are first

dissociatively adsorbed onto the catalyst surface, leading to

the formation of OH group (the broad band ranging from

2,800 to 3,800 cm-1) and ethoxide species (2966, 2954,

2867, 1110, 1070, and 890 cm-1). Over the Co/CeO2

catalyst, the ethoxide species are oxidized much more

readily (compared to Co/ZrO2), forming acetate species

(1558, 1433, and 1346 cm-1) even at room temperature.

With increasing temperature, acetate species are further

oxidized to carbonates as evidenced by the presence of

1,508 cm-1 in addition to 1558, 1433, and 1346 cm-1

bands, although differentiation between acetate and car-

bonate bands is difficult [25]. However, the disappearance

of the bands at 2966, 2954, 2867 cm-1 supports this

assignment. The decomposition of carbonate species leads

to the formation of CO2 (2,364 and 2,356 cm-1). When

Fig. 5a and b are compared, it is seen that there is no shift

in the position of the bands due to the C–C (1,110 cm-1)

and C–H (2966, 2954, 2867, 1346, 1070, and 890 cm-1)

bond vibrations. However, isotopic shifts are seen in the

bands that result from C–O and H–O vibrations. The broad

band due to OH groups is seen to become broader, but the

shift, as expected, is small. Another observation to make is

that, while the bands at 1508, 1433, and 1346 cm-1 do not

show any major shifts, the band due to C–O vibration is

shifted from 1,558 to 1,525 cm-1, suggesting oxygen

coming from two different sources. Moreover, the presence

of three CO2 vibration peaks (2360, 2345, and 2337 cm-1)

rather than the doublet peaks (2,364 and 2,356 cm-1) is

further evidence that the oxygen in the ethanol oxidation

products comes from both ethanol and water. As expected,

the peak originating from the molecular adsorption of

water is shifted from 1,650 to 1,643 cm-1.

3.3 Possible Reaction Intermediates

3.3.1 Acetaldehyde

Since acetaldehyde is observed as a side product in the

steady-state ethanol steam reforming reaction at lower

temperatures [31, 33], its adsorption/desorption character-

istics and interactions with the catalyst surface were

examined using the TPD technique. The gas-phase species

observed through the mass spectrometry during the TPD

experiment following room-temperature adsorption of

acetaldehyde are shown in Fig. 6a. The desorption of

molecularly adsorbed CH3CHO is observed at low tem-

peratures (*100 �C) in Fig. 6a. At higher temperatures,

Fig. 6 Acetaldehyde TPD over Co/ZrO2 a gas phase species monitored with mass spectrometry, b TGA-DSC profiles, c DRIFT spectra
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major products formed are CO2, H2, and CH4, suggesting

both decomposition and reforming reactions with surface

hydroxyl groups left behind from the pre-reduction step.

There is also a small amount of acetone, possibly formed

through aldol condensation of two aldehyde molecules.

Butene and crotonaldehyde are not observed in the gas

phase over reduced Co/ZrO2 during TPD although these

species have been reported over Rh–Pt/CeO2 after reduc-

tion treatment [43]. Most of the desorption features of the

evolved surface species appear in a relatively narrow

temperature window between 300 and 350 �C.

The transformation of acetaldehyde during its tempera-

ture-programmed desorption was also examined by moni-

toring the gravimetric and calorimetric changes through

TGA-DSC experiments. In this experiment, acetaldehyde is

adsorbed at room temperature and the mass change (TG),

the first derivative of the mass change (DTG), as well as

endothermic or exothermic heat effects (DSC) during its

surface transformations and desorption are recorded as a

function of temperature (Fig. 6b). From the first derivative

of TG (DTG) signal, two main mass losses are observed,

corresponding to the two endothermic peaks from the DSC

signal. The first mass loss is due to the desorption of

adsorbed acetaldehyde at room temperature, which is an

endothermic process. The second mass loss could be

attributed to the desorption of the reaction products. The

narrow window where most of the heat effects take place is

similar to what was observed in the corresponding MS

traces (Fig. 6a). These desorption maxima and the second

major mass loss in TGA are accompanied by an endo-

thermic feature in DSC. Considering that both reforming

and desorption processes are endothermic, this is to be

expected. These observations suggest that once acetalde-

hyde is formed as an intermediate from dehydrogenation of

ethanol (C2H5OH ? CH3CHO ? H2), it reacts further

relatively easily at temperatures well below 400 �C.

The evolution of surface species during the same

desorption procedure has also been monitored using the

DRIFTS technique. The DRIFT spectra taken over Co/

ZrO2 during acetaldehyde TPD are shown in Fig. 6c. The

peaks centered at 2736, 1267, and 1025 cm-1 are charac-

teristic for acetaldehyde molecularly adsorbed as an g2

configuration [44]. The 1,745 cm-1 band is due to C=O

stretching, which can be observed at lower temperatures

and disappears with increasing temperature, indicating

either a rapid decarbonylation step or transformation to an

acetate species. During the transformation, there are two

small bands appearing at 1,647 and 1,635 cm-1 which may

be due to m(C=O) and m(C=C) vibrations of crotonaldehyde,

as suggested earlier by Idriss and co-workers [39, 43, 45].

The 1,556 and 1,442 cm-1 peaks along with the small

shoulder located at 1,360 cm-1 indicate the presence of

acetate species, similar to those seen in ethanol TPD

(Fig. 1a). The formation of surface acetate species and the

evolution of adsorbed CO2 bands at 2,366 and 2,355 cm-1

indicates the relative ease of transformation of acetalde-

hyde to acetate and its subsequent conversion to carbonate

and CH4, using the OH groups left on the surface from the

reduction step. Acetaldehyde could directly decompose to

CO2 and CH4 using the residual water present on the cat-

alyst surface generated from the reduction step, since the

C–H stretching peak can still be seen even at 400 �C

indicating the formation of CH4. These observations are in

agreement with the acetaldehyde TPD experiments moni-

tored with MS in Fig. 6a, which showed the formation of

CO2 and CH4. The similarity of the surface species seen in

acetaldehyde and ethanol TPD-DRIFT spectra suggests a

common pathway in the reaction of these two species in the

presence of water.

3.3.2 Acetone

Interaction of acetone with the catalyst surface was also

examined through TPD experiments, since acetone is one

of the liquid byproducts observed during ethanol steam

reforming. Gas-phase species evolving during TPD, the

gravimetric and calorimetric changes and evolution of the

surface species are monitored using MS (Fig. 7a), TGA/

DSC (Fig. 7b) and DRIFTS (Fig. 7c), respectively. Com-

pared to acetaldehyde desorption behavior, acetone

exhibits a much broader conversion region up to 550 �C in

Fig. 7a, which indicates a stronger interaction with the

surface and a higher degree of difficulty for reformation. In

addition, there may be multiple sites involved in acetone

transformations, with different energetics, leading to mul-

tiple CO2 and H2 formation peaks. Three major peaks in

MS signal correspond to the three significant mass changes

in DTG signal (Fig. 7b). As seen in Fig. 7a, the first neg-

ative peak in DTG curve comes from the desorption of

acetone and is accompanied by an endothermic DSC sig-

nal. The other two peaks are derived from a two-step sur-

face reaction between catalyst and adsorbed acetone

molecules, giving products of CO2 and H2. The MS signals

coincide with the DTG features indicating mass loss are

accompanied by endothermic heat effects. There is an

additional exothermic feature in the DSC profile seen

around 550 �C, which cannot be explained by the gas-

phase species alone. However, the DRIFT spectra pre-

sented in Fig. 7c provide additional clues. The 1,745 cm-1

band is due to C=O stretching vibration, which can be

observed at lower temperatures and disappears with

increasing temperature. The 1,456 and 1,371 cm-1 bands

are due to the ‘‘umbrella’’ CH3 vibrations [46]. The 1,232

cm-1 peak present at room temperature due to the C–C–C

stretching [46] begins to disappear with increasing tem-

perature, indicating cracking of the C–C–C chain. The
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1,170 cm-1 peak can be seen to evolve with temperature,

first increasing in intensity and then decreasing, which

indicates that there is a C–C–O-intermediate. The two

peaks centered around 1,580 and 1,440 cm-1 and the one at

1,310 cm-1 indicate the formation of surface acetate spe-

cies as a possible reaction intermediate. The formation of

acetate species suggests demethylation. Although the

methane signal was very weak in the gas phase, the exo-

thermic DSC feature seen at 550 �C can be due to CHx

decomposition and carbon deposition on the surface, which

has been confirmed by a subsequent TPO experiment (data

not shown).

Although butene and propanol formation from acetone

has been reported over various metal oxides [47–49], these

species were not observed in this study during acetone TPD

over reduced Co/ZrO2. This may be due to C–C cleavage

activity of the Co-based catalysts.

3.3.3 Acetic Acid

Since the surface acetate has been observed as a reaction

intermediate during TPD of reactants (i.e., ethanol and

water) using DRIFTS technique, the surface evolution of

acetic acid following its room-temperature adsorption was

also examined through TPD and DRIFTS. Acetic acid

appears to adsorb in two different modes, molecularly and

dissociatively. As shown in Fig. 8a, water is generated

around 150 �C, which could possibly result from the reac-

tion between adsorbed acetic acid and the surface hydroxyl

groups: M-OH ? CH3COOH ? M-OOCCH3 ? H2O,

leaving behind acetate species [50]. The hydroxyl groups

could be left behind from the pre-reduction step. The second

desorption feature is possibly due to associative desorption

(recombination). The decomposition of adsorbed acetic

acid begins to take place above 200 �C, resulting in the

formation of CH4, CO, CO2 and H2 as the major products.

In addition, acetone is also produced around 280 �C, either

through dehydrative coupling of two acetic acid molecules

(2CH3COOH ? CH3COCH3 ? H2O ? CO2) or following

the formation of acetate species [39]. The subsequent for-

mation of C3H6 at a slightly higher temperature, combined

with the corresponding dip in the hydrogen peak suggests a

reduction reaction: CH3COCH3 ? H2 ? C3H6 ? H2O. The

increase of the CO accompanied with the consumption of

H2 and CO2 at even higher temperatures indicates the

presence of a reverse water gas shift reaction [51].

Fig. 7 Acetone TPD over Co/ZrO2 a gas phase species monitored with mass spectrometry, b TGA-DSC profiles, c DRIFT spectra
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Figure 8b shows the in situ DRIFT spectra taken during

acetic acid TPD. Following adsorption at room tempera-

ture, molecularly adsorbed acetic acid is observed at 1,728

cm-1 (m(C=O)) and 1,297 cm-1 (d(OH)). In addition, some

of acetic acid molecules are converted to surface acetate

species through dissociation (CH3COOH(a) ? CH3COO(a)

? H(a)) [52]. The increasing temperature facilitates the

formation of bidentate surface acetate (1558, 1465, 1446,

1350 cm-1) [25] and the disappearance of molecularly

adsorbed acetic acid. Furthermore, the presence of adsor-

bed CO2 (2366, 2345 cm-1) above 200 �C is consistent

with the TPD results in Fig. 8a, indicating the decompo-

sition of surface acetate species. In addition, the location of

the surface acetate confirms the assignment of our previous

DRIFT spectra collected during ethanol or ethanol ? water

TPD.

3.4 Proposed Mechanistic Steps

Based on the TPD and DRIFTS results presented in the

previous sections and the surface acidity characteristics,

which will be discussed in a separate paper, possible

transformations that could take place in ethanol steam

reforming over Co-based catalysts are presented in Fig. 9.

The major steps proposed in this scheme are also consistent

with the steady state data presented in our previous pub-

lications [30–37]. In Scheme 1 of Fig. 9, water adsorbs

dissociatively, forming OH groups on the surface. Water

adsorption takes place primarily on the surface of the

support. Molecularly adsorbed water is also observed at

lower temperatures, but it desorbs readily as the tempera-

ture rises. Ethanol molecules can adsorb either molecularly

and dissociatively on the Co sites (Scheme 2 of Fig. 9).

Adsorbed ethanol molecules can decompose to form single

C-species (i.e., CH4 and CO) along with H2 (Scheme 3 of

Fig. 9). The dissociatively adsorbed ethanol forms adsor-

bed ethoxide species (Scheme 2 of Fig. 9). The first H

abstracted from ethanol can either form OH groups with

the surface oxygen species or combine with hydrogen from

a surface OH group and form H2. Ethoxide species can

move to the interface of metal and oxide support and be

oxidized by an additional hydrogen abstraction forming

acetaldehyde (Scheme 4 of Fig. 9). Acetaldehyde can

desorb to the gas phase, decompose to CH4 and CO, or

further oxidize to form acetic acid and surface acetate

species. The formation of acetone might be derived from

the aldol condensation of acetaldehyde, followed by a

dehydrogenation and decarboxylation (Scheme 4 of

Fig. 9), as proposed by Nishiguchi et al. [53]. Reactions

between acetic acid and acetaldehyde are also possible.

Although formation of acetyl groups, followed by a

methylation step to form acetone was reported earlier and

remains a possibility [54], there was no spectroscopic

evidence of this route in our studies. Acetone can also be

oxidized with the surface OH groups producing acetate

species. There are multiple routes for the acetate species

once they are formed. In one of the routes, the metal may

be involved in C–C bond cleavage leading to the formation

of single carbon species (Scheme 5 of Fig. 9). It is also

possible that acetate species dissociate to form surface

methyl groups and CO2 (Scheme 5 of Fig. 9). The carbon–

oxygen surface species may desorb or further oxidize to

give carbonate species, especially on supports with high

oxygen storage capacity, eventually desorbing as CO2. In

an alternate route, the CH3 fragment (which can also form

through hydrogen abstraction from methane) will undergo

Fig. 8 Acetic acid TPD over Co/ZrO2 a gas phase species monitored

with mass spectrometry, b DRIFT spectra
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oxidation (through H abstraction and O addition) to form

formate, possibly through a formaldehyde intermediate,

and carbonate. The catalyst surface is then regenerated

through CO2 desorption following carbonate decomposi-

tion and ready for the next catalysis cycle regardless of the

route followed. Reforming of methane and water–gas and

reverse water gas shift reactions are also possible steps

over these catalysts (Scheme 7 of Fig. 9).

As proposed by Virginie et al. [55] and Lima et al. [56,

57], the acetate species can also accumulate on the catalyst

surface and lead to coke formation, resulting in deactiva-

tion if oxygen supplied through catalyst surface is insuffi-

cient. If the surface is highly acidic, ethanol dehydration

may dominate the reaction pathway and result in the for-

mation of H2O and C2H4, which is the major precursor to

coke through polymerization (Scheme 6 of Fig. 9).

4 Conclusions

Based on the steady-state experiments reported earlier [31–

36] and transient studies and spectroscopy data presented

in this paper, possible surface transformations were pro-

posed for ethanol and other reaction intermediates over

Co-based catalysts. Dissociative adsorption of ethanol and

water leads to ethoxide species and hydroxyl groups,

respectively. The active metal catalyzes the C–C bond

cleavage and formation of single carbon species. Ethanol

steam reforming reaction could take place at the interface

of the active metal and the oxide support, which could

participate by providing oxygen from the lattice to facili-

tate the oxidation of carbon species. The resulting oxygen

vacancies can be filled by the oxygen in the hydroxyl

species formed from water adsorption. Therefore, it is

necessary to have high oxygen mobility throughout the

oxide support to prevent carbon deposition on the surface.

High metal dispersion will form more accessible metal/

oxide interfaces and will favor ethanol adsorption as well

as catalyzing C–C cleavage. High oxygen mobility will

facilitate the oxygen delivery through the support and

suppress coke deposition. The Co-based systems that

incorporate oxides with high oxygen mobility could deliver

the required characteristics needed for active and stable

ethanol steam reforming catalysts.
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27. Raskó J, Dömök M, Baán K, Erd}ohelyi A (2006) Appl Catal A

Gen 299:202–211
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a b s t r a c t

Chromium-free Fe-based water-gas shift catalysts were prepared through a gelation agent-assisted
sol–gel route utilizing propylene oxide and citric acid as the gelation agents. Catalyst preparation using
propylene oxide is a “one-pot” method that is cleaner, more eco-friendly and less time consuming over
our previously developed sol–gel method for preparing Fe–Al–Cu and leads to comparable activities. The
effect of Cu loading on the performance of Fe–Al–Cu catalyst was investigated using a syngas mixture as
feed. The optimized Fe–Al–Cu formulation demonstrated stable WGS performance over a wide temper-
ature range (250–400 ◦C). X-ray diffraction patterns revealed the role of promoters in the formation of
maghemite phase and in controlling the crystallite size. The incorporation of copper in iron oxide matrix
resulted in formation of maghemite phase over hematite, thereby causing a significant improvement
in WGS performance. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) study of CO
adsorption indicated the formation of formate species on the surface. The apparent activation energies
for re-oxidation of the Fe–Al–Cu catalysts were found to depend on the copper content. Over the best
performing Fe–Al–Cu catalyst, surface re-oxidation by water during WGS reaction proceeds at a much
higher rate than surface reduction via CO oxidation, whereas for other catalysts of the series, surface
re-oxidation was shown to be the rate determining step.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The WGS reaction remains an important step in hydrogen pro-
duction from syngas, especially in light of the increased emphasis
on use of hydrogen for fuel cell applications. The syngas can be
derived from steam reforming of natural gas or liquid hydrocarbons
and coal/biomass/municipal waste gasification. The syngas compo-
sition depends upon various factors such as feedstock properties,
operating conditions and reactor type. Typically, it is a mixture
of CO, CO2, H2, H2O, CH4 and traces of higher hydrocarbons. The
syngas may also contain trace quantities of H2S and COS depend-
ing on the feedstock. The effectiveness of gas cleaning processes
further determines the final composition of the syngas. The cur-
rently available WGS units operate in a two-stage mode, namely,
high-temperature WGS (HT-WGS) followed by low-temperature
shift (LT-WGS) [1–3]. Commercially, HT-WGS is operated in the
temperature range of 320–450 ◦C in the presence of Fe–Cr cata-
lyst, whereas, LT-WGS operates in the range of 200–250 ◦C over
Cu/ZnO/Al2O3 catalyst [2,4,5]. Both catalytic systems have been
reviewed in many recent articles [6,7]. The two-stage operation

∗ Corresponding author. Tel.: +1 614 292 6623; fax: +1 614 292 3769.
E-mail address: ozkan.1@osu.edu (U.S. Ozkan).

mode is a consequence of several drawbacks of the current catalytic
systems for WGS. HT-WGS catalyst, Fe–Cr, is not active at lower
operating temperatures, while LT-WGS catalyst, Cu/ZnO/Al2O3,
experiences severe sintering at higher temperatures. This necessi-
tates the use of highly impractical and cost ineffective two-stage
WGS units. In addition, the commercial Fe–Cr catalyst contains
around 8–14 wt% of Cr, as a structural promoter as well as a sta-
bilizer to prevent the particle sintering at elevated temperatures
[8–10]. However, Cr6+ is highly carcinogenic and environmentally
unacceptable. Furthermore, these formulations demand high steam
and experience considerable sulfur poisoning. Therefore, it is essen-
tial to develop a Cr-free catalytic system, which can be operated in
a wide temperature range.

The sol–gel method for catalyst preparation method is con-
sidered to be more effective in terms of offering improved
homogeneity, high purity, low calcination temperature and ability
to tailor the desired metal oxide phase over traditional preparation
methods [11,12]. The sol–gel method is basically a two-step pro-
cess in which metal salt undergoes hydrolysis reaction followed
by the condensation to form nano-scale structures. Formation of
iron oxide matrix using sol–gel techniques in which the gel for-
mation was induced by heating, adding a base or a gelation agent
was reported (cited in [13]). In the past, several researchers synthe-
sized nano-scale Fe as well as spinel oxides using epoxides such as

1381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ethylene oxide and propylene oxide [12–14]. These gelation agents
were reported to provide high homogeneity, high purity and high
surface area [12–14]. The ratio of epoxide to metal salt [13,14] as
well as the choice of solvent play a critical role in gel formation
rate and determining the particle size. The epoxides are believed
to act as proton scavengers that cause iron to undergo hydroly-
sis and condensation processes to form an iron oxide matrix [13].
However, it is worthwhile to note that ethylene oxide is highly
carcinogenic and toxic which defeats the purpose of environmen-
tally benign catalyst preparation methods. Citric acid is also another
gelation agent, which is widely studied for the preparation of highly
dispersed mixed-oxides such as bismuth oxide, cerium-zirconium
oxide and spinel oxides of cobalt [11,15–18].

In previous publications [19,20] we reported the development
of a novel, Cr-free Fe–Al–Cu catalytic system for WGS that could
be operated in a wide temperature range of 250–400 ◦C. The men-
tioned Fe–Al–Cu catalyst was prepared via a one-pot sol–gel route.
This formulation showed significantly higher WGS performance
than commercially available Fe–Cr. However, this sol–gel technique
was tedious, time consuming and required critical pH adjustment.
Several washing steps involved in the catalyst preparation process
resulted in generation of large quantities of liquid waste. Therefore,
it was required to develop an easier, more environmentally friendly
and less time consuming catalyst preparation process.

In this paper, we report development of Cr-free Fe-based formu-
lations using two gelation agents, namely citric acid and propylene
oxide. The developed sol–gel preparation methods using these
gelation agents are simpler, less time consuming and above all,
environmentally benign. Propylene oxide based Fe–Al–Cu system
demonstrated significant WGS performance which was compa-
rable to the previously reported Fe–Al–Cu sol–gel combination
[19,20]. This propylene oxide based gelation technique is a sim-
ple “one-pot” technique and requires neither catalyst washing nor
critical pH adjustments. Copper is an essential promoter in the
Fe-based catalysts [8,9,19,21], therefore, the effect of Cu loading
for catalysts prepared by this technique has also been investi-
gated. In addition to steady-state experiments for WGS activity
evaluation, numerous catalyst characterization techniques such as
X-ray diffraction (XRD), temperature-programmed reduction (TPR)
and oxidation (TPO), X-ray photoelectron spectroscopy (XPS), dif-
fuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
and Brunauer–Emmett–Teller method (BET) were implemented in
order to evaluate the surface as well as bulk properties of the cat-
alysts which could be correlated to their WGS performance.

2. Experimental

2.1. Catalyst preparation

Fe-based catalysts with Cu and Al employed as promoters were
prepared through a sol–gel route using propylene oxide and citric
acid as gelation agents. Aluminum nitrate [Al(NO3)3·9H2O] (crys-
tals, Fisher), iron (III) nitrate nanohydrate [Fe(NO3)3·9H2O] ((98+%)
ACS reagent, Sigma–Aldrich) and copper (III) nitrate trihydrate
[CuN2O6·3H2O] (Fluka) were used as metal precursors in catalyst
preparation.

For preparation of catalysts with the propylene oxide route,
metal salt(s) in quantities to yield the desired atomic ratios of Fe,
Al and Cu in the final catalyst were dissolved in ethanol at ambient
temperature. Propylene oxide was added at once to this solution
in excess quantities while continuously stirring the solution. The
addition of propylene oxide resulted in rapid heat evolution accom-
panied by gel formation. The gel was kept at 50 ◦C for 4 h and then
dried overnight at 110 ◦C in a convection oven. Dried samples were
ground to a fine powder and calcined in air for 4 h at 450 ◦C (heat-
ing rate: 10 ◦C/min). The samples were crushed to a fine powder

following calcination. The propylene oxide method was utilized
for preparation of Fe-only, Fe–Cu bi-metallic and Fe–Al–Cu ternary
samples. The atomic ratio of Fe to Cu in Fe–Cu bi-metallic cata-
lyst was 5, whereas Fe to Cu ratio was varied in Fe–Al–Cu catalysts
(Fe/Cu = 10, 5 and 2) while keeping Fe/Al = 10 constant.

Another gelation agent that was utilized for the preparation of
Fe-based WGS catalysts was citric acid. For the preparation of cat-
alyst sample through the citric acid route, metal salts to yield the
desired atomic ratios of the metals and citric acid were dissolved
in a 1:1 (w/w) solution of ethanol and water at ambient temper-
ature while stirring continuously. The ratio of moles of citric acid
to the moles of total nitrate (NO3) contained in the metal salts was
kept constant at 1. The solution was kept at 80 ◦C for 3 h to slowly
drive off ethanol and then dried in a convection oven overnight
at 110 ◦C. The sample was then calcined in air at 450 ◦C (heating
rate: 10 ◦C/min) for 4 h. The sample was ground to a fine powder
following calcination.

2.2. Catalytic activity testing

All the steady-state experiments were conducted in a fixed-bed
flow reactor system using 0.25′′ OD stainless steel reactor. Catalyst
samples were held in place by the stainless steel frit and a quartz
wool plug and the temperature of the reactor bed was measured
by an Omega K-type thermocouple. The reactor was placed inside a
home-made, resistively heated furnace, the temperature of which
was controlled by an Omega (model CS232) PID temperature con-
troller. Reagent gases were supplied from Praxair and were used
without any further treatment. Independent gas mass flow con-
trollers (Brooks, 5850E) connected to an electronics control box
(Brooks, 0154) were used to control gas flows to the system. Water
vapor was supplied to the system by bubbling nitrogen through a
heated bubbler containing de-ionized water. The temperature of
the bubbler was monitored and controlled precisely by a temper-
ature controller. Gas lines in contact with water vapor containing
stream were heated using heating tapes in order to avoid water
condensation in the lines.

Unless otherwise stated, 100 mg of catalyst sample was used
for each run and the experiments were carried out at a WHSV
(weight hourly space velocity) of 0.06 m3 (g cat.)−1 h−1. In addition,
steady-state experiments were conducted on equal surface area to
ensure that the observed differences were not simply due to dif-
ferences in surface areas. In order to assure that the activity testing
experiments were run in the kinetically controlled regime, reac-
tion conditions were maintained away from equilibrium in all of
the activity testing experiments.

Prior to catalytic activity testing, catalyst samples were pre-
treated in situ in N2 (67.5 sccm) for 30 min at 350 ◦C and then
reduced at 350 ◦C for 2 h in syngas mixture (10% CO, 10% (or
20%) H2O, 7.5% H2, 5% CO2 balanced with 67.5% N2). Finally, reac-
tion studies were performed over the wide temperature range
(250–400 ◦C) in the above mentioned syngas mixture.

The feed as well as the reactor effluents were analyzed by an on-
line gas chromatograph (Shimadzu, GC-14A series) equipped with a
thermal conductivity detector (TCD). Argon was used as the carrier
gas and the gas separation was performed using a molecular sieve
column 13X (5 ft × 1/8 in. SS, 60/80 mesh) and a porapak Q column
(12 ft × 1/8 in. SS, 80/100 mesh).

2.3. Catalyst characterization

2.3.1. Specific surface area and pore volume
The specific surface areas of the samples were measured on

Micromeritics ASAP 2010 surface area analyzer using N2 physisorp-
tion technique. Prior to analysis, samples were degassed overnight
at 130 ◦C under a vacuum of 3 �m Hg. The specific surface areas
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were determined by the Brunauer–Emmett–Teller (BET) method
using the adsorption branch of the isotherm. Pore volumes of the
samples were determined by the Barrett–Joiner–Halenda (BJH)
method using the adsorption branches of the N2 physisorption
isotherms.

2.3.2. X-ray diffraction
X-ray diffraction (XRD) patterns of the pristine samples were

collected on a Rigaku X-ray diffractometer (X-ray source: Cu K�
radiation, � = 1.5418 Å) operated at 40 kV and 25 mA. The diffraction
patterns were collected in the range of 20–60◦ Bragg angle values.
The X-ray diffraction patterns of the reduced catalyst samples were
collected on a Bruker D8 Advance X-ray diffractometer equipped
with a capillary sample holder. Following reduction treatment, the
samples were transferred to an Ar-purged glove box that contains
minimal residual air (<5 ppm). The samples were transferred to
capillary sample tubes (0.2 mm OD) and the ends of the capil-
lary tube were sealed inside the glove box with glass sealant. The
samples were then transferred air-free to capillary sample holder
accessory on the diffractometer. The diffraction patterns were col-
lected in the 20–70◦ Bragg angle range using a Cu K� X-ray source
(� = 1.5418 Å) operated at 40 kV and 50 mA.

2.3.3. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy was used for the investigation

of the chemical states of copper and iron in the calcined (pristine)
and reduced samples. The samples referred to as ‘pristine’ were
ground into double sided carbon tape directly following calcina-
tion and transferred to the vacuum chamber of the XPS instrument.
The reaction system described in Section 2.2 was used for prepar-
ing the pretreated samples. The ‘reduced’ samples were prepared
through treatment in syngas mixture containing 10% CO, 10% H2O,
7.5% H2 and 5% CO2 in N2 (100 sccm) at 350 ◦C for 2 h. Following
pretreatment, the reactor was flushed with N2 for 30 min at 350 ◦C
and the reactors were allowed to cool down to room temperature
under N2 flow before sealing under N2. The sealed reactors were
transferred to a glove box kept under Ar atmosphere with mois-
ture content lower than 5 ppm. The samples were ground into a
carbon tape inside the glove box and then transferred air-free to the
vacuum chamber of the XPS instrument. The X-ray photoelectron
spectra were collected on a Kratos Axis Ultra spectrometer using
K� radiation through Al anode operated at 13 kV and 10 mA. When
necessary, the charge neutralizer was operated at a current of 2.1 A
and a filament bias of 1.3 V. Concurrent sweeps of Cu 2p, Fe 2p, O 1s
and C 1s envelopes were collected. The collected spectra were cor-
rected using C 1s envelope located at 284.5 eV. For comparability
of the signal intensities of the envelopes, counts per second, were
divided by the number of sweeps and the transmission value at
the specific binding energy. Background correction and peak fitting
were done using the XPSPeak 4.1 software.

2.3.4. Diffuse reflectance infrared Fourier transform spectroscopy
The adsorption and thermal transformations of CO on Fe–Al–Cu

based catalysts was investigated using an FT-IR spectrometer
(Thermo Nicolet 6700) equipped with an MCT detector and a
DRIFTS chamber with ZnSe windows. The DRIFT spectra were col-
lected in the mid-IR range at a nominal resolution of 4 cm−1 and the
final spectra were averaged over 500 scans. For each experiment,
catalyst sample was reduced in syngas mixture in a reactor system
at 350 ◦C for 2 h as mentioned in Section 2.1. The reduced catalysts
were recovered under N2 atmosphere and transferred to DRIFTS
cell to acquire spectra. The sample was pretreated in He (30 sccm)
at 400 ◦C for 30 min, followed by background spectra collection in
He (30 sccm) from 400 ◦C to room temperature while cooling down
the sample. Helium was switched off after background collection
and system was flushed with CO (30 sccm) for 30 min at room tem-

perature. Catalyst temperature was raised under the flow of CO
(30 sccm) from room temperature to 400 ◦C stepwise and spectra
were collected at regular temperature intervals.

2.3.5. Transmission electron microscopy
Transmission electron microscopy (TEM) was carried out using

Phillips Tecnai F20 instrument with FEG operated at a voltage of
200 kV. The catalyst images were collected in brightfield mode.
Catalyst sample was dispersed in ethanol and the mixture was son-
icated for 20 min. The sample was then deposited onto 200 mesh
copper grid coated with lacey carbon.

2.3.6. Temperature-programmed characterization
Temperature-programmed reduction (TPR) and temperature-

programmed re-oxidation experiments were conducted in order
to provide insights to the oxidation/reduction characteristics of
the samples. For the temperature-programmed reduction exper-
iments, 50 mg of calcined catalyst sample was packed in a 0.25′′

OD U-tube quartz reactor. Catalyst was pretreated in He (35 sccm)
at 350 ◦C for 30 min and then cooled down to room temperature
under the same atmosphere. Finally, temperature of the catalyst
bed was raised to 880 ◦C at 10 ◦C/min under the flow of the reducing
agent, 5%H2/N2 (20 sccm). Hydrogen consumption during the tem-
perature ramp was monitored by a thermal conductivity detector
(TCD).

For the temperature-programmed re-oxidation experiments,
100 mg of sample was packed in a fixed-bed quartz reactor with a
quartz frit bed which is placed inside a fast response furnace (Car-
bolite, MTF 10/15/130). The dead volume of the reactor was filled
with quartz wool. The reactor effluents during pretreatment and
temperature-programmed re-oxidation stages were monitored via
a residual gas analyzer (MKS-Cirrus II) operated in scanning ion
mode. An electron multiplier detector was used to trace mass sig-
nals (m/z) 2, 16, 18, 32 and 44. The gas lines from the reactor to
the mass spectrometer capillary inlet were heated via a heating
cord to prevent condensation during pretreatment and the exper-
iment. Each experiment consisted of a reduction stage where the
sample was heated at 10 ◦C/min to 300 ◦C under He atmosphere
and then, reduced with 5%H2/He (40 sccm) at the same tempera-
ture for an hour. Reduction was followed by He flush (40 sccm) at
300 ◦C prior to cooling to room temperature under helium. Once
the sample was at room temperature, 5% O2/He (40 sccm) intro-
duced to the reactor. The mass traces on the mass spectrometer
were allowed to stabilize at room temperature and then, a lin-
ear temperature program from 30 to 450 ◦C was enacted with
isothermal stages lasting for 20 min at 30 and 450 ◦C. The same
temperature-programmed re-oxidation experiment was repeated
with different heating rates for the determination of activation
energies of re-oxidation of Fe–Al–Cu samples. The samples were
treated following the same pretreatment procedure and heated
at 10, 14 or 18 ◦C/min during the temperature-programmed re-
oxidation stage. Kissinger’s method [22] was used for estimating
the activation energies of re-oxidation. Kissinger’s method cor-
relates the temperature at which the maximum rate of oxidant
consumption occurs with the activation energy for re-oxidation
through a series of temperature-programmed experiments ran at
different heating rates. The temperature at which the maximum
rate of oxidant consumption occurs corresponds to the sample tem-
perature at which the deflection of the oxidant consumption peak
takes place (Tm). The activation energy can be estimated through a
plot of 1/Tm versus ln(˚/T2

m) which yields a straight line with the
slope being equal to −Ea/R, where ˚ is the heating rate in K/min;
−Ea is the activation energy in J/mol; and R is the universal gas
constant in J/K mol.
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3. Results and discussion

3.1. Effect of gelation agent on WGS activity

In our previous publications, we have reported the develop-
ment of Cr-free Fe–Al–Cu catalyst formulations which exhibited
superior WGS performance over the commercial Fe–Cr catalyst
in a wide temperature range [19,20]. We also showed that the
preparation method played a key role on the WGS performance
of these catalysts. Our initial work involved catalyst preparation
through co-precipitation of Fe and Al from nitrate precursors
followed by impregnation of Cu onto the calcined precipitate
(two-step) and co-precipitation of Fe–Al–Cu using nitrate precur-
sors and sodium carbonate as the precipitating agent (one-step)
[23]. In a later publication, we reported catalyst development
through a ‘one-pot’ sol–gel-precipitation route using organic
precursors [19]. The Fe–Al–Cu samples prepared through this
sol–gel/precipitation route showed significant enhancement in
the WGS activity compared to the two-step and one-step routes.
However, this sol–gel/precipitation method required critical pH
adjustment, which was achieved through addition of NaOH and
involved extensive catalyst washing to remove the sodium ions
afterwards.

To address the issues associated with catalyst preparation, we
have investigated the applicability of a gelation agent-assisted
sol–gel ‘one-pot’ route using propylene oxide as the gelation agent.
Fe-only, Fe–Cu and Fe–Al–Cu samples were prepared by the propy-
lene oxide-assisted sol–gel route. The monometallic Fe catalyst
prepared by propylene oxide-assisted sol–gel route exhibited a rea-
sonable CO conversion of 30% at 400 ◦C in a syngas mixture. The
textural promoter (Al) and structural promoter (Cu) were incorpo-
rated in the catalysts in order to improve their WGS activity. Al and
Cu have been reported to be effective promoters [3,8–10,19–21].
Among the promotional effects that are reported are structural and
textural promotion, which include improved surface area, resis-
tance to sintering and change in the electronic properties of the
magnetite phase. As expected, further improvement was achieved
in the WGS activity by incorporation of Cu and Al in the catalysts
prepared by propylene oxides-assisted sol gel technique, achieving
CO conversions of 40% and 57% over Fe–Cu (Fe/Cu = 5) and Fe–Al–Cu
(Fe/Al = 10 and Fe/Cu = 5), respectively. The equilibrium CO conver-
sion under these conditions is 64%.

Similar Fe-based water-gas shift catalysts were also prepared
by using another commonly used gelation agent, citric acid, and
tested with regards to their activity in the syngas mixture. The Fe-
only catalyst prepared through the citric acid route showed slightly
higher WGS activity than the Fe-only catalyst prepared through
the propylene oxide route however, the activity was not stable
with time-on-stream. Further investigation of the WGS activity of
Fe–Al–Cu (Fe/Al = 10 and Fe/Cu = 5) catalyst prepared through the
citric acid route showed that, the activity of this catalyst was not
stable either and the initial CO conversion of 40% over this cata-
lyst decreased to less than 20% with time-on-stream over a period
of 10 h. Although the citric acid-assisted route was shown to be
unsuitable for preparation of active and stable Fe–Al–Cu catalysts,
the initial catalyst testing results showed that it was possible to pre-
pare active and stable Fe–Al–Cu catalysts through the propylene
oxide-assisted sol–gel route. Therefore, the structural properties
of Fe-based catalysts prepared through the propylene oxide route
and the effect of copper loading on their performance was further
investigated.

3.2. Effect of Cu loading on the WGS activity

Sol–gel Fe-based catalysts with different Cu loadings (Fe/Cu = 10,
5 and 2) and constant aluminum loadings (Fe/Al = 10) were

Table 1
BET surface area, and pore volume of Fe–Al–Cu catalysts at various Cu loadings.

Catalyst BET surface area (m2/g) BJH adsorption pore volume (cm3/g)

Fe/Cu = 10 99 0.1830
Fe/Cu = 5 46 0.1669
Fe/Cu = 2 25 0.0421

prepared using the propylene oxide-assisted route in order to
investigate the effect of copper loading on the WGS activity of these
catalysts and to elucidate the structural changes induced by copper
incorporation. Table 1 presents the specific surface areas and pore
volumes of these Fe–Al–Cu catalysts. The surface area was found
to be strongly dependent on copper loading and it decreased with
increasing Cu content of the catalysts. A similar trend was observed
in pore volume. As it will be discussed in the following sections,
incorporation of copper in Fe-based catalysts resulted in significant
changes in the catalyst structure, especially in the major crystalline
phases and particle size, as well as catalytic performance.

3.2.1. Catalytic activity testing
Fig. 1a shows the WGS activity of the three Fe–Al–Cu samples a

wide temperature range (250–400 ◦C) in syngas mixture at WHSV
of 0.06 m3 (g cat.)−1 h−1 at a steam-to-carbon (S/C) feed ratio of 1.
WGS activity was significantly improved when Cu content was
increased from Fe/Cu = 10 to Fe/Cu = 5. The Fe–Al–Cu (Fe/Cu = 5)
sample was able to achieve CO conversion in excess of 55% in
a broad temperature window of 300–400 ◦C. The equilibrium CO
conversion at 400 ◦C under these reaction conditions was 64%.
However, Fe–Al–Cu (Fe/Cu = 10) sample was able to achieve a max-
imum CO conversion of slightly lower than 40%. Further increase in
Cu content affected WGS activity adversely, resulting in consider-
able drop in CO conversion. This catalyst was able to achieve only
27% CO conversion in 300–400 ◦C. A similar effect of copper content
on the WGS activity of copper-doped magnetite catalysts was also
reported by Quadro et al. [8]. When a commercial Fe–Cr catalyst
was tested under identical conditions, the CO conversions achieved
were much lower, even when compared to the least active of the
formulations tested, i.e., Fe–Al–Cu (Fe/Cu = 2).

Since the catalysts with different Cu loadings were compared
at equal WHSV, a valid question would be if the differences in
activities could be due to the differences in surface areas. To
address this question, WGS activity of Fe–Al–Cu (Fe/Cu = 2) and
Fe–Al–Cu (Fe/Cu = 5) samples were also tested on an equal BET
surface area basis. The reactions were carried out at 400 ◦C with
the same reaction feed as the above mentioned activity tests. The
Fe–Al–Cu (Fe/Cu = 2) sample was found to exhibit significantly
lower CO conversion than Fe–Al–Cu (Fe/Cu = 5). The CO conversion
over Fe–Al–Cu (Fe/Cu = 2) sample was 30%, whereas it was 41% over
Fe–Al–Cu (Fe/Cu = 5) at 400 ◦C on equal surface area basis. There-
fore, decrease in CO conversion over Fe–Al–Cu (Fe/Cu = 2) cannot
be explained with the decrease in surface area.

The Fe–Al–Cu (Fe/Cu = 5) catalyst was further tested for stability.
The inset to Fig. 1a shows CO conversion over this catalyst during
WGS in syngas mixture as a function of time-on-stream at 400 ◦C.
The catalyst was observed to exhibit stable WGS activity with time-
on-stream over a period of 40 h.

The WGS activity of the Fe–Al–Cu catalysts was further inves-
tigated at a higher steam-to-carbon ratio of the reaction feed.
Fig. 1b shows the CO conversions achieved as a function of
temperature over Fe–Al–Cu catalysts during WGS reaction at a
steam-to-carbon ratio of 2. At low temperatures no significant
effect of increasing steam-to-carbon ratio on the WGS activity
was observed; however, at higher temperatures, increased steam
content of the feed resulted in a significant increase in CO con-
version. Although an increase in the stream content resulted
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Fig. 1. WGS activity (CO% conversion) of Fe–Al–Cu catalysts prepared by propylene oxide-assisted sol–gel method with different Cu loadings at (a) S/C = 1 and (b) S/C = 2.
Inset: time-on-stream performance of Fe–Al–Cu (Fe/Cu = 5) at 400 ◦C at S/C = 1. Reaction conditions: [CO] = 10%, [H2O] = 10% or 20%, [CO2] = 5%, [H2] = 7.5% and balance N2,
WHSV = 0.06 m3 (g cat.)−1 h−1, P = 1 atm.

in a shift in CO conversion curves to higher values over all
of the samples by accelerating the forward reaction, it had a
more pronounced effect over Fe–Al–Cu (Fe/Cu = 10) and Fe–Al–Cu
(Fe/Cu = 2) than Fe–Al–Cu (Fe/Cu = 5). At 400 ◦C, the CO conver-
sion over Fe–Al–Cu (Fe/Cu = 5) increased from 57% to 72% with
increasing steam-to-carbon ratio, whereas the CO conversion over
Fe–Al–Cu (Fe/Cu = 10) and Fe–Al–Cu (Fe/Cu = 2) almost doubled. As
it will be discussed in Section 3.2.5, the re-oxidation of Fe–Al–Cu
(Fe/Cu = 10) and Fe–Al–Cu (Fe/Cu = 2) is expected to proceed at a
much slower rate than the re-oxidation of Fe–Al–Cu (Fe/Cu = 5)
during reaction. The fact that Fe–Al–Cu (Fe/Cu = 10) and Fe–Al–Cu
(Fe/Cu = 2) catalysts benefit more from the increased steam con-
tent of the feed as compared to Fe–Al–Cu (Fe/Cu = 5) implies that
the re-oxidation of surface through water splitting during WGS
reaction is the rate limiting step over these catalysts under these
conditions.

3.2.2. X-ray diffraction
X-ray diffraction was used to examine the effect of copper incor-

poration and copper loading on the crystal phases formed during
catalyst preparation. The X-ray diffraction pattern of the Fe-only
sample showed the presence of �-Fe2O3 (hematite) phase, as evi-
denced by diffraction features located at Bragg angle (2�) values of
at 24.2◦, 33.2◦, 35.7◦, 40.9◦ and 49.5◦ (Fig. 2a) which can be asso-
ciated with (0 1 2), (1 0 4), (1 1 0), (1 1 3) and (0 2 4) crystal planes,
respectively. Hematite phase disappeared with the incorporation
of Cu into the iron oxide matrix. The X-ray diffraction pattern of
Fe–Cu (Fe/Cu = 5) reflected the formation of �-Fe2O3 (maghemite)
phase instead of hematite phase. The diffraction lines at Bragg
angle (2�) values of 30.1◦, 35.6◦ and 43.2◦ (Fig. 2b) were associated
with (2 2 0), (3 1 1) and (4 0 0) planes of maghemite, respectively.
This maghemite phase was retained even after the addition of
Al (Fig. 2c–e). Maghemite is considered to be more active than
hematite phase for WGS [10]. In addition, maghemite phase is in an
imperfect cubic spinel structure, which is similar to the WGS active
phase, Fe3O4 (magnetite) [1,2,10,24]. This imperfect structure of
maghemite allows better incorporation of active promoters than
hexagonal hematite phase. Consequently, active promoter incor-
porated in maghemite is less prone to sintering effects [10,25]. Also
Fig. 2a–c showed that the addition of promoters lead to broadening
of diffraction lines which could be correlated to a decrease in the
crystallite size.

The X-ray diffraction patterns of Fe–Al–Cu (Fe/Cu = 10) and
Fe–Al–Cu (Fe/Cu = 5) samples (Fig. 2c and d, respectively) showed
diffraction lines located at 2� values of 30.1◦, 35.6◦ and 43.2◦

which can be associated with (2 2 0), (3 1 1) and (4 0 0) planes of
maghemite. No other phases that could be related to the presence
of copper in the structure were detected in either of the samples.
Unlike these two catalysts, the sample with the highest amount of
copper loading (Fe/Cu = 2) consisted of peaks that could be associ-
ated with maghemite as well as a separate CuO phase, which was
identified through peaks located at 38.6◦ and 48.6◦. The develop-
ment of a separate CuO phase in the Fe–Al–Cu (Fe/Cu = 2) sample
but not in Fe–Al–Cu (Fe/Cu = 5) suggests that there is a certain
amount of copper atoms that could be incorporated into the iron
oxide matrix. We have previously observed the separation of cop-

Fig. 2. XRD patterns of Fe-based samples. (a) Fe-only, (b) Fe–Cu (Fe/Cu = 5), (c)
Fe–Al–Cu (Fe/Cu = 10), (d) Fe–Al–Cu (Fe/Cu = 5) and (e) Fe–Al–Cu (Fe/Cu = 2).
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Fig. 3. Transmission electron micrographs (TEM) of Fe–Al–Cu (Fe/Cu = 5).

per in the form of CuO domains on Fe–Al–Cu samples prepared
through the sol–gel route and suggested that there was a limit on
the amount of copper atoms that could be incorporated into the iron
oxide matrix [20]. We have further suggested that the amount of
copper that could be incorporated into the iron oxide matrix lied in
between Fe/Cu = 5 and 2, with the latter being an upper limit for Cu
incorporation. Fe–Al–Cu samples prepared through the propylene
oxide-assisted sol–gel route described in this study showed simi-
lar behavior, also suggesting that the maximum amount of copper
that could be incorporated in the iron oxide matrix is a function
of the charge structure of the system, rather than being depen-
dent on the catalyst preparation route. Cu is an active promoter
and modifies electronic properties of iron catalyst [5,19,20,26] as
long as it is incorporated in the iron oxide matrix. The optimum
amount of Cu in iron oxide matrix facilitates the formation of WGS
active maghemite phase and improves surface area of Fe-based
catalysts, as shown earlier. However, metallic Cu on the surface
is more prone to sintering at high operating temperatures [19,20]
which can result in poor WGS activity. The catalytic activity results
presented in Section 3.2.1 are in agreement with these findings.

The crystallite size in Fe–Al–Cu samples was calculated through
the Scherrer equation. The crystallite size of Fe–Al–Cu samples
increased with increasing copper loading (Table 2) indicating the
formation of larger, ordered crystals with the incorporation of
increasing amounts of copper into the structure. The formation
of crystals with longer range order was also evidenced with the
decrease in the specific surface area of the samples with increasing
copper loading. The crystallite size calculations were in line with
transmission electron microscopy (TEM) images, which show the
presence of uniform, nano-sized (∼12 nm) particles of Fe–Al–Cu
sample, as shown in Fig. 3. The lattice fringes for (4 0 0) plane of
maghemite with a d-spacing of 1.70 Å is visible in the TEM image
of Fe–Al–Cu (Fe/Al = 10, Fe/Cu = 5) catalyst.

The capillary XRD technique was used to study the reduced
Fe–Al–Cu samples in order to avoid oxidation of the catalyst surface

Table 2
Crystallite size of Fe–Al–Cu catalysts at various Cu loadings calculated from the XRD
patterns through Scherrer equation.

Catalyst Crystallite size (nm)*

Fe/Cu = 10 11
Fe/Cu = 5 12
Fe/Cu = 2 15

* Crystal size calculated using Scherrer equation.

during the sample transfer. The reduced samples were pretreated
in nitrogen and then reduced in syngas mixture (refer to Section
2.2). Fig. 4 shows XRD patterns of the reduced samples of Fe–Al–Cu
at different Cu loadings. Magnetite phase (resulting from reduction
of maghemite) was observed through peaks associated with (2 2 0),
(3 1 1), (4 0 0), (5 1 1) and (4 4 0) planes at Bragg angle (2�) values
of 30.1◦, 35.4◦, 43.3◦, 57.4◦, and 62.7◦, respectively, in Fe–Al–Cu
(Fe/Cu = 10) and Fe–Al–Cu (Fe/Cu = 5) samples. The XRD pattern of
Fe–Al–Cu (Fe/Cu = 2) sample, along with magnetite phase, also con-
tained intense peaks of metallic copper (Cu0) at 43.2◦ and 50.3◦

which correspond to diffraction from (1 1 1) and (2 0 0) planes.

3.2.3. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy was used to investigate the

chemical states of iron and copper over the pristine samples and
the changes that take place during catalyst activation via reduction
in syngas. Fig. 5 shows the Cu 2p envelopes of pristine and reduced
samples of Fe–Al–Cu catalysts with Fe/Cu ratios of 10, 5 and 2. In
order to prevent interaction of the reduced samples with ambient
air, the reduced samples were transferred air-free from the reac-
tor to the vacuum chamber of the XPS instrument under an inert
atmosphere.

The Cu 2p envelopes of the pristine samples resembled each
other regardless of the copper content of the catalyst. Fig. 5 also
shows the curve fitting for identification of photopeaks. In all of the

Fig. 4. XRD patterns of Fe–Al–Cu samples reduced in syngas mixture: (a) Fe/Cu = 10,
(b) Fe/Cu = 5 and (c) Fe/Cu = 2.
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Fig. 5. X-ray photoelectron spectra of Cu 2p region of pristine and reduced Fe–Al–Cu samples: (a) Fe/Cu = 10, (b) Fe/Cu = 5 and (c) Fe/Cu = 2.

samples, the Cu 2p3/2 component of Cu 2p envelope was located at
933.3 eV with shake-up satellite lines at 941.0 eV (�EB = 7.7 eV) and
943.1 eV (�EB = 9.8 eV). The spin orbit splitting (SOS) of Cu 2p3/2 and
Cu 2p1/2 was 19.8 eV, and the satellite peak for 2p1/2 was located at
961.7 eV (�EB = 8.6 eV). The appearance of shake-up satellite peaks
is common for paramagnetic species and the observed displace-
ment in these together with the position of the photoelectron lines
in the Cu 2p region suggests the presence of Cu2+ ions in CuO envi-
ronment as the major component [27,28].

Following reduction treatment, lower oxidation state copper
species were observed together with cupric oxide over all of the
samples. It is well known that reduction of copper oxide occurs dur-
ing irradiation with the X-ray beam in the XPS instrument [29,30]
and it is worthwhile to note that, we have observed the presence of
Cu2+ over pristine samples under similar experimental conditions
and irradiation periods in the XPS instrument as the sole copper
species. It is plausible that interaction of copper species with iron
oxide network leads to increased stability of the CuO species over
Fe–Al–Cu samples compared to pure cupric oxide. In line with the
above discussion, the presence of copper species with lower oxida-
tion states over the reduced samples is likely to be associated with
the preceding treatment steps rather than reduction during X-ray
irradiation.

Curve fitting of Cu 2p3/2 region of the reduced samples suggested
the presence of two components – located at 933.3 and 932 eV
– contributing to this photopeak in all of the reduced samples.
Over Fe–Al–Cu (Fe/Cu = 5) and Fe–Al–Cu (Fe/Cu = 10) catalysts, the
shake-up lines that were displaced by 7.8 and 9.8 eV with respect to
2p3/2 were also observed. The higher binding energy component
together with the shake-up lines was associated with Cu2+ ions
whose appearance have been attributed to stabilization through

interaction with iron oxide matrix. The location of the lower bind-
ing energy component is characteristic of copper species at lower
oxidation state, however differentiation of Cu1+ and Cu0 by the
photoelectron lines is not possible as the difference in the core
level binding energies of copper atoms in these environments is
well within experimental uncertainty. Over Fe–Al–Cu (Fe/Cu = 2)
the Cu 2p envelope was dominated by lower oxidation state cop-
per species (i.e. Cu1+ or Cu0) with little contribution from a higher
binding energy component. Although the binding energy differ-
ence between metallic copper and Cu1+ ions in Cu2O environment
is too low to allow spectral differentiation of these species, comple-
mentary evidence from the X-ray diffraction patterns presented in
Section 3.2.2 allows to associate this photopeak with the presence
of metallic copper on reduced Fe–Al–Cu (Fe/Cu = 2). The relative
contributions of CuO and the lower oxidation state component of
the Cu 2p envelope were calculated using the areas under the fit-
ted components. The relative contribution from Cu2+ to the Cu 2p
envelopes of reduced Fe–Al–Cu (Fe/Cu = 10), Fe–Al–Cu (Fe/Cu = 5)
and Fe–Al–Cu (Fe/Cu = 2) was 72%, 74% and 18%, respectively. The
presence of higher amount of lower oxidation state components
over Fe–Al–Cu (Fe/Cu = 2) in comparison to Fe–Al–Cu (Fe/Cu = 5)
and Fe–Al–Cu (Fe/Cu = 10), can be attributed to the copper species
which have not been incorporated into the iron oxide matrix over
this catalyst. Deprived of the stabilizing effect of iron oxide matrix,
this free CuO phase is more prone to reduction and sintering at
elevated temperatures and harsher reducing conditions.

Fig. 6 shows the X-ray photoelectron spectra in the Fe 2p region
of pristine and reduced Fe–Al–Cu samples with the three different
Fe/Cu ratios of 2, 5 and 10. The X-ray photoelectron spectra of the
pristine samples were similar and contributions of four different
photopeaks were resolved. The photopeak located at 711.1 eV is

Fig. 6. X-ray photoelectron spectra of Fe 2p region of pristine and reduced Fe–Al–Cu samples: (a) Fe/Cu = 10, (b) Fe/Cu = 5 and (c) Fe/Cu = 2.



Author's personal copy

68 P. Gawade et al. / Journal of Molecular Catalysis A: Chemical 321 (2010) 61–70

characteristic of core level Fe 2p3/2 photoelectrons of ferric oxide.
The 2p3/2–2p1/2 spin orbit splitting was 13.5 eV. The high degree
of multiplet splitting of the Fe 2p core line resulted in the broad
photopeaks observed in this region. Also observed were the satel-
lite lines which were displaced by 8 eV. These satellite peaks were
characteristic of Fe2O3. These satellite peaks are commonly used
as fingerprints for different oxides of iron as the intensity and the
position of the satellite peak is dependent on the environment of
the Fe3+ ions. However, Fe3+ satellites were not the only photoelec-
trons that have contributions in this region in the case of Fe–Al–Cu
samples. Since monochromatic Al K� radiation which resulted in
higher spectral resolution was used for obtaining well defined peak
shapes, this region had contribution from Cu LMM Auger elec-
trons at ca. 719 eV. The core level Fe 2p spectra of Fe3+ species in
�-Fe2O3 and �-Fe2O3 environments are almost identical to each
other. McIntyre and Zetaruk [31] used multiplet splitting patterns
of Fe 2p core levels for identification of different oxides of iron.
Through curve fitting of the Fe 2p3/2 peak these authors showed
that the splitting of the two most intense components of the enve-
lope was 1 eV for �-Fe2O3 which was 0.2 eV lower than �-Fe2O3.
In line with their findings, the curve fitting of the Fe 2p core level
spectra of the pristine Fe–Al–Cu samples using the same parame-
ters that these authors have used yielded a displacement of 1 eV
between the two most intense components (not shown). Although
more indirect than XRD, X-ray photoelectron spectroscopy pro-
vides complementary evidence for the presence of iron in the form
of �-Fe2O3 in the pristine samples. Following reduction treatment,
the Fe 2p envelopes of all of the samples were similar to each other;
the Fe 2p3/2 photopeak was located at 710.8 eV (SOS = 13.5 eV) with
a weakly resolved shoulder that was displaced by 2.5 eV towards
the lower binding energy side (Fig. 6). Another important feature
of the Fe 2p envelope of the reduced samples was the disappear-
ance of the shake-up lines, further indicated the transformation
of Fe2O3 to Fe3O4 during reduction treatment. The X-ray photo-
electron spectra suggested the presence of magnetite as the major
phase and that the adopted reduction procedure resulted in partial
reduction of iron as the presence of metallic iron (ca. 707 eV) was
not detected in any of the samples.

3.2.4. Temperature-programmed reduction
The effect of copper loading on the reduction characteris-

tics of Fe–Al–Cu samples was investigated with temperature-

Fig. 7. Temperature-programmed reduction profiles of Fe–Al–Cu catalysts.

programmed reduction (TPR) in 80–880 ◦C region. Fig. 7 shows the
H2 consumption traces from these experiments. All of the sam-
ples exhibited a well-resolved consumption feature in 170–400 ◦C
region and another broad consumption band that corresponded
to higher temperatures. The low-temperature H2 consumption
band, which can be associated with reduction of maghemite
to magnetite, corresponded to the same temperature range for
Fe–Al–Cu (Fe/Cu = 10) and Fe–Al–Cu (Fe/Cu = 5) (Tmax = 270 and
261 ◦C, respectively), whereas the peak shifted to higher tem-
peratures (Tmax = 296 ◦C) over Fe–Al–Cu (Fe/Cu = 2) sample. The
shoulder peak at 230 ◦C in H2 consumption trace of Fe–Al–Cu
(Fe/Cu = 2) was assigned to reduction of CuO to metallic Cu, pres-
ence of which has been confirmed through XRD pattern of the
reduced sample. The reduction peaks above 600 ◦C (in all sam-
ples) were assigned to over-reduction of active magnetite to
WGS-inactive sub-oxides or to metallic Fe. These results were in
agreement with those reported earlier [3] where aluminum and
copper were suggested to facilitate magnetite formation, but did
not affect reduction to metallic iron. The TPR studies indicated that
optimum Cu content (Fe/Cu = 5) eased the reduction characteristic
of iron oxide matrix (here, maghemite) to form active magnetite

Fig. 8. DRIFTS study of CO interaction with Fe–Al–Cu (Fe/Cu = 5).
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phase, whereas excess Cu content retarded the formation of the
active phase during reduction. The segregation of a separate CuO
phase was also demonstrated in these experiments.

3.2.5. In situ DRIFTS studies using CO
The interaction of CO with Fe–Al–Cu catalysts was investi-

gated using in situ DRIFTS. Fig. 8 shows the DRIFTS spectra of
CO adsorbed on the reduced Fe–Al–Cu sample in the tempera-
ture range of 30–400 ◦C. Bands in the range of 1000–1700 cm−1

correspond to OCO symmetric as well as asymmetric stretching
vibrations. However, carbonate and formate both contain OCO
stretching and therefore it is difficult to distinguish between them.
One possible way to is look for bands in the region 2800–3000 cm−1

for C–H stretching [32] as formate species contain both OCO and
C–H stretching. Fe–Al–Cu sample showed C–H stretching vibrations
at 2845 and 2950 cm−1, both could be due to bidentate formate
or bidentate and bridging type formate species [33]. These C–H
stretching features increased in intensity with increasing adsorp-
tion temperature. The bands at 2110 and 2173 cm−1 assigned to
weakly adsorbed CO and gas phase CO, respectively. The doublet of
weakly adsorbed CO2 was observed at 2327 and 2360 cm−1 [23].

The bands in between 3500–3800 cm−1 were characteristic of
OH groups associated with the catalyst. The bands at 3643 and
3685 cm−1 were assigned to Type II bridging OH group (gem-
inal) [33,34] on the “reduced” Fe–Al–Cu catalyst. Jacobs et al.
[33] reported that these Type II OH groups reacted with CO to
form formate species for Pt/CeO2 catalytic system. For Fe–Al–Cu,
we observed that Type II OH groups diminished as temperature
increased under the flow of CO while formate bands increased in
intensity. Peaks at 3611 and 674 cm−1 were the characteristic of
hydroxyl vibrations associated with Cu [35]. The band at 3713 cm−1

was assigned to Type I OH group (terminal) [33]. The OH stretch-
ing of adsorbed water was observed at 3400 cm−1 [36] at lower
temperatures, which disappeared above 100 ◦C.

While the presence of formate species may suggest an involve-
ment as an intermediate in the reaction mechanism, it is also
possible that they may be acting merely as spectators [37,38],
and that the redox pathway is more likely to be the mecha-
nism in operation in WGS reactions over these catalysts [19,23].
Temperature-programmed re-oxidation studies discussed in the
next section also support this hypothesis. The catalyst re-oxidation
studies suggest that a redox pathway may be the operative mech-
anism over these catalysts

3.2.6. Temperature-programmed re-oxidation
Re-oxidation of the catalyst surface constitutes an important

step in water-gas shift reaction. Usually, surface oxygen vacan-
cies are created through the oxidation of adsorbed CO and these
vacancies act as sites for water adsorption to replenish surface
oxygen [23,39,40]. Temperature-programmed re-oxidation exper-

iments were performed following reduction of Fe–Al–Cu samples
to study the re-oxidation kinetics of the catalysts and to determine
the apparent activation energies of re-oxidation of the Fe–Al–Cu
samples with Fe/Cu ratios of 2, 5 and 10.

The samples were reduced in 5%H2/He at 300 ◦C and then, re-
oxidized in 5%O2/He while being heated at 10, 14 or 18 ◦C/min
to 450 ◦C. The reduction temperature for these experiments was
chosen in light of the TPR results discussed in Section 3.2.4, to
enable reduction of �-Fe2O3 to Fe3O4, but to prevent magnetite
from being over-reduced. Fig. 9 shows oxidant consumption pro-
files during the temperature-programmed re-oxidation of reduced
Fe–Al–Cu catalysts. At a heating rate of 10 ◦C/min, maximum oxi-
dant consumption temperature corresponded to 201, 169 and
180 ◦C for Fe–Al–Cu (Fe/Cu = 2), Fe–Al–Cu (Fe/Cu = 5) and Fe–Al–Cu
(Fe/Cu = 10), respectively. For Fe–Al–Cu (Fe/Cu = 2), the maximum
oxidant consumption temperature shifted from 201 to 211 ◦C as the
heating rate was increased from 10 to 18 ◦C/min (Fig. 9a). A shoul-
der in oxygen consumption profile was also resolved at 135 ◦C. In
line with the H2-TPR results, this O2 consumption feature could be
associated with oxidation of metallic copper species on the sur-
face which have not been incorporated to the iron oxide matrix.
Over Fe–Al–Cu (Fe/Cu = 5) and Fe–Al–Cu (Fe/Cu = 10), the tempera-
ture for maximum oxidant consumption shifted from 168 to 200 ◦C
and from 180 to 188 ◦C, respectively. The oxidant consumption
traces were composed of a single component, therefore no evidence
for the formation of metallic copper domains through diffusion of
copper species from the iron oxide matrix to the surface during
reduction was present over these samples.

In a plot of oxidant consumption as a function of tempera-
ture, the deflection point gives the temperature (Tm) at which the
oxidant consumption rate is a maximum. The temperature of max-
imum oxidant consumption rate shifted to higher temperatures
as the heating rate (˚) was increased and a plot of 1/Tm versus
ln(˚/T2

m) was used to determine the activation energy for the re-
oxidation process. In line with the above discussion on the selection
of the reduction temperature, the apparent activation energies for
re-oxidation calculated through Arrhenius plots were linked to re-
oxidation of Fe3O4. The inset to Fig. 9a shows the plot of 1/Tm

versus ln(˚/T2
m) which gives a straight line with a slope of −12.48

that corresponded to activation energy of 103.76 kJ/mol for re-
oxidation of Fe–Al–Cu (Fe/Cu = 2). Similarly, the activation energies
for re-oxidation were calculated as 25 and 115 kJ/mol for Fe–Al–Cu
(Fe/Cu = 5) and Fe–Al–Cu (Fe/Cu = 10), respectively. Based on the
activation energies, the re-oxidation of Fe–Al–Cu (Fe/Cu = 2) and
Fe–Al–Cu (Fe/Cu = 10) is expected to take place at a much slower
rate than Fe–Al–Cu (Fe/Cu = 5).

Iron oxide-chromium catalysts have been shown to have appar-
ent WGS activation energies in the order of 110–130 kJ/mol
[5,41,42]. Hutchings and co-workers [5,21] further showed that
incorporation of copper into the Fe–Cr system reduced the appar-

Fig. 9. Temperature-programmed re-oxidation of reduced Fe–Al–Cu samples at different ramp rates: (a) Fe/Cu = 10, (b) Fe/Cu = 5 and (c) Fe/Cu = 2. Insets show determination
of activation energies of re-oxidation using the Kissinger method.
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ent activation energy for WGS reaction and reported activation
energies in the order of 80 kJ/mol for this system. The apparent
activation energies of re-oxidation of Fe–Al–Cu samples showed
that while the re-oxidation of Fe–Al–Cu (Fe/Cu = 2) and Fe–Al–Cu
(Fe/Cu = 10) samples proceed at a rate comparable to (if not slower
than) the reduction of the surface during oxidation of adsorbed
CO with surface oxygen, the re-oxidation of Fe–Al–Cu (Fe/Cu = 5)
proceeded at a much faster rate than the reduction. Therefore,
WGS reaction over the Fe–Al–Cu (Fe/Cu = 5) sample would solely
be controlled by reduction kinetics of the surface whereas for
the Fe–Al–Cu (Fe/Cu = 2) and Fe–Al–Cu (Fe/Cu = 10) availability of
surface oxygen for CO oxidation would be a rate determining fac-
tor. These results are consistent with the reaction experiments
which showed a much more pronounced improvement over the
Fe–Al–Cu (Fe/Cu = 2) and Fe–Al–Cu (Fe/Cu = 10) when steam-to-CO
ratio was doubled. The catalysts which had the higher activation
energy barriers for re-oxidation benefited more from the increased
water concentration than the catalyst which had a lower activation
energy for re-oxidation with water. Although the presence of for-
mate species have been observed in the DRIFT spectra which does
not allow us to rule out the formate mechanism during WGS reac-
tion, the catalyst re-oxidation studies suggest that a redox pathway
may be the operative mechanism over these catalysts.

4. Conclusions

Gelation agent-assisted one-pot sol–gel technique was used
for preparation of Fe-based WGS catalysts. Propylene oxide and
citric acid were investigated as the gelation agents. Propylene
oxide emerged as a more suitable gelation agent than citric acid.
The effect of Cu-loading study showed that Fe–Al–Cu (Fe/Cu = 5)
was the optimum Cu loading and the excess amount of copper
in Fe–Al–Cu (Fe/Cu = 2) caused significant decrease in the WGS
activity. With increasing copper content, segregation of a copper-
containing phase, which is more prone to reduction under reaction
conditions, was observed through XRD and TPR.

The apparent activation energies of re-oxidation of Fe–Al–Cu
(Fe/Cu = 10) and Fe–Al–Cu (Fe/Cu = 2) were found to be much higher
than Fe–Al–Cu (Fe/Cu = 5). The apparent activation energies of re-
oxidation of the Fe–Al–Cu catalysts suggested that WGS reaction
over Fe–Al–Cu (Fe/Cu = 5) was controlled by the rate of reduction
of the surface through oxygen removal by CO, whereas for Fe–Al–Cu
(Fe/Cu = 10) and Fe–Al–Cu (Fe/Cu = 2) reduction and re-oxidation of
the surface would proceed at comparable rates. Increasing water
concentration in the feed showed a more pronounced improve-
ment in CO conversion over the catalysts with high activation
energy barriers for re-oxidation.
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The effect of support morphology and impregnation medium on the activity of Cu/CeO2 catalysts in the
water gas shift reaction was investigated. Steady-state reaction experiments showed that the catalysts supported
over CeO2 nanoparticles achieved significantly higher CO conversions than catalysts supported over nanorods,
which achieved only marginally higher conversions than the bare support. The catalysts were characterized
by transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, N2O chemisorption,
and H2-temperature-programmed reduction. Characterization of the catalysts showed that copper dispersion
and catalytic activity were strongly correlated. Copper was observed to be better dispersed over CeO2

nanoparticles, whereas larger, crystalline CuO domains with properties closer to that of bulk CuO were identified
over CeO2 nanorods. The finely dispersed copper species constitute the active sites for the WGS reaction
over Cu/CeO2 catalysts.

1. Introduction

As the efforts for using hydrogen as an energy carrier gain
momentum, the water-gas shift (WGS) reaction still continues
to receive increased research attention as it is an essential step
for hydrogen production/purification from syngas mixtures. The
syngas mixture to be fed to the WGS reactor unit can be derived
from nonrenewable sources, such as coal gasification or steam
reforming of natural gas, as well as renewable sources, such as
biomass-derived hydrocarbons. Therefore, while being essential
for hydrogen production/purification from renewable energy
sources, the WGS unit also lends itself well with the transitional
economy where fossil fuels are used as the primary sources of
hydrogen. The syngas is typically a mixture of CO, CO2, CH4,
H2, and H2O and may also contain trace quantities of hydrogen
sulfide (H2S) and carbonyl sulfide (COS). The current WGS
processes are operated in a two-stage mode, namely, high-
temperature shift (HT-WGS) and low-temperature shift (LT-
WGS) stages. HT-WGS is operated in the temperature range
of 320-450 °C over commercial Fe-Cr catalyst, whereas LT-
WGSisoperatedintherangeof200-250°CoverCu/ZnO/Al2O3.1,2

However, both commercial catalysts suffer from several opera-
tional drawbacks, such as high steam requirement and sintering
of the LT-WGS catalyst at higher temperatures. In addition,
Cr6+ is a well-established carcinogen.

Ceria is extensively studied as a support as well as a catalyst
for many of the technologically important reactions in hetero-
geneous catalysis, such as water gas shift,3-11 oxygen-assisted
water gas shift (OWGS),12-14 preferential oxidation,15-19 NO
reduction,20 methane oxidation,21 and selective hydrogen com-
bustion.22 When used as a support, ceria can significantly
influence the redox cycle due to its ability to easily interchange
between Ce3+ and Ce4+ as well as high oxygen storage capacity
(OSC) and reducibility.5

Recently, ceria with a number of different nanomorphologies
has been investigated for structure-sensitive reactions, which

can be catalyzed by a particular active site located at a specific
crystal plane or edge. Ceria morphology can significantly
influence its redox properties, and the crystal plane orientation
can affect oxygen storage capacity (OSC).23 Mai et al.23 showed
that, due to the presence of more exposed [100]/[110] crystal
planes, nanorods and nanocubes were more active for CO
oxidation than [111] plane-dominated ceria nanoparticles. In
their findings, oxygen storage takes place at the surface as well
as bulk over nanorods and nanocubes, whereas oxygen storage
was limited to bulk in nanoparticles. Tana et al.24 further
supported this work by reporting similar results for CO oxidation
over CeO2 nanocrystals. Yi et al.25 extended the morphology
effect of CeO2 to preferential oxidation (PROX) of CO in a
hydrogen-rich stream. In their findings, Au/CeO2 nanorods with
[100]/[110]-dominant crystal planes had better PROX perfor-
mance than Au/CeO2 nanocubes and nanoparticles. Si and
Flytzani-Stephanopoulos26 have reported the effect of ceria
morphology on the WGS activity of Au/CeO2 catalysts. These
authors observed that gold catalysts supported over CeO2

nanorods were more active and associated the effect with
increased exposure of [110] and [100] crystal planes over CeO2

nanorods that are capable of stabilizing gold.
Non-precious metal catalysts supported over CeO2 are one

of thewidelystudiedcatalyst systemsfor theWGSreaction3,4,13,27,28

along with noble/precious metals supported on CeO2.11,29,30 The
close interaction between Cu and CeO2 is known to assist
catalyst reducibility3 as well as structural/thermal stability.27 The
formation of Cu0/Cu1+ over CeO2 is known to provide active
sites for the WGS,6 whereas CeO2 plays a direct or indirect
role in the overall catalytic process.29,30 Furthermore, the
nanocrystallite CeO2 can increase the specific surface area of
Cu/CeO2 and improves the CuO dispersion (cited in ref 4) as
compared with the conventional CeO2 support. da Silva and
Assaf28 reported that 5%Cu-CeO2 prepared using a hydrother-
mal and urea gelation coprecipitation technique had good WGS
activity due to better dispersion of Cu and higher surface area.
Two reaction mechanisms, namely, formate and redox, have
been proposed10,29,31 and widely debated for the water gas shift
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reaction over Cu/CeO2 catalysts. The formate mechanism pro-
ceeds with the formation of an active formate intermediate
through the reaction of adsorbed carbon monoxide with a
hydroxyl group on the surface (CO + OH ) COOH), whereas
the redox mechanism proceeds with CO interaction with surface
oxygen, forming CO2 and leaving a vacant oxygen site that is,
then, replenished by oxygen from water dissociation.

In the present paper, we report the effect of the ceria nano-
structure on the WGS activity of Cu catalysts. Two different
nanostructures of ceria, nanoparticles (NP) and nanorods (NR),
were prepared using a precipitation-hydrothermal method. A
wet impregnation method was used to incorporate copper over
ceria using ethanol or tetrahydrofuran as the impregnation
medium. To the best of our knowledge, the effect of CeO2

morphology on the WGS reaction over the Cu/CeO2 catalytic
system has not been previously reported.

2. Experimental Section

2.1. Catalyst Preparation. Both of the CeO2 supports
(nanoparticles and nanorods) were prepared via precipitation
from an aqueous solution of 0.4 M cerium(III) nitrate hexahy-
drate (99.999% trace metals basis, Sigma-Aldrich), by an
aqueous solution of sodium hydroxide (2.7 M) at room
temperature under constant stirring. For the preparation of ceria
nanoparticles (NPs), the precipitates were collected by filtration
and washed with deionized water until the pH of the filtrate
was 7. The particles were, then, dried at 110 °C overnight in a
convection oven, followed by calcination at 400 °C for 3 h in
air at 10 °C/min. For the preparation of nanorods (NRs), the
precursor solution and precipitates were transferred to a Pyrex
bottle, sealed, and kept at 110 °C for 24 h. The precipitates were
then filtered, washed, dried, and calcined following the above-
mentioned procedure for the preparation of the nanoparticles.

The Cu/CeO2 catalysts were prepared through impregnation
of the nanostructured CeO2 supports with copper via a conven-
tional wet-impregnation method. Two different organic solvents,
namely, ethanol (E) and tetrahydrofuran (T), were used as the
impregnation media. For impregnation, 1.9 g of ceria support
was added to a 40 mL solution of 0.04 M copper(II) nitrate
trihydrate (98%, Fluka) in ethanol or tetrahydrofuran and kept
overnight at room temperature while stirring continuously. The
catalysts were dried at 100 °C overnight in a convection oven
and calcined at 400 °C for 3 h at 10 °C/min under a flow of air.

The specific surface areas of the catalysts were measured
using a N2 physisorption technique on a Micromeritics ASAP
2020 accelerated surface area and porosimetry instrument.
Before measurement, samples were degassed for 12 h at 130
°C under a vacuum better than 3 µm Hg. The surface areas of
the samples were determined using the Brunauer-Emmett-Teller
(BET) method and presented in Table 1.

2.2. Catalyst Characterization. The X-ray diffraction pat-
terns of the Cu/CeO2 catalysts as well as the CeO2 supports
were collected in the 20-60° diffraction angle range on a
Rigaku X-ray diffractometer using Cu KR radiation (λ ) 1.5418

Å) through a tube operated at 40 kV and 25 mA. The
transformation of crystal phases during reduction of the catalysts
was monitored by in-situ XRD. A Bruker D8 Advance X-ray
diffractometer using monochromatic Cu KR radiation (λ )
1.5418 Å) through a tube operated at 40 kV and 50 mA and
equipped with an Anton Paar HTK1200 oven was used for
collection of the X-ray diffraction patterns during in situ
reduction of Cu/CeO2 samples. The samples were heated from
room temperature to 450 °C under a flow of 5% H2/N2 (15 ccm),
and diffraction patterns were collected at 30, 100, 200, 300,
400, and 450 °C. Following the collection of the XRD pattern
at one temperature, the samples were heated under a 5% H2/N2

flow at a rate of 12 °C/min to the next set point where they
were kept isothermally under the same flow for 30 min prior to
collection of the XRD pattern. The identification of the
crystalline phases through the collected diffraction patterns was
done by using the International Center for Diffraction Data
(ICDD) database.

Transmission electron microscopy (TEM) images were col-
lected in bright-field mode on a Phillips Tecnai F20 instrument
with FEG operated at a voltage of 200 kV. The samples were
dispersed in ethanol and sonicated for 20 min before being
deposited onto a 200-mesh copper grid coated with lacey carbon/
Formvar.

The chemical states of cerium and copper in the Cu/CeO2

catalysts were investigated on a Kratos AXIS Ultra X-ray
photoelectron spectrometer, using a monochromatized Al KR
(1486.7 eV) X-ray source operated at 13 kV and 10 mA. For
each sample, a survey scan was collected from 1400 to 0 eV.
Next, concurrent sweeps of Cu 2p, Ce 3d, and O 1s regions
were collected at an electron pass energy of 20 eV. Analysis of
the collected data was performed on XPS Peak 4.1.

The temperature-programmed reduction profiles (H2-TPR) of
CeO2 supports and Cu/CeO2 catalysts were collected on an
online mass spectrometer (Cirrus II, MKS Instruments, 1-300
amu) operated in selective ion detection mode. A 0.1 g portion
of the catalyst sample was packed inside a 1/4” OD U-tube
reactor made of quartz using quartz wool plugs. The catalyst
was pretreated in He at 350 °C for 30 min, followed by cooling
at room temperature in He. The 5% H2/He (35 ccm) was then
introduced to the reactor at room temperature, and the mass
signals were allowed to stabilize for at least 30 min before
ramping the temperature at 10 °C/min to 550 °C.

The N2O chemisorption technique outlined earlier by Jensen
et al.32 was used to determine the dispersion of Cu over CeO2

supports by oxidation of surface Cu atoms to Cu2O. For each
run, 150 mg of sample was packed in a fixed bed quartz reactor
with a quartz frit bed that is placed inside a fast response furnace
(Carbolite, MTF 10/15/130) and pretreated with 5% H2/He (30
ccm) at 250 °C for 2 h. The reactor was then flushed with He
at the same temperature and cooled under the same atmosphere.
N2O chemisorption was carried out by introduction of a 4%
N2O/He containing stream to the reactor at 40 °C. The effluents
in the m/z ) 12 to m/z ) 46 range were monitored via an online
mass spectrometer (MKS - Cirrus II), and throughout the
experiments, N2O and N2 were the only species detected in the
reactor effluent. The mass spectrometer was calibrated for
instrumental sensitivity factors and the contribution of the m/z
) 28 fragment of N2O to the m/z ) 28 trace. For the quantitative
determination of N2 evolving from the surface, a known amount
of N2, which approximately matches the amount of N2 obtained
during N2O chemisorption runs, was injected under the same
flow conditions using an external sampling loop and a six-port
valve using the same experimental setup with a blank reactor.

TABLE 1: Specific Surface Areas of CeO2-Based Samples
Calculated Using the BET Method

sample surface area (m2/g)

CeO2-NP 123
CeO2-NR 115
Cu/CeO2-NP(E) 112
Cu/CeO2-NP(T) 94
Cu/CeO2-NR(E) 106
Cu/CeO2-NR(T) 103
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The number of moles of oxygen consumed is calculated through
N2 evolution and gives the total amount of oxygen consumed
via the surface reaction and oxygen uptake through Fickian
diffusion of oxygen atoms from the surface to the bulk. A plot
of Cu conversion versus the square root of time gives a straight
line once the surface is covered and can be used for diffusion
correction.32

In-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) experiments were performed during the
WGS reaction on Cu/CeO2-NP(E) and Cu/CeO2-NR(E) catalysts
to study the effect of support morphology on the formation of
adsorption products and reaction intermediates. The FT-IR
spectrometer (Thermo Nicolet 6700) was equipped with an MCT
detector and a DRIFTS chamber with ZnSe windows. The
DRIFT spectra were collected in the mid-IR range at a nominal
resolution of 4 cm-1, and the presented spectra were averaged
over 500 scans. The catalyst was pretreated in He (30 sccm)
for 30 min at 350 °C, then reduced in 5% H2/He (30 sccm) at
the same temperature for 1 h. Afterwards, the reaction chamber
was purged with He (30 sccm) at 400 °C for 30 min. The
background spectra were collected in He at regular temperature
intervals while cooling down. The sample spectra were acquired
under a stream of 1% CO and 1% H2O at temperature intervals
of 50 °C up to 400 °C.

2.3. Water Gas Shift Activity Testing. The steady-state
reaction experiments were conducted in a fixed-bed flow reactor
system using a 1/4” OD stainless steel reactor with a stainless
steel frit. The reactor was placed inside a resistively heated
furnace, and the reactor temperature was controlled by an Omega
CSC232 PID temperature controller. Water vapor was supplied
to the reactor system by bubbling nitrogen through a heated
bubbler containing deionized water. Gas lines in contact with a
water-vapor-containing stream were heated in order to avoid
water condensation in the lines. A 100 mg portion of the catalyst
sample was packed inside the reactor for each run, pretreated
in situ in N2 (67.5 sccm) for 30 min at 350 °C and then reduced
in a syngas mixture with a composition of 10% CO, 10% H2O,
7.5% H2, and 5% CO2 in N2 for 2 h at 350 °C.

Reaction studies were performed in the 250-400 °C range
at a WHSV (weight hourly space velocity) of 0.06 m3 (g cat)-1

h-1. The feed syngas mixture was constituted of 10% CO, 10%
H2O, 7.5% H2, 5% CO2, and the balance N2. The experiments
were run in the kinetically controlled regime by maintaining
the reaction conditions away from equilibrium during all of the
activity testing experiments. The effluents from the reactor were
monitored by an online gas chromatograph (Shimadzu, GC-
14A series) equipped with a molecular sieve 13× (5 ft × 1/8 in.
SS, 60/80 mesh) and porapak Q (12 ft × 1/8 in. SS, 80/100
mesh) columns and a thermal conductivity detector (TCD).

3. Results and Discussion

3.1. Water Gas Shift Activity Comparison. Figure 1a
shows CO conversions as a function of temperature during the
water gas shift reaction over Cu-based catalysts supported on
CeO2 nanoparticles. Copper was impregnated over the CeO2

support via a wet-impregnation route using either ethanol (E)
or tetrahydrofuran (T) as the impregnation medium. The bare
CeO2-NP support was also tested under the same conditions
for WGS activity and was observed to show no activity for the
WGS. The best-performing Cu/CeO2 catalyst achieved CO
conversions that are comparable to our previously reported
Fe-Al-Cu catalyst,33 reaching 36% and 49% at 400 °C for
tetrahydrofuran- and ethanol-impregnated samples, respectively.
Furthermore, the CO conversions observed over Cu/CeO2-NP(E)

were, on average, 40% higher than those achieved over the
commercial Fe-Cr-Cu catalyst tested under the same condi-
tions in the 300-400 °C range.34,35

The WGS activity (% CO conversion) achieved over CeO2-
NR-based samples was observed to be significantly lower than
that of the CeO2-NP-supported catalysts (Figure 1b). The bare
CeO2 nanorod support showed no activity. Below 350 °C,
copper impregnation onto CeO2 nanorods had no practical effect
on the WGS activity, and above that temperature, the catalysts
were able to achieve only marginally higher activity than the
bare support. A maximum CO conversion of 15% was achieved
over the nanorod-supported samples at 400 °C, regardless of
the impregnation medium. The rates of reaction were calculated
at 400 °C. In line with the above results, the NP-based samples
showed the highest rates of reaction (0.29 µmol m-2 s-1 for
Cu/CeO2-NP(T) and 0.33 µmol m-2 s-1 for Cu/CeO2-NP(E)),
whereas the rates of reaction over Cu/CeO2-NR(T) and Cu/
CeO2-NR(E) were calculated to be 0.10 and 0.11 µmol m-2

s-1, respectively.
The best-performing catalyst, Cu/CeO2-NP(E), was further

tested for stability with time-on-stream. Figure 1c shows the
CO conversion attained over this catalyst as a function of time-
on-stream at 400 °C under the same feed conditions used in
catalyst screening studies. The CO conversion over this catalyst
was stable at 46% over a period of 55 h.

As it will be discussed in the following sections, the support
morphology has a significant effect on the size of copper clusters

Figure 1. Activity of (a) CeO2-NP- and (b) CeO2-NR-based WGS
catalysts: (b) CeO2, (9) Cu/CeO2(E), and (2) Cu/CeO2(T). (c) Time-
on-stream activity of Cu/CeO2-NP(E) at 400 °C. Reaction conditions:
[CO] ) 10%, [H2O] ) 10%, [CO2] ) 5%, [H2] ) 7.5%, and the balance
N2; WHSV ) 0.06 m3 (g cat)-1 h-1; P ) 1 atm.
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on the surface, their redox behavior, and resistance to sintering
under reducing conditions that accounts for the significant
difference in the WGS activity of Cu/CeO2 catalysts. The
impregnation medium was also observed to have an effect on
the copper segregation over these catalysts that could be
correlated with the activity differences.

3.2. Characterization.
3.2.1. Transmission Electron Microscopy. Figure 2 shows

the TEM images of the cerium oxide nanoparticles and nanorods
used as the supports. The CeO2-NR is composed of nanorods
with diameters of 5 nm. Figure 2b shows a high-resolution TEM
image of a representative CeO2 nanorod with the lattice fringes
for the [200] plane of CeO2 with an interplanar spacing of 2.7
Å. The CeO2-NP is composed of nanoparticles with diameters
of approximately 8 nm (Figure 2c). Figure 2d shows a
representative CeO2 nanoparticle with [111] plane orientation
with an interplanar spacing of 3.1 Å. Copper impregnation and
subsequent heat treatments did not result in any change in the
morphology of any of the supports that was observable through
TEM (not shown).

3.2.2. X-ray Photoelectron Spectroscopy. X-ray photoelec-
tron spectroscopy was utilized to investigate the chemical states
of cerium and copper. Figure 3, spectra a and b, shows the Ce
3d core-level spectra of the CeO2 nanoparticles and nanorods,
respectively. The fairly complex structure of the core-level Ce
3d spectra is due to the presence of both Ce4+ and Ce3+ derived
modes, showing deviations from the ideal stoichiometry. The
structures labeled as v (882.6 eV), v′′(889.1 eV), and v′′′ (897.1
eV) and the corresponding u modes, u (901.2 eV), u′′ (907.7
eV), and u′′′ (915.1 eV), are characteristic of CeO2, whereas v0

(880.8 eV)and v′ (886.9 eV) and the corresponding u modes,
u0 (899.3 eV) and u′ (905.8 eV) are associated with Ce2O3.36-38

No changes were observed in the core-level Ce 3d spectra
following the impregnation of copper onto the CeO2 supports
(Figure 3, spectra c-f). Table 2 shows the relative contributions
of Ce3+ and Ce4+ that were calculated through peak fitting (not
shown) and using the areas under the fitted components. The
Ce3+-to-Ce4+ ratio was observed to be independent of the

particle morphology and was fairly constant over the copper-
impregnated samples.

The core-level Cu 2p spectra of the Cu/CeO2 catalysts are
shown in Figure 4. For the CeO2 nanoparticle-supported
catalysts, curve fitting in the Cu 2p3/2 region showed the presence
of four components located at 932.3, 933.2, 941.0, and 943.1

Figure 2. TEM images of (a) CeO2-NR, (b) CeO2-NR at higher
magnification, (c) CeO2-NP, and (d) CeO2-NP at higher magnification.

Figure 3. X-ray photoelectron spectra in the Ce 3d region of (a) CeO2-
NP, (b) CeO2-NR, (c) Cu/CeO2-NP(E), (d) Cu/CeO2-NP(T), (e) Cu/
CeO2-NR(E), and (f) Cu/CeO2-NR(T).

TABLE 2: XPS Analysis of the Catalysts

Ce3+ Ce4+ Cu2+ Cu1+ (or Cu0)

CeO2-NP 49% 51%
CeO2-NR 48% 52%
Cu/CeO2-NP(E) 47% 53% 42% 58%
Cu/CeO2-NP(T) 49% 51% 55% 45%
Cu/CeO2-NR(E) 46% 54% 100%
Cu/CeO2-NR(T) 44% 56% 100%

Figure 4. X-ray photoelectron spectra in the Cu 2p region of (a) Cu/
CeO2-NP(E), (b) Cu/CeO2-NP(T), (c) Cu/CeO2-NR(E), and (d) Cu/
CeO2-NR(T).
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eV. The lowest binding energy component can be assigned to
Cu1+ or Cu0 species; however, exact spectral identification of
this species through the photoelectron lines is not possible as
the difference in the core-level binding energies of copper atoms
in Cu2O and metallic copper environments is well within
experimental uncertainty. The 2p3/2-2p1/2 spin-orbit-splitting
(SOS) for this mode was 19.8 eV. The higher binding energy
components, with 933.2 eV being the main photopeak and 941.0
and 943.1 eV being the shakeup satellite lines, are characteristic
of Cu2+ ions in a CuO environment.39,40 The Cu 2p1/2 component
for this species was located at 953.0 eV (SOS ) 19.8 eV) with
a satellite peak resolved at 961.7 eV (∆EB ) 8.7 eV). Over the
CeO2 nanorod-supported catalysts, the Cu 2p3/2 region was
composed of three components located at 933.2, 941.0, and
943.1 eV, which are all, in line with the above discussion,
assigned to Cu2+ species with no contribution from lower
oxidation state copper species.

The relative contributions of the two copper species to the
Cu envelope was calculated from the areas under the fitted
components and presented in Table 2. Reduction of copper oxide
under the X-ray beam in the high-vacuum environment of the
XPS instrument is a well-known phenomenon.41,42 It is plausible
that reduction of CuO taking place under the X-ray beam
resulted in the appearance of the lower oxidation state copper
species over the CeO2 nanoparticle-supported samples. As will
be discussed below, the relative contribution of the reduced
copper phase over these samples is well correlated with the
dispersion of copper over the samples and the WGS activity.
The nanoparticle-supported catalysts were composed of well-
dispersed copper domains, which tend to get reduced more easily
than larger particles, whereas larger copper crystallites were
present over the nanorod-supported sample. A control experi-
ment was carried out by collecting the X-ray photoelectron
spectra over bulk CuO using the same experimental parameters
as the Cu/CeO2 catalysts, and formation of the reduced copper
phase was not observed over this sample (not shown). The
absence of a reduced copper component over bulk CuO further
supports the conclusion that the presence of a reduced copper
phase over the nanoparticle-supported catalysts was due to the
reduction of small clusters of copper in the high-vacuum
environment of the XPS instrument.

3.2.3. X-ray Diffraction. Figure 5, patterns a and b, shows

the X-ray diffraction patterns of the CeO2-NP and CeO2-NR
supports collected under ambient conditions. Both of the patterns
show diffraction lines at 2Θ values of 28.8, 32.9, 47.4, 55.9,
and 58.6° that could be associated with [111], [200], [220],
[311], and [222] planes of CeO2 in a face-centered cubic
cerianite structure (ICDD No. 34-394), respectively. A com-
parison of the relative intensities of the diffraction peaks shows
that the relative intensity of the [111] (at 2Θ ) 28.8°) peak is
larger in the XRD pattern of nanorods as compared with that
of nanoparticles. The ratio of the intensities of peaks associated
with [111] (at 2Θ ) 28.8°) and [220] (at 2Θ ) 47.4°) calculated
from the XRD patterns of CeO2-NP and CeO2-NR showed that
the [111] plane exposure in the nanorods is 1.5 times higher
than that in nanoparticles. This observation is in agreement with
the literature,23,26 where different ceria nanostructures have been
reported to have different crystal plane exposures: [111] and
[100] are the exposed crystal planes for nanopolyhedra, whereas
nanorods have [110] and [100] plane exposures. The crystallite
sizes of the CeO2 samples were calculated from the broadening
of the [111] diffraction peak of CeO2 (at 28.8°) using Scherrer’s
method. The crystallite sizes of CeO2-NP and CeO2-NR were
calculated as 8 and 6 nm, respectively, which are in line with
TEM results.

Figure 5, patterns c and d, shows the X-ray diffraction patterns
of Cu/CeO2-NR catalysts impregnated in ethanol or THF media,
respectively. The cerianite phase was preserved after impregna-
tion of copper onto the support material and following heat
treatment. In addition to the cerianite phase, both of the dif-
fraction patterns showed the formation of copper oxide domains
that are observed through diffraction lines at 2Θ values of 35.9°
and 38.7°. These diffraction peaks can be associated with [111j]
and [111] planes of CuO in a monoclinic tenorite structure
(ICDD No. 48-1548). Similarly, Figure 5, patterns e and f, shows
the diffraction patterns of Cu/CeO2-NP catalysts impregnated
in ethanol and THF media, respectively. Over these catalysts,
the cerianite phase was observed to be the major crystalline
phase after copper impregnation. Unlike the nanorod-supported
catalysts, diffraction peaks associated with a separate CuO phase
were either nonexistent or very weakly resolved over these
catalysts, suggesting the presence of smaller CuO particles.

Neither crystallite size calculations using the Scherrer equa-
tion nor TEM images of the Cu/CeO2 catalysts (not shown)
showed changes in the ceria particle size upon impregnation of
the CeO2 supports with copper. Calculation of the CuO
crystallite size in the Cu/CeO2-NR sample was not attempted
because of the low intensity of the CuO diffraction peaks.

The evolution of crystal phases during reduction of Cu/CeO2-
NP(E), Cu/CeO2-NP(T), and Cu/CeO2-NR(E) catalysts was
studied by in-situ XRD as a function reduction temperature,
and the diffraction patterns collected during these experiments
are presented in Figure 6. In agreement with the foregoing
discussion, the peaks at 28.8, 32.9, 47.4, 55.9, and 58.6° were
associated with diffractions from [111], [200], [220], [311], and
[222] crystal planes of ceria (cerianite, ICDD No. 34-394),
respectively. The CeO2 phase was observed to be the major
crystalline phase present over all the catalysts throughout the
temperature range studied, and no contribution from suboxides
or metallic cerium was identified. In line with the XRD patterns
collected under ambient conditions, an additional peak that has
been associated with the presence of crystalline CuO domains
(tenorite, ICDD No. 48-1548) was resolved at 35.9° [111j] in
the XRD patterns collected at 30 °C. As the reduction proceeds,
a new diffraction peak was resolved at 43.5° above 200 °C.
This new peak can be associated with diffraction from the [111]

Figure 5. X-ray diffraction patterns of (a) CeO2-NR, (b) CeO2-NP,
(c) Cu/CeO2-NR(E), (d) Cu/CeO2-NR(T), (e) Cu/CeO2-NP(E), and (f)
Cu/CeO2-NP(T).
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plane of Cu0 (ICDD No. 4-836). This peak is well-resolved over
Cu/CeO2-NR(E) and Cu/CeO2-NP(T) catalysts and grows in
intensity up to 300 °C, suggesting the formation of larger, more
ordered crystallites of metallic copper with increasing reduction
temperature. The metallic copper phase is likely to be formed
through the reduction of the crystalline CuO particles that were
already present over these catalysts rather than agglomeration
of dispersed CuO species as this phase is only very weakly
resolved over the Cu/CeO2-NP(E) catalyst where CuO is more
finely dispersed relative to the other two catalysts.

3.2.4. H2-TPR. The reduction behaviors of CeO2 supports
and Cu/CeO2 catalysts impregnated in ethanol and THF media
are studied using a temperature-reduction technique, and the
results are presented in Figure 7. In the 50-550 °C range, no
H2 consumption features are observed in the H2 consumption
traces of the CeO2 supports, showing that, regardless of the

particle morphology, CeO2 is not reduced under these conditions
(Figure 7, profiles a and b). This finding is in agreement with
the in-situ XRD-TPR results discussed in the previous section
where cerianite (CeO2) was observed to be the only crystalline
phase in the 30-450 °C range. Regardless of the impregnation
media, Cu/CeO2-NR-supported copper catalysts exhibit a broad
H2 consumption band in the 180-450 °C range (Tmax ) 285
°C) with a well-resolved shoulder in the high-temperature range
(Figure 7, profiles c and d). Figure 7, profiles e and f, show the
H2 consumption traces of Cu/CeO2-NP catalysts impregnated
in ethanol and tetrahydrofuran media. Both of the traces show
a single H2 consumption feature in the 150-250 °C region. The
maximum corresponds to 205 and 225 °C for Cu/CeO2-NP(E)
and Cu/CeO2-NP(T), respectively, and both traces show a
shoulder in the low-temperature range. The complex structure
of the H2 consumption profiles of both of the samples suggests
the presence of multiple species with different reduction
potentials.

H2-TPR is extensively utilized for characterization of copper
catalysts over ceria, and the nature of copper species giving
rise to the H2 consumption maxima observed in the TPR profiles
is widely debated.5,7,15,27,43-46 The H2-consumption features
located at lower temperatures (150-200 °C) are usually
associated with well-dispersed copper oxide particles that are
in close interaction with CeO2 and are amorphous in nature.43,44

The H2 consumption peaks observed above 200 °C are attributed
to the presence of larger and isolated crystalline CuO
particles.5,15,27,43,44,46 On the basis of these studies, the low-
temperature H2 consumption features observed over both Cu/
CeO2-NP(E) and Cu/CeO2-NP(T) were assigned to the reduction
of finely dispersed CuO species in close interaction with the
CeO2 support. Avgouropoulos and Ioannides27 showed that the
reduction temperature and the crystallite size of the CuO
domains are correlated and that the reduction temperature of
the copper oxide domains increases with increasing cluster size.
The lower temperatures at which the H2 consumption features
were observed over CeO2-NP-supported catalysts suggest the
formation of smaller CuO particles compared with the catalysts
supported over CeO2-NR.

The inset of Figure 7 shows the H2 consumption profile of
bulk CuO during H2-TPR carried out under the same experi-
mental conditions. Under these experimental conditions, reduc-
tion of CuO takes place in the 270-600 °C region and goes
through a broad maximum around 450 °C. The high-temperature

Figure 6. X-ray diffraction patterns collected during in situ reduction with 5% H2/N2 of (a) Cu/CeO2-NP(E), (b) Cu/CeO2-NR(E), and (c) Cu/
CeO2-NP(T).

Figure 7. Temperature-programmed reduction profiles of (a) CeO2-
NR, (b) CeO2-NP, (c) Cu/CeO2-NR(T), (d) Cu/CeO2-NR(E), (e) Cu/
CeO2-NP(T), and (f) Cu/CeO2-NP(E) in 5% H2/He. Inset: temperature-
programmed reduction profile of bulk CuO.
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shoulder (300-450 °C) in the H2 consumption profile of Cu/
CeO2-NR can be associated with the reduction of crystalline
copper oxide domains to form metallic copper. The transforma-
tion of these copper oxide particles to metallic copper was also
observed through the in situ XRD patterns collected during the
reduction of Cu/CeO2-NR(E) (see Figure 6b). The slightly lower
temperature for the appearance of the metallic copper phase in
the in situ XRD patterns when compared to the temperature
for the H2 consumption feature associated with the reduction
of bulklike CuO phase is due to the truly transient nature of
the TPR experiment versus the stepped temperature profile
utilized for the collection of in situ XRD patterns. These findings
are in agreement with various studies in the literature that
document the effect of ceria in enhancing the reducibility of
copper.5,7,45,47

3.2.5. N2O Chemisorption. The dispersion of Cu over the
Cu/CeO2 catalysts was studied using N2O as a probe. The results
of the N2O chemisorption measurements are presented in Table
3. The results of these measurements further support the results
from H2-TPR and XRD studies showing the presence of well-
dispersed copper species over Cu/CeO2-NP(E) and Cu/CeO2-
NP(T). The Cu dispersion values are significantly lower for the
CeO2 nanorod-supported catalysts, suggesting the formation of
larger copper domains over this support.

The catalyst characterization studies showed the presence of
copper species with different degrees of dispersion over the
CeO2 surface, ranging from large copper oxide crystallites to
finely dispersed copper oxide particles. They also pointed to a
correlation between copper dispersion and catalytic activity. It
is also important to note that the possibility of copper occupying
the interstitial sites within the ceria matrix cannot be ruled out;
however, the preparation technique, that is, wet impregnation
of copper over the ceria support, and the processing temperatures
make copper migration into the ceria matrix rather unlikely.

The presented results suggest that CeO2 nanoparticles are
capable of stabilizing copper oxide as finely dispersed copper
oxide particles that can be transformed into finely dispersed
metallic copper particles under reducing conditions. These finely
dispersed clusters harbor the active sites for the WGS reaction
over Cu/CeO2 catalysts. Over the CeO2 nanorods, copper oxide
forms larger domains and is also present as bulklike CuO species
that get converted to large Cu0 particles under reducing
conditions. These particles exhibit poor WGS activity. Similar
results on the dependence of WGS activity of supported copper
catalysts on the size of CuO domains, and hence on the
reducibility of CuO, have been reported previously.46,48

3.2.6. In-Situ DRIFTS during the WGS Reaction. The effect
of ceria morphology on the WGS reaction over Cu/CeO2

catalysts was further investigated by in situ DRIFT spectroscopy
during the WGS reaction over Cu/CeO2-NP(E) and Cu/CeO2-
NR(E). Introduction of the WGS reaction feed mixture over a
prereduced Cu/CeO2-NP(E) sample at 50 °C resulted in the
formation of a sharp absorption band at 2105 cm-1 that can be
associated with ν(CdO) vibrations of Cu-carbonyl species.49,50

The 2105 cm-1 band disappeared above 200 °C after going
through a maximum between 100 and 150 °C (see Figure 8).

Due to their high thermal stability, the species were assigned
as Cu+ carbonyls.

The 1700-1200 cm-1 region is the fingerprint region for
asymmetric and symmetric stretching modes of O-C-O
moieties that are present in formate, carbonate, and carboxylate
species. The complex structure of the spectrum in this region
suggests the formation of several different surface species.
Following introduction of the WGS reaction feed at 50 °C, bands
located at 1638 (shoulder), 1550, 1390 (shoulder), 1313, 1050,
and 865 cm-1 were resolved. The 1638 cm-1 band decreased
significantly in intensity with increasing temperature and
disappeared above 100 °C. This band was accompanied with a
broad band centered around ca. 3400 cm-1 in the hydroxy
vibration region (νOH), which followed the same trend with
temperature. Therefore, the shoulder band at 1638 cm-1 was
associated with deformation modes (δHOH) of undissociated
water molecules on the surface, rather than the νas(CdO) mode
of bidentate carbonates. In the absence of bands in the
2950-2850 cm-1 region, the absorption bands in the 1600-1200
cm-1 region were associated with carbonate species rather than
formates. The bands located at 1055, 1313, and 1550 cm-1 were
assigned to bidentate carbonate species,51-53 whereas the 1390
cm-1 band was associated with carbonates that are likely to be
unidentate in nature.52 The 1390 cm-1 band increased in intensity
with increasing temperature, and above 100 °C, the νs(OCO)
mode of these species were resolved at 1084 cm-1.54 The 865
cm-1 band was assigned to the π(CO3) mode of carbonates.
The 1215 cm-1 band observed in the 150-250 °C region may
be attributed to formation of hydrogen carbonate species on the
surface.51 These results suggest that the WGS reaction over Cu
catalysts supported on nanostructured CeO2 particles proceeds
through a red-ox mechanism rather than a formate mechanism
and are in agreement with the findings of Wang et al.55

Figure 9 shows in situ DRIFT spectra collected during a
similar experiment over Cu/CeO2-NR(E). The significantly
lower amount of surface species over this catalyst relative Cu/
CeO2-NP(E) catalyst was apparent from the fewer absorption
bands resolved in the DRIFT spectra. Over this catalyst, the
temperature window for the formation of copper carbonyl
species was shifted by 100 °C to higher temperatures and the

TABLE 3: Cu-Dispersion Values Estimated from N2O
Chemisorption

Cu dispersion (%) Cu surface atoms (µmol/g cat)

Cu/CeO2-NP(E) 18.0 129.6
Cu/CeO2-NP(T) 13.8 99.4
Cu/CeO2-NR(E) 1.2 8.6
Cu/CeO2-NR(T) 1.0 7.2

Figure 8. In-situ DRIFT spectra collected during the WGS reaction
over Cu/CeO2-NP(E): (a) high wavenumber region and (b) low
wavenumber region.
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intensity of the 2105 cm-1 band was significantly smaller,
suggesting formation of a lower amount of copper carbonyl
species. It is important to note that the intensities and the
temperature windows of the appearance of the Cu+-carbonyl
bands observed during the WGS reaction over Cu/CeO2 catalysts
are well correlated with the catalytic activities of these catalysts.
Over Cu/CeO2, Gamarra et al.50 observed a similar correlation
between the intensity of the Cu+-carbonyl band and CO
oxidation rate during preferential oxidation of CO. These authors
further suggested that the intensity of the Cu+-carbonyl band
was an indication of the reduction potential of the interfacial
sites over dispersed copper oxide, which serve as the active
sites for CO oxidation. In line with the findings of these authors,
the well-dispersed copper entities, the presence of which have
been shown by various characterization techniques over the Cu/
CeO2-NP(E) catalyst, were associated with high WGS activity.
The high WGS activity of the catalyst with high copper
dispersion together with the results of the DRIFTS experiments
implies the presence of a red-ox mechanism that is facilitated
by the higher reduction-oxidation potential of small, well-
dispersed copper species.

4. Conclusions

Nanostructured CeO2 supports with two different particle
morphologies, that is, nanoparticles and nanorods, were prepared
and wet impregnated with copper in two different impregnation
media, ethanol and tetrahydrofuran. The morphology of the
support was observed to have a strong effect on the WGS
activity of the catalysts, whereas the impregnation medium did
not have a significant effect on the activity. The copper catalyst
supported over CeO2 nanoparticles showed significantly higher
activity than its CeO2 nanorod-supported counterpart, whereas
neither bare CeO2 nanoparticles nor CeO2 nanorods showed
activity toward the WGS reaction. The effect was associated
with the capability of CeO2 nanoparticles in stabilizing CuO in
a highly dispersed state as the Cu/CeO2-NP catalyst was found
to have finely dispersed CuO particles, whereas large, crystalline
CuO domains were present over ceria nanorod-supported
samples. Under reducing conditions, the bulk-like CuO domains
were transformed into large metallic copper crystallites, which
were associated with poor WGS activity of this catalyst.

Acknowledgment. The authors wish to thank to Dr. Bing
Tan for the TEM analysis. Financial support provided by the
Ohio Coal Development Office and by the U.S. Department of
Energy through Grant No. DE-FG36-05GO15033 is gratefully
acknowledged. The authors also acknowledge NSF support for
acquisition of the XPS system under NSF-DMR Grant No.
0114098.

References and Notes
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a b s t r a c t

A highly active CoOx/CeO2 nanoparticle catalyst with high surface area (78 m2/g) has been prepared and
tested in the preferential oxidation of carbon monoxide (PROX) in the presence of hydrogen. Three distinct
temperature regions of catalyst activity are observed corresponding to CO oxidation, H2 oxidation and
methanation. The catalyst achieves near 100% CO conversion under a wide range of reaction conditions
demonstrating peak activity near 175 ◦C. The catalyst is stable with time-on-stream at the temperature
of highest CO conversion. The presence of H2 decreases the CO oxidation rate, possibly due to competitive
adsorption between H2 and CO. CO oxidation and H2 oxidation activation energies were 52 and 74 kJ/mol,
respectively. Raman spectroscopy and X-ray diffraction experiments have demonstrated that the cobalt
takes the form of Co3O4 and no CoO was detected under any experimental conditions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane (PEM) fuel cells have attracted sig-
nificant interest due to their low temperature of operation (80 ◦C),
high power density, high efficiency and the environmentally benign
nature of their exhaust. PEM fuel cells promise to be clean and
efficient alternatives to combustion of fuels for power generation
in stationary and mobile applications [1,2]. Syngas can be pro-
duced from a diverse collection of domestic resources including
biomass, coal and natural gas using steam reforming. The syn-
gas then undergoes high temperature and low-temperature water
gas shift reactions and the effluent, though predominantly hydro-
gen, may still contain 0.5–2% CO. Unfortunately, the platinum
anode materials used in PEM fuel cells are easily poisoned by trace
amounts of carbon monoxide. It is estimated that CO concentra-
tions must be reduced to less than 10 ppm for a Pt anode and less
than 100 ppm for CO tolerant alloy anodes [3–5]. Therefore, it is
necessary to ensure that hydrogen gas fed to a fuel cell has been
adequately treated to remove carbon monoxide.

One particularly attractive method of CO removal is the pref-
erential oxidation (PROX) of carbon monoxide in hydrogen rich
streams. This technique offers the benefits of low cost and ease
of implementation without excessive loss of hydrogen fuel [1]. The

∗ Corresponding author. Tel.: +1 614 292 6623; fax: +1 614 292 3769.
E-mail address: ozkan.1@osu.edu (U.S. Ozkan).

challenge in the PROX reaction is to find catalysts that are active
and selective in the appropriate temperature window. The loss of
hydrogen due to undesired H2 combustion and methanation can
occur under certain conditions. Ideally, the catalyst should operate
at a temperature between that of the low-temperature water gas
shift reactor (250 ◦C) and the PEM fuel cell (∼80 ◦C). In this tempera-
ture window, catalysts must be active for the CO oxidation reaction
and inactive for the undesired side reactions.

Despite their high costs, noble metal catalysts are by far the most
studied catalysts in the CO oxidation literature. Early work using
the PROX reaction was performed to purify hydrogen feed streams
for the production of ammonia using supported platinum, rhenium
and ruthenium catalysts [6]. Some of the first PROX research to
be published specifically in regard to purifying PEM feed streams
was conducted by Oh and Sinkevitch [7]. They reported high activ-
ity for Ru/Al2O3 catalysts and high selectivities for both Ru/Al2O3
and Rh/Al2O3. Other early work investigated catalysts consisting of
platinum supported on zeolites, which showed good activity and
selectivity [8,9]. Other studies have demonstrated gains in activity
due to the promotional effects of Fe and Co on alumina supported
platinum catalysts [10–12]. At low temperatures, supported gold
catalysts have been shown to be quite active, however the selec-
tivity quickly decreases as temperature is increased [13]. For both
platinum and gold catalysts, it has been proposed that H2 and
CO compete for adsorption sites on the metal atoms [14,15]. In
general, platinum is considered more active than gold, but gold
tends to have higher O2 selectivity to CO2 at low temperatures.

0926-3373/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcatb.2010.03.015
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However, the cost and availability of the precious metal used in
these catalysts is a concern.

CO oxidation studies in the absence of hydrogen and using non-
precious metal catalysts have also been performed. Bulk cobalt
(Co3O4) has been tested and shows good carbon monoxide oxi-
dation activity. Research suggests that Co3+ is the active site and
provides its oxygen to the carbon monoxide ultimately forming a
Co2+ site that is re-oxidized with oxygen [16,17]. Unfortunately,
Co3O4 catalysts deactivate with time forming Co2+ sites that do not
re-oxidize [16]. The active Co3+ sites can only be recovered by high
temperature treatments, usually in oxygen.

Bulk cobalt oxide has also been compared to other transition
metals during preferential CO oxidation in the presence of hydro-
gen and has shown the highest activity [18]. Studies using bulk
Co3O4 indicate that cobalt oxide is quite active for CO oxidation
but in the excess hydrogen present under PROX reaction conditions,
bulk cobalt oxide can reduce to lower valencies including metallic
cobalt [19,20]. Metallic cobalt is not active for CO oxidation and has
the tendency to catalyze the methanation and hydrogen combus-
tion reactions. It is possible that, if supported on an oxide, a cobalt
catalyst could be stable in a hydrogen atmosphere and retain the
benefit of high activity. Previous research has shown that supported
cobalt catalysts can be quite active for the PROX reaction [21]. These
studies indicated that PROX activity on a Co/CeO2 catalyst was high
despite a relatively low surface area (∼7 m2/g). In the present work,
a high surface area Co/CeO2 catalyst has been prepared, character-
ized and tested for activity in the preferential oxidation of carbon
monoxide.

2. Experimental

2.1. Catalyst synthesis

Nanoparticle CeO2 support was prepared by dissolving
Ce(NO3)3·6H2O in an equal volume mixture of ethylene glycol and
water to form a solution “A”. Tert-butylamine ((CH3)3CNH2) was
dissolved in an equal volume mixture of ethylene glycol and water
to form the solution “B”. Solution B was added to solution A drop-
wise and the resulting solution was stirred for 15 min. This solution
was then transferred to a Pyrex glass bottle, sealed and placed
in a drying oven set at 100 ◦C for 30 h. CeO2 precipitates were
washed three times with de-ionized water and collected by vac-
uum filtration between each wash. The resulting precipitate was
then dried in air at 100 ◦C overnight. The sample was calcined in
air at 400 ◦C for 4 h with a heating rate of 10 ◦C/min. The result-
ing CeO2 support had a BET surface area of 95 m2/g and a pore
volume of 0.21 cm3/g as calculated using the BJH adsorption pore
distribution.

Incipient wetness impregnation was used to synthesize a 10 wt%
cobalt on CeO2 catalyst. An aqueous solution of cobalt nitrate
precursor, Co(NO3)2·6H2O (Aldrich), was used to impregnate the
previously prepared CeO2 support. Two impregnation steps were
performed on the catalyst, with a 4 h, 110 ◦C drying period between
impregnations. After the second impregnation, the catalyst was
dried at 110 ◦C overnight. The sample was then transferred to a cal-
cination furnace and heated in air at a rate of 10 ◦C/min to 400 ◦C
and held at that temperature for three hours.

2.2. Catalyst characterization

Static surface area and pore volume measurements were
made using a Micromeritics ASAP 2010 accelerated surface area
and porosimetry instrument. Experiments were conducted using
nitrogen as the adsorbent at liquid nitrogen temperature (77 K).
Samples were degassed under vacuum at 200 ◦C overnight before

Fig. 1. Nitrogen adsorption/desorption isotherms for (�/�) CeO2 support and (�/©)
10%CoOx/CeO2.

being analyzed. Cobalt metal dispersion was measured by hydro-
gen chemisorption using the static volumetric technique in a
Micromeritics ASAP 2010 instrument. Catalyst pre-reduction was
carried out in 100%H2 at 500 ◦C for 60 min. Samples were then
flushed with helium at 500 ◦C for 30 min before being evacuated at
510 ◦C. After evacuation, samples were cooled to 100 ◦C under vac-
uum before chemisorption analysis was performed using a 100%H2
atmosphere.

Temperature-programmed reaction (TP-Rxn) experiments
were conducted to determine qualitatively the activity and
selectivity of the catalyst over a wide temperature range. These
experiments, described previously [22], are useful for covering
a wide range of temperatures and observing where different
reactions light-off. In these experiments the temperature was
ramped to 350 ◦C at 5 ◦C/min rather than to 300 ◦C as previously
published.

Transmission electron microscopy (TEM) was performed using
a Phillips Tecnai F20 instrument with FEG. The instrument was
operated at an accelerating voltage of 200 kV and all images were
collected in bright field mode. Samples were dispersed in ethanol
before being loaded onto lacey carbon copper grid.

Laser Raman spectra (LRS) were acquired using a Horiba-Jobin
Yvon LabRam HR confocal Raman spectrometer as described pre-
viously [23]. Spectra were collected under atmospheric conditions
on calcined Co3O4, CeO2 and 10%Co/CeO2 with a power of less than
5 mW at the sample. X-ray diffraction (XRD) experiments were per-
formed using a Bruker D8 Advanced X-Ray Power Diffractometer
with a monochromatically isolated Cu K�1 radiation source and a
Braun position sensitive detector (operated at 50 mA and 40 kV)
that measures a 2� range of 8◦ simultaneously. Diffraction patterns
were collected in air at ambient conditions in reflection mode using
a rotating 9-sample holder with polyethylene sample holders. Pat-
terns were collected from 20◦ to 90◦ 2� using a step size of 0.01445◦

and a dwell time of 1 s.

2.3. Steady-state reaction experiments

Steady-state activity measurements were performed using a
reactor system and sample pre-treatment described previously
[22]. Feed and effluent composition analyses were conducted using
an Agilent 3000A micro gas chromatograph equipped with 0.32 mm
PLOT molesieve and 0.32 mm PLOT Q columns with backflush and
variable volume injectors, respectively. Both columns have TCD
detectors and the detector on the mole sieve column is capable of
detecting less than 5 ppm carbon monoxide. G.C. data points were
collected and averaged after 60 min on stream and all carbon bal-
ances close with ±5%. The conversions of CO (XCO) and O2 (XO2) as
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well as the O2 selectivity to CO2 have been described previously
[22].

Steady-state PROX experiments were conducted to test the
effects of weight hourly space velocity (WHSV), O2 and H2 concen-
tration and catalyst time-on-stream. Weight hourly space velocities
were altered by changing the catalyst weight loaded into the
reactor from 100 to 200 mg and by changing the total reactant
flow rate from 50 to 25 ml/min. Weight hourly space velocities of
7500, 15,000 and 30,000 cm3 g(cat)−1 h−1 were tested in the PROX
reaction using 1%CO, 1%O2, 10%H2 and balance helium. For exper-
iments testing the CO/O2 concentration ratios, 1%CO and either
1% or 0.5%O2 were tested at a WHSV of 15,000 cm3 g(cat)−1 h−1.
The effects of H2 concentration were investigated using 1%CO,
2%O2, various H2 concentrations and balance helium at a WHSV
of 30,000 cm3 g(cat)−1 h−1. Time on stream reaction experiments
were performed using 200 mg of 10%CoOx/CeO2 catalyst under
a 50 ml/min flow rate of 1% CO, 1% O2, 60% H2 in balance
helium at 175 ◦C. Additionally, the extent of reverse water gas
shift (RWGS) over 10%CoOx/CeO2 catalyst was investigated in
the presence of 1%CO2, 60%H2 and balance He at a WHSV of
30,000 cm3 g(cat)−1 h−1.

CO oxidation and H2 oxidation reactions were run using 50 mg
of 10%CoOx/CeO2 catalyst. During CO oxidation, 3.3%CO, 3.3%O2
and balance helium were fed over the catalyst at a flow rate of
150 ml/min at various temperatures. During H2 oxidation, 3.3%H2,
3.3%O2 and balance argon were fed over the catalyst at 75 ml/min
at various temperatures. CO, H2 and O2 conversions were limited to
ensure differential reactor operation. In order to maintain isother-
mal conditions, a small diameter (1/4 in.) stainless steel reactor was
used to ensure rapid heat flux between the reactor contents and the
reactor furnace.

3. Results and discussion

3.1. Characterization of catalyst textural properties

Nitrogen adsorption/desorption isotherms were collected on
the CeO2 support and the 10%CoOx/CeO2 catalyst (Fig. 1). Both
adsorption isotherms are similar to type II isotherm according to
the IUPAC classification [24–27] suggesting the existence of macro-
pores (>50 nm) and micropores (<2 nm). The isotherms start to
increase sharply from the relative pressure at around 0.7, suggest-
ing the existence of mesopores (2–50 nm) [26]. The isotherm plots
do not show major differences between the two samples. The total
volume of nitrogen adsorbed is higher on the CeO2 support than
the 10%CoOx/CeO2 sample. The BET surface area of the CeO2 sup-
port is 95 m2/g while the surface area of the 10%Co/CeO2 sample
is 78 m2/g. These surface areas are substantially higher than those
of the CeO2 and CoOx/CeO2 catalysts previously tested in the PROX
reaction [21].

Transmission electron microscopy of the CeO2 support reveals
agglomerated nanoparticles (see Fig. 2a). These particles are reg-
ularly shaped polyhedra approximately 4 nm across (see Fig. 2b).
The very small particles are responsible for the high surface area
observed during BET analysis of the support. The pore volumes
measured by nitrogen adsorption/desorption are due to the aggre-
gation of nanoparticles. The nanoparticle aggregates possess small
voids between the particles leading the adsorbate condensation
and the measured pore volumes. TEM images were also taken on the
10%Co/CeO2 sample (not shown). The images did not appear differ-
ent from those of the support. Small nanoparticles were observed,
but cobalt oxide could not be discerned from the CeO2 support
particles. Hydrogen chemisorption experiments conducted on the
10%Co/CeO2 catalyst support this observation showing a cobalt
dispersion of 3.4%. The previously reported 10%CoOx/CeO2 cata-

Fig. 2. TEM images of CeO2 nanoparticles.

lyst had a cobalt dispersion of less than 0.1% [21]. Considering the
relatively high activity per surface area of the low dispersion cata-
lyst, it is reasonable to expect that this 10%Co/CeO2 catalyst would
possess high activity for CO oxidation in the presence of hydro-
gen.

3.2. PROX and possible side reactions

To examine the PROX reaction network over the 10%CoOx/CeO2
catalyst, a temperature-programmed reaction experiment was
conducted. As shown in Fig. 3, only three products were observed
during the course of the experiment: CO2, H2O and CH4. By fol-
lowing the product and reactant signals, three distinct regions
of activity occurring in different temperature windows can be
observed. As temperature is increased from 50 to 100 ◦C, the CO and
O2 signals slowly decrease while the CO2 signal slowly increases.
At 100 ◦C, the decrease in the CO signal becomes more substan-
tial as does the decrease in O2 signal and increase in CO2 signal.
At these temperatures, very little water formation is observed. The
fact that the O2 and CO signals decrease in an identical manner
while the CO2 signal appears as the mirror image of the two sug-
gest that the predominant reaction is the selective oxidation of
CO to form CO2, though there appears to be some water forma-
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Fig. 3. Temperature-programmed PROX reaction over CoOx/CeO2 in the presence
of 1% CO, 1% O2, 60% H2, balance helium.

tion. This trend continues until 175 ◦C is reached. As temperature
is increased above 175 ◦C, formation of water becomes more sig-
nificant and the O2 signal reaches zero. After the O2 signal reaches
zero at 175 ◦C, the CO signal starts to increase while the intensity of
the CO2 signal begins to decrease. It is possible that as temperature
is increased, a greater fraction of oxygen is consumed in the com-
bustion of hydrogen. Other possible reactions include reverse water
gas shift and methanation. The CO signal continues to increase until
275 ◦C and it should be noted that despite the competition from H2
combustion, CO2 is always being formed and the CO signal never
reaches its initial intensity suggesting that significant CO oxidation
is still occurring. Above 275 ◦C, however, the situation changes and
the CO and CO2 signals quickly decrease to zero. Concurrently, the
methane signal increases before leveling out around 300 ◦C and the
water signal rises at a faster rate.

In order to explore the possibility of reverse water gas shift
reaction over 10%CoOx/CeO2 catalyst, especially in the temper-
ature range of 175–275 ◦C, a steady-state reaction experiment
was performed using a feed stream of 1%CO2 and 60% H2. Fig. 4
shows the CO2 conversion as a function of temperature, with the
inset showing the CO2 and CH4 percent yields. CO2 conversion
was found to be minimal below 200 ◦C (less than 4%), suggest-
ing the extent of reverse water gas shift reaction is negligible.
Although, further increase in temperature results in a considerable
increase in CO2 conversion, reaching 66% at 275 ◦C, the product
distribution, as shown in the Fig. 4 inset, suggests that the major-
ity of CO2 was converted to CH4 rather than CO indicating that
methanation was more favored than the reverse water gas shift
reaction above 200 ◦C. These results also indicate that during the
temperature-programmed PROX experiments, RWGS activity is
negligible. The observed decrease in CO2 concentration and the

Fig. 4. (�) CO2 conversion in reverse water gas shift. Inset shows % yield of CO and
CH4. Reaction conditions: 1%CO2, 60%H2, balance He, WHSV 30,000 cm3 g(cat)−1 h−1.

Fig. 5. (a) CO conversion and (b) O2 selectivity to CO2 during PROX at (�) 7500 (�)
15,000 and (�) 30,000 cm3 g(cat)−1 h−1.

concurrent increase in CO concentration starting at 175 ◦C is likely
due to the competitive combustion of hydrogen.

3.3. Catalyst activity at various weight hourly space velocities

The steady-state activity of our CoOx/CeO2 catalyst was stud-
ied at three different weight hourly space velocities: 7500, 15,000
and 30,000 cm3 g(cat)−1 h−1 using 1%CO, 1%O2, 10%H2 and bal-
ance helium. Fig. 5a shows the CO conversion at these three
weight hourly space velocities. At a given temperature, increas-
ing the weight hourly space velocity decreases the CO conversion.
At 7500 cm3 g(cat)−1 h−1, the CO conversion reaches near 100%
at 150 ◦C and remains at this level as temperature is further
increased. Upon increasing the WHSV to 15,000 cm3 g(cat)−1 h−1,
however, the temperature at which 100% CO conversion occurs
increases to 175 ◦C. CO conversion does not change as tempera-
ture is further increased to 200 ◦C. As WHSV is further increased to
30,000 cm3 g(cat)−1 h−1, the CO conversion decreases again reach-
ing a maximum near 100% at 200 ◦C. The O2 conversion (not shown)
follows a similar trend, as expected, with higher conversions occur-
ring at lower WHSV. These results demonstrate that the CoOx/CeO2
catalyst is highly active for the preferential CO oxidation reaction
and under the given reaction conditions, complete CO conversion
can be achieved within the desired temperature window over a
range of residence times.

Fig. 5b shows the O2 selectivity to CO2 for the 10% CoOx/CeO2
catalyst using 1% CO, 1% O2, 10% H2 and balance helium. For all
weight hourly space velocities, the selectivity drops monotonically
as the temperature increases. Additionally, at all weight hourly
space velocities, the O2 selectivity to CO2 remains at 95% or above
at temperatures below 150 ◦C. In fact, all catalysts show near
100% selectivity at temperatures of 125 ◦C and below. As tempera-
tures are increased above 150 ◦C, selectivity drops for all weight
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Fig. 6. (�) CO conversion and (�) O2 selectivity to CO2 and (♦) O2 conversion
during steady-state PROX at 150 ◦C over 10%Co/CeO2 at various hydrogen concen-
trations. (Reaction conditions: 1%CO, 2%O2, various hydrogen concentrations, WHSV
30,000 cm3 g(cat)−1 h−1, T = 150 ◦C.)

hourly space velocities tested as the rate of hydrogen combus-
tion increases. At 30,000 and 15,000 cm3 g(cat)−1 h−1, selectivity at
200 ◦C drops to 83% and 70%, respectively. At 7500 cm3 g(cat)−1 h−1,
selectivity drops more rapidly reaching 55% at 200 ◦C. These results
show that at a temperature 150 ◦C or below, the 10% CoOx/CeO2 cat-
alyst is able to achieve high O2 to CO2 selectivities while at the same
time achieving high carbon monoxide conversion. The increase in
O2 selectivity to CO2 with increasing WHSV is due to the lesser
extent of hydrogen combustion in experiments using higher space
velocities.

The steady-state PROX activity of the current nano-structured
CoOx/CeO2 formulation was compared with the previously devel-
oped CoOx/CeO2 (low surface area) catalyst [21] on an equal weight
and on an equal BET surface area basis (not shown). In both cases,
the present high surface area formulation was found to have a much
higher PROX activity over the temperature range studied.

3.4. Effect of H2 and O2 concentrations on PROX performance
over 10%CoOx/CeO2

Steady-state PROX experiments were conducted to determine
the performance of 10%CoOx/CeO2 under various concentrations of
hydrogen. CO conversion and O2 selectivity to CO2 as a function of
the H2 concentration of the feed are shown in Fig. 6. As expected,
as hydrogen is introduced into the feed, the O2 selectivity to CO2
decreases. When 15% H2 is introduced, the selectivity drops from
100% to 96%. As H2 concentration is further increased, O2 selectiv-
ity to CO2 drops further reaching 92% when the feed contains 60%
H2. Selectivity drops with the introduction of hydrogen due to the
consumption of oxygen in the hydrogen combustion reaction.

As shown in Fig. 6, the CO conversion decreases from 82% to 66%
when hydrogen is introduced into the feed at a concentration of
15%. Smaller decreases in conversion continue as the feed concen-
tration of hydrogen is increased. Ultimately a CO conversion of 58%
is reached when the feed concentration of hydrogen is 60%. What is
more interesting is that upon the introduction of hydrogen, the O2
consumption rate does not increase (see Fig. 6). This suggests that
CO conversion is not decreasing due to a decrease in oxygen con-
centration caused by the unselective H2 combustion reaction. The
decrease in CO conversion could be explained by the competitive
adsorption of hydrogen on sites responsible for the PROX reaction.
It has been suggested that the CO and H2 oxidation reactions occur
on independent sites on the CuO-CeO2 [28,29] catalytic system. Our

Fig. 7. (a) CO conversion (b) O2 selectivity to CO2 PROX during steady-state. (�)
1%O2 over 10%Co/CeO2 and (�) 0.5%O2 over 10%Co/CeO2 (�) 1%O2 over CeO2 support.
(Reaction conditions: 1%CO, 60% H2, WHSV of 15,000 cm3 g(cat)−1 h−1.)

results on the CoOx/CeO2 system do not preclude the existence of
separate sites. The results do, however, demonstrate that hydrogen
interacts with the sites responsible for both PROX and H2 oxidation.

Steady-state PROX experiments were also conducted to deter-
mine the effect of the O2/CO concentration ratio in the presence of
high concentrations of hydrogen. In these experiments, the reac-
tant concentrations were 1%CO, 1%O2 or 0.5%O2, 60%H2 and balance
helium. Additionally, the CeO2 nanoparticle support (without any
cobalt loading) was tested for preferential CO oxidation activity.
Fig. 7a shows the effect of oxygen concentration on CO conversion
during the steady-state PROX reaction. Over the 10%CoOx/CeO2
catalyst, changing from stoichiometric to excess oxygen increases
the CO conversion substantially. With both excess and stoichio-
metric O2 concentrations, the CO conversion rate increases with
temperature until reaching a maximum at 175 ◦C. When using sto-
ichiometric and excess concentrations of oxygen, the maximum CO
conversions are 78% and 99.9%, respectively. At temperatures above
175 ◦C, the CO conversion begins to decrease due to the competi-
tive combustion of hydrogen. When using stoichiometric oxygen
(0.5% O2), as temperature increases above 200 ◦C the CO conver-
sion drops dramatically. This is due to complete consumption of all
the oxygen. CO conversion over the bare CeO2 nanoparticles fol-
lows a similar trend, though the carbon monoxide conversion is
substantially lower than on the 10%CoOx/CeO2 catalyst. The CeO2
reaches a maximum CO conversion of 34% at 175 ◦C before the activ-
ity begins to decrease due to hydrogen combustion. These results
indicate that when using excess O2, complete conversion of CO can
be obtained at 175 ◦C under the given reaction conditions. The low
CO conversion over CeO2 indicates that the presence of cobalt is
predominantly responsible for the oxidation of carbon monoxide.

Fig. 7b shows the O2 to CO2 selectivity during the steady-state
PROX reaction. The reaction using a stoichiometric amount of oxy-
gen has a higher selectivity at all temperatures except for 225 ◦C.
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Fig. 8. Time-on-stream CO conversion and O2 selectivity to CO2 on CoOx/CeO2 at
175 ◦C in the presence of 1% CO, 1% O2, and 60% H2, balance helium at WHSV of
15,000 cm3 g(cat)−1 h−1.

This shows that, although the CO conversion is improved under
increased oxygen concentrations, the O2 selectivity to CO2 actually
decreases. For both excess and stoichiometric amounts of oxygen,
the selectivity begins at its maximum and decreases with temper-
ature. High selectivities can be obtained with the 10%CoOx/CeO2
catalyst when operating under certain conditions. At 150 ◦C under
excess oxygen, we are able to obtain 85% O2 selectivity to CO2 at
over 90% CO conversion. At 175 ◦C under excess oxygen, O2 selec-
tivity to CO2 is still 56% while CO conversion is 99.9%. Above 225 ◦C
the O2 selectivity to CO2 under stoichiometric oxygen conditions
drops below that obtained under excess oxygen conditions. This is
due to the complete consumption of oxygen under the stoichio-
metric conditions. At the temperatures used in these steady-state
reactions, no methane was detected indicating the loss in selectiv-
ity is due entirely to the combustion of hydrogen in agreement with
the previously presented temperature-programmed PROX experi-
ments.

Stability has been a concern on other cobalt based catalysts and
activity losses have been attributed to the reduction of CoOx to
lower valency states [18]. The stability of the catalyst under the
reducing conditions of the PROX reaction is important for long
term performance. In order to further characterize the stability of
10%CoOx/CeO2 under the reducing conditions of the PROX reaction,
time-on-stream studies were performed. These experiments were
conducted using a feed composition of 1%CO, 1%O2 and 60%H2 at a
weight hourly space velocity of 15,000 cm3 g(cat)−1 h−1 and a tem-
perature of 175 ◦C. Fig. 8 shows the time-on-stream CO conversion
of 10%CoOx/CeO2. No discernible decrease in activity occurs dur-
ing the course of the reaction. Additionally, the O2 selectivity to
CO2 (see Fig. 8) quickly reaches 58% and remains stable over the
course of the time-on-stream experiment. These results suggest
that on this particular catalyst, reduction of Co3O4 to lower valency
states may not be occurring. Previous research has demonstrated
that bulk reduction of Co3+ in supported cobalt catalyst does not
occur until temperatures higher than 175 ◦C [22].

3.5. CO and H2 oxidation on 10% CoOx/CeO2

Insight into the PROX reaction network can be gained by sep-
arately studying the oxidation of CO and H2. By running separate
reactions, the kinetic parameters of each can be determined and
compared to the reaction results where both reactants are co-fed
over the catalyst. CO and H2 oxidation experiments were inde-
pendently performed over 10%CoOx/CeO2 catalyst to investigate
the two reaction pathways. CO oxidation was carried out using
3.3%CO, 3.3%O2 and balance helium. Fig. 9 shows the CO conversion
as a function of temperature. CO conversion increases monotoni-

Fig. 9. CO conversion over 10%CoOx/CeO2 during steady-state carbon monox-
ide oxidation experiments. Reaction conditions: 3.3%CO, 3.3%O2, balance helium.
Inset–Arrhenius plot of CO oxidation activation energy.

cally with temperature until reaching 21% at 150 ◦C. The activation
energy for CO oxidation was calculated using the four points col-
lected at the four lowest temperatures to keep CO conversions
below 15%. The Fig. 9 inset shows the Arrhenius plot for CO oxi-
dation. The resulting slope is −6.2 which corresponds to a CO
oxidation activation energy of 52 kJ/mol over our 10%CoOx/CeO2
catalyst. Similar results have been reported previously over a cobalt
on zirconia catalyst [23].

H2 oxidation was carried out using 3.3%H2, 3.3%O2 and bal-
ance argon. The H2 conversion as a function of temperature is
presented in Fig. 10. Measurable H2 conversions are only obtain-
able at temperatures higher than those used in the CO oxidation
experiments. An H2 conversion of 1.6% is obtained at 150 ◦C and
increases monotonically until reaching 22% at 210 ◦C. The activation
energy for H2 oxidation was calculated using the four points col-
lected at the four lowest temperatures. The Fig. 10 inset shows the
Arrhenius plot for H2 oxidation. The resulting slope is −8.9 which
corresponds to an H2 oxidation activation energy of 74 kJ/mol
on 10% CoOx/CeO2. The higher activation energy of H2 oxidation
accounts for the temperature-programmed PROX results (Fig. 3)
showing that hydrogen oxidation is more temperature-sensitive
and becomes important above 175 ◦C. The fact that H2 oxidation
is not dominant at lower temperatures is due to the higher activa-
tion energy of the reaction for H2 oxidation. This difference results

Fig. 10. H2 conversion over 10%CoOx/CeO2 during steady-state hydrogen oxidation
experiments. Reaction conditions: 3.3%H2, 3.3%O2, balance helium. Inset–Arrhenius
plot of H2 oxidation activation energy.
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Fig. 11. Raman spectra of CeO2, Co3O4 and CoOx/CeO2.

in the requirement for optimum temperatures high enough for CO
oxidation activity, but not too high such that H2 oxidation reaction
is able to occur at appreciable rates.

3.6. Structural properties of 10% CoOx/CeO2

Fig. 11 shows Raman spectra collected using the 633 nm line
for Co3O4, CoOx/CeO2 and CeO2 nanoparticles. The Co3O4 spec-
tra shows five active Raman modes typical of the spinel structure
located at 193, 475, 516, 615 and 680 cm−1. The peaks at 193, 516
and 615 cm−1 have been attributed to the F2g phonon mode while
the peaks at 475 and 680 cm−1 have been assigned to the Eg and
A1g phonon modes, respectively [30,31]. The Raman spectrum of
CeO2 shows a single broad and intense band located at 462 cm−1.
This peak is assigned to the F2g phonon mode of cubic fluorite CeO2
[32–34]. The Raman spectrum of CoOx/CeO2 clearly shows peaks
characteristic of Co3O4 located at 193 and 615 cm−1. Additionally,
there are two overlapping peaks located at 459 and 472 cm−1. The
peak at 459 cm−1 is assigned to the F2g phonon mode of CeO2 while
the peak at 472 cm−1 is assigned to the Eg phonon mode of Co3O4.
The presence of peaks at 193, 472 and 615 cm−1 indicate that cobalt
is present as Co3O4. A spectrum was also collected from spent
Co/CeO2 after the PROX reaction (not shown). The spent catalyst

Fig. 12. X-ray diffraction patterns of CeO2, Co3O4 and CoOx/CeO2, where (©): Co3O4

and (�): CeO2 cubic fluorite.

spectrum only shows the peaks present in the fresh sample indi-
cating that CeO2 and Co3O4 have not been substantially reduced
during reaction.

X-ray diffraction patterns were collected for lab-synthesized
Co3O4, CeO2 and CoOx/CeO2 samples and are shown in Fig. 12. The
Co3O4 used as a reference, show diffraction peaks characteristic
of the spinel structure with the (2 2 0), (3 1 1), (4 0 0), (5 1 1) and
(4 4 0) reflections occurring at 31.3◦, 36.8◦, 44.9◦, 59.4◦ and 65.3◦

2�, respectively [35]. The XRD pattern for the CeO2 nanoparticles
is typical of the cubic fluorite structure with peaks at 28.2◦, 33.0◦,
47.5◦, 56.5◦, 59.3◦ 69.3◦ and 76.8◦ 2� representing the (1 1 1), (2 0 0),
(2 2 0), (3 1 1), (2 2 2), (4 0 0) and (3 3 1) reflections, respectively [36].

The 10%CoOx/CeO2 diffraction pattern shows strong diffraction
lines due to CeO2 and weaker ones due to Co3O4. The (1 1 1), (2 0 0),
(2 2 0), (3 1 1), (4 0 0) and (3 1 1) peaks of CeO2 are all present. There
is also a small peak present at 59.3◦ which is assigned to the (2 2 2)
reflection of CeO2 though it should be noted that Co3O4 gives a
peak at 59.4◦ 2�. Regardless of the identity of this peak, there are
two peaks that can be unambiguously attributed to the presence of
Co3O4 on the CoOx/CeO2 sample. These peaks, present due to the
(3 1 1) and (4 4 0) reflections of Co3O4, are located at 36.8◦ and 65.3◦

2�, respectively.
It should be noted that no evidence of CoO was observed in the

Raman spectrum of fresh or spent catalysts or the XRD pattern of
the fresh CoOx/CeO2 catalyst. CoO peaks, which are not observed,
would be located at 143, 221 and 296 cm−1 [37] in Raman spec-
troscopy and 36.9◦, 42.9◦, 62.0◦, 73.3◦ and 77.4◦ 2� [38] in X-ray
diffraction experiments. These results show that crystalline Co3O4
is formed on the CeO2 support during calcinations at 400 ◦C in air. It
is not surprising that Co3O4 is detected rather than CoO due to the
higher thermodynamic stability of Co3O4 [39] both under ambient
conditions and at higher temperatures.

4. Conclusions

This work demonstrates the preparation of a high-surface area
10%CoOx/CeO2 catalyst that is highly effective for the preferen-
tial oxidation of carbon monoxide in a hydrogen rich feed. Results
indicate a mesoporous, nanoparticle CeO2 support a CoOx/CeO2 cat-
alyst with a surface area of 78 m2/g. The dispersion and surface
area of this catalyst are far superior to those of a previously tested
CoOx/CeO2 catalyst [21]. Raman spectroscopy and X-ray diffraction
experiments have demonstrated that the cobalt takes the form of
Co3O4 and no CoO was detected under any experimental condi-
tions. It is possible that the octahedral Co3+ sites are the active sites
for oxidation of carbon monoxide [40].

Three distinct temperatures regions of catalyst activity occur.
Below 175 ◦C CO oxidation is dominant. Between 175 and 275 ◦C,
CO oxidation competes with H2 combustion. Above 275 ◦C, metha-
nation dominates. The 10%CoOx/CeO2 catalyst is able to achieve
near 100% CO conversion under a wide range of conditions depend-
ing on WHSV and O2 concentration. This catalyst is stable with
time-on-stream at the temperature of highest CO conversion. H2
concentration seems to have a negative effect on the CO oxidation
rate and O2 to CO2 selectivity decreases suggesting that H2 com-
petes with CO for adsorption sites. CO oxidation and H2 oxidation
activation energies were 52 and 74 kJ/mol, respectively over the
10%Co/CeO2 catalyst, which accounts for the increasing importance
of H2 oxidation at higher temperatures.
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