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The development of integrated artificial photosynthetic systems for the direct conversion 

of carbon dioxide and water to fuel depends on the availability of efficient and robust 

catalysts for the chemical transformations. Catalysts need to exhibit turnover frequency 

(TOF) and density (hence size) commensurate with the solar flux at ground level (1000 

W m-2, AM 1.5)[1] in order to avoid wasting of incident solar photons. For example, a 

catalyst with a TOF of 100 s-1 requires a density of one catalytic site per nm2. Catalysts 

with lower rates or taking up a larger space will require a high surface area, 

nanostructured support that affords tens to hundreds of catalytic sites nm-2. Furthermore, 

catalysts need to operate close to the thermodynamic potential of the redox reaction so 

that a maximum fraction of the solar photon energy is converted to chemical energy. 

Stability considerations favor all-inorganic oxide materials, as do avoidance of harsh 

reaction conditions of pH or temperature. 

 

For the water oxidation half reaction, Ir oxide is a material that essentially fulfils 

these requirements. Following early reports which identified IrO2 particles as robust 

water oxidation catalysts [2-4], Mallouk determined a TOF for Ir oxide colloidal particles 

of 40 s-1 in aqueous solution (pH 5.7, 25 oC), most recently for particles as small as 2 

nm.[5-7] In this work, the catalyst was driven by Ru+3(bpy)3 generated photochemically 

with visible light using the established Ru+2(bpy)3-persulfate system, with a modest 

overpotential (η) of 370 mV. For IrO2 colloidal particles coated on an indium tin oxide 

anode, Yagi obtained TOF = 7 s-1 (pH 5.3, 25 oC, η = 570 mV) from electrochemical 

measurements.[8] We have recently demonstrated that all-inorganic photocatalytic units 

consisting of nanoclusters (approx. 2 nm) directly coupled to a single center CrVI [9] or a 
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binuclear TiCrIII  [10] charge-transfer chromophore afford oxygen evolution under visible 

light with good quantum yield. While Ir oxide closely approaches the efficiency and 

stability required for a water oxidation catalyst in a solar conversion system, it is the least 

abundant metal on earth and not suitable for use on a very large scale. Therefore, it is 

imperative to explore oxides of the much more abundant first row transition metals, as 

inspired by Nature’s Mn4Ca cluster of Photosystem II.[11] In this paper, we focus Co 

oxide nanoclusters as candidates for water oxidation catalysts under mild conditions.  

 

 Numerous electrochemical studies of Co and Mn oxides as catalytic materials for 

oxygen evolution have been conducted over the past decades. For the purpose of 

evaluating metal oxides in the form of nanosized clusters as catalytic components for 

water oxidation, comparisons of turnover frequencies are most relevant. Such values 

were typically not reported in electrochemical studies, but lower limits can be calculated 

in cases where the amount of catalyst material was communicated in the respective paper. 

The data are summarized in Table 1 of the Supporting Information (‘lower limits’ refers 

to the assumption that all deposited metal centers are catalytically active).[12] Briefly, for 

Co3O4 (spinel) lower limits of TOF ranging from 0.020 to 0.0008 s-1 at high pH and 

temperatures between 25 and 120 oC were derived from work by Schmidt [13], Iwakura 

[14], and Rasiyah et al.[15]. Overpotentials range between 300 and 400 mV. While these 

electrochemical measurements were conducted in alkaline solution to maximize rates, 

less harsh conditions are preferable for artificial photosynthetic systems for reasons of 

structural stability. Using an established in-situ activation method for developing a Co-

based electrocatalytic film [13], Kanan and Nocera reported very recently oxygen 
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evolution from pH neutral, phosphate-buffered aqueous solution (room temperature, 

current density 1 mA cm-2, η = 410 mV).[16] While the exact formula and density of the 

catalyst were not reported, the thickness of the Co phosphate layer of about 2 µ and the 

observed current density allow an estimate of TOF > 0.0007 s-1 if a density of Co centers 

in the electrocatalytic film equal to that of Co3(PO4)2 is assumed. A study at neutral pH 

and room temperature using an anode coated with MnO2 by Morita et al. gave TOF > 

0.013 s-1 (η = 440 mV).[17] In addition, oxygen evolution was reported by Harriman et al. 

from aqueous suspensions of micrometer sized Co3O4 or Mn2O3 particles using the 

photo-chemical Ru+2(bpy)3 - persulfate method (pH 5, room temperature, η = 325 

mV)).[4] Data presented in the paper indicate TOF between 0.035 and 0.055 s-1. The 

photochemical and electrochemical results of Co and Mn oxides clearly suggest that these 

materials hold promise for developing robust, efficient nanometer sized catalysts for 

water oxidation. Here we report efficient oxygen evolution at nanometer sized Co3O4 

clusters in mesoporous silica in aqueous solution under mild temperature and pH 

conditions for the first time. The catalyst was driven by the Ru+2(bpy)3 – persulfate 

sensitizer system under visible light. 

 

Typical TEM images of Co oxide nanoclusters prepared in SBA-15 silica [18] at 

4.2 wt% and 8.6 wt% loading (per ICP-MS) by wet impregnation are shown in Figure 

1(a) and (b), respectively.[12,19,20] The images show that the integrity of the silica 

channel structure (diameter 8 nm) was maintained upon formation of the Co oxide 

clusters. By examining many SBA-15 particles in different regions of the powder, we 

confirmed that Co oxide nanoclusters are formed exclusively inside the mesopores; no 
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clusters were found on the outer surface of the silica particles. The oval shaped clusters 

consist of parallel bundles of nanorods whose structure is imposed by the silica channels. 

The rods are linked by short bridges, formed by Co oxide growth in the micropores 

interconnecting the mesoscale channels.[19] TEM images of the Co oxide clusters 

obtained after removal of the silica scaffold by heating of a suspension of the SBA-15/Co 

oxide (4%) sample in aqueous NaOH (2 M) at 60oC for 30 min are shown in Figure 1(c). 

Analysis of hundreds of clusters shows that the average Co oxide cluster is oval-shaped 

and spans four nanorods, which corresponds to a diameter of 35 nm (histogram analysis 

shown in Figure S2).[12] For the 8% sample, the average bundle of nanorods spans 100 

nm (Figure 1b).  

 

 Selected area electron diffraction (SAED) images shown in the inset of Figure 1b 

confirm the crystalline nature of the 100 nm Co oxide nanoclusters. By contrast, no clear 

diffraction pattern was observed for the 4% sample, suggesting that the 35 nm clusters 

are poorly crystallized. These findings are confirmed by powder X-ray diffraction (XRD) 

measurements shown in Figure 2. The diffraction peaks of the bulk Co oxide phase (trace 

a) are characteristic for Co3O4 (spinel structure).[21] The same peaks are clearly visible 

in the pattern of the 100 nm Co oxide clusters of the 8% sample (trace c), but absent in 

the 4% sample (trace b). The absence of diffraction peaks for the 35 nm clusters indicates 

that the crystalline domains are very small (at most a few nm) and points to 

polycrystallinity of the clusters. The width of the XRD bands in the case of the 8% 

sample corresponds to a 7.6 nm object according to the Scherrer formula, in agreement 

with the expected diameter of Co oxide nanorods imposed by the SBA-15 channel 
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structure (Figure 1). Fourier-transformed EXAFS data for micron-sized Co3O4 particles 

and Co3O4 nanoclusters of 8% and 4% loaded SBA-15 are shown in Figure 3. The perfect 

agreement between the spectra of bulk Co3O4 (black trace) and SBA-15/Co3O4(8%) (red) 

confirms the well crystallized spinel structure of the 100 nm clusters, consistent with the 

SAED and powder XRD results. For the 4% sample (blue), there is good agreement 

between the first shell Co-O bond distances for the nanoclusters and the bulk phase. The 

higher shell Co-Co peaks, while clearly visible, have much lower intensity indicative of 

very small (few nm) crystalline Co3O4 domains within the 35 nm cluster. Precedents for 

reduced EXAFS peak intensities due to polycrystallinity have been reported 

previously.[22] We conclude that the structural characterization reveals spherically 

shaped bundles of parallel Co3O4 nanorods of spinel structure inside the porous SBA-15 

scaffold.  

 

  Evolution of O2 was observed by mass spectrometric monitoring of the gas in the 

head space of aqueous suspensions of SBA-15/Co3O4 catalysts driven by visible light-

generated Ru+3(bpy)3 at pH 5.8 and room temperature (476 nm, 240 mW), as shown in 

Figure 4, trace c and d. A mildly acidic pH was chosen in order to minimize 

photodegradation of the Ru complex.[23] The amount of O2 generated increases 

approximately linearly for the first 30 minutes before gradually leveling off. When 

adding fresh Na2S2O8 acceptor and readjusting the pH to 5.8, oxygen evolution resumed 

at the same rate within uncertainties as observed initially. This confirms that the 

slowdown of the water oxidation rate is due to the stoichiometric consumption of the 

persulfate acceptor and demonstrates that the activity of the Co3O4 nanoclusters does not 
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degrade during photocatalysis on the time scale investigated (several hours). XANES and 

EXAFS analysis of the Co3O4 clusters before and after photochemical runs did not reveal 

any structural or oxidation state changes of the catalyst (see Supporting Information).[12] 

The stability of the Co oxide catalyst was further confirmed by the absence of significant 

leaching of Co ions during photolysis; ICP-MS analysis of solutions after photolysis 

contained at most 20 ppm Co ions (0.32 µg mL-1). A photochemical experiment with an 

aqueous solution of such a small amount of Co ions was conducted and no O2 evolution 

detected. In a further control experiment, NiO was prepared in SBA-15 at the same 

loading level (8%) [12] and photolysis was conducted under conditions identical to those 

used for the SBA-15/Co3O4 samples. As can be seen from Figure 4a, no O2 evolution was 

detected confirming that Co3O4 nanoclusters are responsible for water oxidation. We 

conclude that Co3O4 nanoclusters of spinel structure in SBA-15 silica material exhibit 

strong oxygen evolution activity under mild pH and temperature conditions, at an 

overpotential of 350 mV (εo(Ru+3(bpy)3/Ru+2(bpy)3) = 1.24 V [24], εo(O2/H2O) = 0.89 V 

at pH 5.8).  

 

While the modest overpotential for driving the catalyst implies reasonable 

thermodynamic efficiency, the turnover frequency (number of oxygen molecules per 

second per nanocluster) and size of the catalyst determine the degree to which an 

integrated system featuring this catalyst will be able to keep up with the rate of incident 

solar photons. From the amount of O2 gas evolved in the headspace during the first 10 

min of photolysis (Figure 4), taking into account the equilibrium oxygen concentration in 

the solution volume [9], we estimate a TOF = 1140 s-1 per Co3O4 nanocluster. The 
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calculation is based on the cylindrical shape of the bundles of Co oxide nanorods evident 

from Figure 1c (bundle diameter 35 nm, rod diameter 7.6 nm, average of 14 rods per 

bundle of 50 nm average length), the loading of 8.4 mg and the density of Co3O4 of 6.07 

mg cm-3. We conclude that values for turnover frequency and size of the Co oxide 

nanoclusters on SBA-15 (4% loading) lie in a range adequate for quantitative use of 

photons at maximum solar intensity. For the larger, 100 nm Co oxide clusters of the 

SBA-15/Co3O4(8%) catalyst, the estimated TOF is 6300 s-1. The calculation assumes a 

cylindrical geometry of the Co oxide nanorod bundles of 100 nm diameter (average of 

rods 115 nanorods per bundle, rod diameter 7.6 nm, average length 100 nm).  

 

As can be seen from Figure 4, the oxygen yield is 65 times smaller for an aqueous 

suspension of bare Co3O4 particles of micron (trace b) compared to that of the 

nanoclusters of SBA-15/Co3O4(4%), and 40 times smaller than for the SBA-

15/Co3O4(8%) sample. The fact that the total amount of Co oxide of the micron-sized 

particle sample exceeds that of the SBA-15/Co3O4(8%) sample by a factor of 12 indicates 

that Co centers in the interior of the particles or clusters are not involved in the catalysis. 

A comparison of the number of surface Co sites for the micrometer-sized particles and 

the nanoclusters points to the important role of surface Co centers. Assuming the 

geometry for the particles and nanoclusters described above and taking as nanocluster 

surface the combined surface area of all nanorods of the bundle (16 percent of the Co is 

at the surface), we calculate that the ratio of surface Co centers of the Co3O4 nanocluster 

sample to µ-sized Co3O4 sample is 13 in the case of SBA-15/Co3O4(4%), or 26 for SBA-

15/Co3O4(8%) (it is interesting to note that spherical Co3O4 particles of the same size as 
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the nanorod bundles but without the nanorod structure would have about the same surface 

area as the sample of µ sized particles). These estimates suggest that the much larger 

surface area provided by the internal nanorod structure of the Co3O4 clusters is an 

important factor contributing to the high TOF of the nanoclusters. However, it seems not 

to account for the high TOF completely because the O2 yield difference exceeds the 

surface area factor significantly. Therefore, in addition, Co surface sites of nanoclusters 

may be more efficient catalytically than those of µ sized particles.[25] The lower O2 

product yield for the SBA-15/Co3O4(8%) compared to the SBA-15/Co3O4(4%) sample 

(Figure 4) despite the two times larger total number of surface Co of the former may 

signal less efficient access of the reactant to the surface of individual nanorods in the case 

of the much larger, 100 nm nanorod bundles.   

 

The quantum efficiency of the Ru+2(bpy)3 – persulfate system used here for 

driving the water oxidation catalyst is calculated as 18% for the SBA-15/Co3O4(4%) 

experiment (2 times the number of O2 molecules produced divided by number of photon 

absorbed by the sensitizer).[4] This quantum yield is only a lower limit because it is 

assumed that all photons are absorbed by the sensitizer in the strongly scattering 

suspension, which is an overestimation. The value is influenced by several factors 

including the efficiency of electron transfer between the excited Ru+2(bpy)3 sensitizer and 

the S2O8
2- acceptor, and the efficiency of charge transfer between Co3O4 nanocluster and 

Ru+3(bpy)3 inside the silica mesopores. Hence, it may depend on the particular sensitizer 

used for driving the catalyst. Note that the turnover frequencies were not limited by the 
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visible light intensity in the experiments reported here and are therefore intrinsic 

properties of the Co oxide catalysts.  

 

In preliminary experiments using the same sample preparation methods and 

oxygen evolution measurements, we have observed water oxidation activities for Mn2O3 

and MnO2 nanoclusters in SBA-15 similar to those of SBA-15/Co3O4. These results will 

be reported in a forthcoming paper.  

 

In conclusion, oxygen evolution at nanostructured Co3O4 clusters in mesoporous 

silica reported here constitutes the first observation of efficient water oxidation by a 

nanometer sized multi-electron catalyst made of a first row transition metal oxide. Rates 

and size of the catalyst are comparable to nature’s Photosystem II, where the majority of 

the space is taken up by the light harvesting system rather than the catalyst. The 

abundance of the metal oxide, the stability of the nanoclusters under use, the modest 

overpotential and mild pH and temperature conditions make this a promising catalytic 

component for developing a viable integrated solar fuel conversion system, the next 

important challenge in this field.  
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Figure 1: TEM images of (a) SBA-15/Co3O4 4% loading. (b) SBA-15/Co3O4 8% 

loading. (c) Co3O4 nanoclusters (8% sample) after removal of the SBA-15 

silica material using aqueous NaOH as edging reagent. Analysis of the 

parallel nanorod bundles reveals an average bundle diameter of 35 nm 

containing 14 nanorods. The shape indicates that the average bundle has 4 

nanorods of 80 nm, 4 nanorods of 60 nm, and 6 nanorods of 25 nm length. 

Hence, the average nanorod length is 50 nm.  
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Figure 2: Wide-angle powder XRD patterns for (a) micrometer sized Co3O4 

particles, (b) SBA-15/Co3O4 (4%), (c) SBA-15/Co3O4 (8%).  
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Figure 3: EXAFS spectra for bulk Co3O4 (black trace), SBA-15/Co3O4 (4%) (blue 

trace), and SBA-15/Co3O4 (8%) (red trace).  
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Figure 4: Oxygen evolution in aqueous suspensions (40 mL) of (a) SBA-15/NiO 

(8%), (b) micron-sized Co3O4 particles, (c) SBA-15/Co3O4 (8%), and (d) 

SBA-15/Co3O4 (4%). Measurements were conducted at pH 5.8 and 22 C.  

Catalysis was initiated by Ar ion laser emission at 476 nm (240 mW).  

Experimental details of the oxygen detection method are described in the 

Supporting Information.[12]   


