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Summary 
In support of the Department of Energy (DOE) Office of Energy Efficiency and 
Renewable Energy’s Fuel Cell Technologies Program Hydrogen Sorption Center of 
Excellence (HSCoE), UNC conducted Nuclear Magnetic Resonance (NMR) 
measurements that contributed spectroscopic information as well as quantitative analysis 
of adsorption processes.  While NMR based Langmuir isotherms produce reliable H2 
capacity measurements, the most astute contribution to the center is provided by 
information on dihydrogen adsorption on the scale of nanometers, including the 
molecular dynamics of hydrogen in micropores, and the diffusion of dihydrogen between 
macro and micro pores.  A new method to assess the pore width using H2 as probe of the 
pore geometry was developed and is based on the variation of the observed chemical shift 
of adsorbed dihydrogen as function of H2 pressure.  Adsorbents designed and synthesized 
by the Center were assessed for their H2 capacity, the binding energy of the adsorption 
site, their pore structure and their ability to release H2.  Feedback to the materials groups 
was provided to improve the materials’ properties.    
 

To enable in situ NMR measurements as a function of H2 pressure and temperature, a 
unique, specialized NMR system was designed and built.   Pressure can be varied 
between 10-4 and 107 Pa while the temperature can be controlled between 77K and room 
temperature. 
 

In addition to the 1H investigation of the H2 adsorption process, NMR was implemented 
to measure the atomic content of substituted elements, e.g. boron in boron substituted 
graphitic material as well as to determine the local environment and symmetry of these 
substituted nuclei. 
 

The primary findings by UNC are the following: 
• Boron substituted for carbon in graphitic material in the planar BC3 configuration 

enhances the binding energy for adsorbed hydrogen. 
• Arrested kinetics of H2 was observed below 130K in the same boron substituted 

carbon samples that combine enhanced binding energy with micropore structure.  
• Hydrogen storage material made from activated PEEK is well suited for hydrogen 

storage due to its controlled microporous structure and large surface area. 
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• A new porosimetry method for evaluating the pore landscape using H2 as a probe 
was developed.  1H NMR can probe the nanoscale pore structure of synthesized 
material and can assess the pore dimension over a range covering 1.2 nm to 2.5 
nm, the size that is desired for H2 adsorption. 

• Analysis of 1H NMR spectra in conjunction with the characterization of the 
bonding structure of the adsorbent by 13C NMR distinguishes between a 
heterogeneous and homogeneous pore structure as evidenced by the work on 
AX21 and activated PEEK.  

•  Most of the sorbents studied are suited to hydrogen storage at low temperature (T 
< 100K).  Of the materials investigated, only boron substituted graphite has the 
potential to work at higher temperatures if the boron content in the favorable 
planar BC3 configuration that actively contributes to adsorption can be increased. 
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Introduction 
It is the objective of the NMR group at UNC to support the work in design and synthesis 
of new and advanced hydrogen storage materials produced by colleagues of the 
Department of Energy (DOE) Office of Energy Efficiency and Renewable Energy’s Fuel 
Cell Technologies Program Hydrogen Sorption Center of Excellence (HSCoE).  UNC’s 
mission was to characterize materials for their ability to store hydrogen and their 
hydrogen capacity.  Because NMR is an intrinsically microscopic technique, UNC 
provided information on the molecular signature of adsorption mechanisms and the H2 
dynamics within the pore structure and provided insights into the adsorption process 
beyond those which volumetric methods can contribute.   
 

In addition, in a more traditional way to use NMR, UNC quantified the atomic content of 
substituted atoms and provided information on the structure of adsorption sites, especially 
in materials that were designed to contain sorbent sites of high binding energy. 
 

Our objectives were: 

• Develop a quantitative and selective NMR method for measuring hydrogen 
adsorption capacity. 

• Establish molecular and atomic NMR signatures and adsorption mechanisms for 
adsorbed dihydrogen in high surface area sorbent materials and newly designed 
adsorbents characterized by strong binding. 

• Provide microscopic structure information on the sorbent materials and establish 
empirical relation(s) between structure and hydrogen adsorption. 

 

These objectives supported the synthesis efforts within the Center threefold.  Measuring 
the H2 capacity of a material provided direct feedback to the synthesis groups regarding 
the immediate usefulness of the material.  Discerning molecular and atomic NMR 
signatures and elucidating adsorption mechanisms for hydrogen adsorption addresses two 
technical barriers: the lack of understanding of adsorption processes and insufficient 
information on H2-accessible micropores and H2 kinetics within those micropores. The 
mechanisms of hydrogen physisorption and chemisorption were studied to provide a 
better understanding of these processes.  Insight into the microscopic structure of sorption 
materials correlates H2 adsorption and H2 kinetics to the pore landscape.   
 
Overcoming these technical barriers, aided by use of NMR, directly supported the 
synthesis efforts.  Documenting the adsorption process and characterizing the binding 
energy has direct influence on the design and synthesis of substituted materials that rely 
heavily on theoretical predictions. Here it is important to establish whether or not the 
theoretical inputs are valid (see boron substituted graphite discussion).  Probing the pore 
structure and testing if the desired structure has been achieved are key to developing 
nanostructured materials (see activated PEEK discussion). 
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The HSCoE divided its synthesis effort into three categories with different adsorption 
characteristics:  

• Engineered nanospaces 

• Substituted materials 
• Spillover / Strong binding materials 

 
Within the engineered nanospace effort, materials rely on physisorption and ideally 
combine high surface area with pores that are distinguished by nanometer size width or 
diameter.  Here maximizing the surface area without sacrificing the pore dimension is  
key. In general materials within this group are efficient hydrogen sorbents at 
temperatures below 100K.  Activated polyether ether ketone (PEEK), molecular sieves 
and carbon aerogels are examples that fall into this category and have been studied with 
NMR. 
 

In substituted materials, one of the parent constituents e.g. carbon, is substituted with 
another element that in that given configuration promises higher binding energy 
compared to physisorption. Substituted materials are predicted to bind H2 at temperatures 
between 100K and room temperature.  Boron substituted graphitic material is an example 
that was studied by NMR. 
 

Spillover and strong binding materials have large binding energies for dihydrogen that 
are expected to provide efficient hydrogen binding between room temperature and ~ 
375K.  Pt(6wt%)/AX21, a spillover material falls into this category. 
 
This report is organized as follows: the methodology of the UNC NMR approach is 
discussed first, followed by the evaluation of the materials. UNC has studied examples 
from all three major efforts within the HSCoE and all materials studied are listed in Table 
2 (Page 14).  For each category one or two examples are discussed in greater detail while 
the rest are summarized briefly.  Materials and their ability to store hydrogen are 
presented under “Materials examined using 1H NMR” where the study focuses on 
hydrogen content.   The local properties of the adsorbent are studied using conventional 
NMR techniques and are summarized under:   “NMR study of local properties of 
adsorbents”.   
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Methodology 
The 1H NMR signal intensity is directly proportional to the number of H atoms 
contributing to the spectral line.  Therefore the signal intensity can be used to obtain an 
isotherm provided H2 gas at a well-defined pressure can be applied to the NMR sample in 
situ. 
  
System Design UNC designed and built a H2 delivery system that delivers H2 gas 
to 107 Pa in situ to the NMR sample and that simultaneously keeps the temperature 
controlled between 77K and room temperature (see Figure 1). 

 
Figure 1: H2 in situ delivery system and NMR set up.  P, P2: capacitance pressure gauges, P3: 
convection gauge, T: thermocouple, High P H2: high pressure H2 gas cylinder. 
 
 

For measurements that require an upper pressure of 107 Pa, a high pressure H2 gas 
cylinder rated to ~2 107 Pa was sufficient as a gas source.  In addition to a convection 
gauge (P3), two capacitance based pressure gauges that cover pressure ranges between 
104 and 107 Pa (P) and 103 and 2 105 Pa (P2) were employed.  A turbo pump station was 
used to evacuate the sample chamber to ~10-4 Pa.  The overall system was tested for leaks 
at 107 Pa over 24 hours and did not show any pressure variation during that period.  In 
select cases, samples were heated outside the shown delivery system to 170°C while 
being pumped.  The sample was then sealed off and reconnected to the gas delivery 
system without breaking vacuum.  Generally, when starting an experiment, all samples 
were pumped over night at room temperature with the NMR background signal being 
monitored.  All reported results relate to background subtracted spectra. Temperature was 
monitored using a thermocouple (T).  Low temperature control was achieved using a flow 
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cryostat with liquid N2 as a cooling medium.  1H NMR measurements were conducted at 
200 MHz in a 4.7 T superconducting magnet.  A sapphire tube able to withstand 
pressures up to 5 107 Pa serves as a NMR sample tube.  The effective sample volume is 
0.17 cm3 requiring 170 mg of sample provided the effective density is 1 g/cm3.  Most 
samples studied had lower effective densities.  Over the course of the project several 
NMR probes working at room temperature and low temperature were built.  A double 
resonance probe was designed. 
  
Mass Calibration To provide a mass calibration, either an open ended capillary or a 
known amount of PDMS (polydimethylsiloxane) was placed in the sample volume 
together with the sample.  Both methods provided an in situ standard, important when the 
tuning of the probe depends on the sample material.  Using the ideal gas law the known 
volume of the capillary translates at a given temperature and gas pressure to the number 
of H2 molecules within the capillary.  Those molecules give rise to a NMR line with an 
intensity that represents the mass standard.  The capillary method (see Figure 2) works 
well at all temperatures probed.  With reproducible tuning of the NMR probe, the signal 
intensity for the gas scales as theoretically expected and can also be used for calibration 
purposes. 

 
Figure 2: 1H spectrum of boron substituted graphitic carbon recorded at 295K and 10.2 MPa, A: 
H2 in intergranular pores, B: H2 in intragranular pores, C: H2 in capillary.  Line C is clearly 
separated from lines A and B and is thus well suited as an in situ mass standard. 
  
PDMS contains a known number of protons that give rise to a Gaussian line when 
measured at zero H2 pressure.  However, the chemical shift of PDMS is similar to that of 
H2 adsorbed in narrow graphitic pores, making spectral deconvolution difficult.  The 
effect can be alleviated by taking advantage of the different relaxation times for the solid 
polymer and adsorbed gas.  Slowing down of the proton motion within PDMS while 
lowering the temperature renders the proton signal invisible below 160K.  PDMS works 
well as a standard in certain experiments but the capillary method is more versatile. 
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Round Robin measurements within the Center where samples were evaluated in 
succession by various HSCoE members showed that the H2 capacity measured by NMR 
is in agreement with volumetric measurements, see Table 1.  Determination of hydrogen 
capacity in microporous activated PEEK proved the equivalence of H2 capacity measured 
by NMR with excess volumetric capacity. 
 

Sample wt % (NMR) T (K) wt %  
(volumetric) 

T (K)  

AX-21 6.2 (capillary) 100 5.5  77 
TFB170CRF 3.1 (PDMS) 115  4.2 77 
TFB188CRF 5.4 (PDMS) 100 5.2 77 
PEEK, steam 
70 % BO 

2.19 @ 0.2 MPa 
5.64 @ 10  MPa 

100 3.02 @ 0.2 MPa 77 

Table 1: Comparison between 1H NMR and volumetric determination of hydrogen capacity. 

 
It should be noted that NMR measures the total capacity (integral over the whole 
spectrum) as well as the capacity confined in micropores (integral over line B, see 
below).  In Table 1 the NMR derived capacity is based on the intensity of line B, i.e. the 
amount of confined H2. In micropore material with pore diameters below 1.2 nm the 
contribution of gaseous hydrogen to the intensity of line B is negligible and the NMR 
derived capacity is expected to converge to the excess capacity determined 
volumetrically (see also discussion under NMR porosimetry and Activated Peek). 
 

Spectroscopic assessment of adsorption Interpreting NMR spectra of adsorption 
processes is straightforward when the 1H spectra clearly identify the adsorbed species. 
Such identification is possible when the adsorbed H2 is associated with a distinct NMR 
line.  Overall 1H spectra of adsorbed hydrogen can be separated into three categories, 
representative of three different types of material with different NMR signatures: 
graphitic material, material with flexible walls, and non-graphitic material.  Figure 3 
gives an example of each spectrum with Fig. 3a representing graphitic material, Fig. 3b 
material with flexible ligands that are speculated to trap H2 and Fig. 3c non-graphitic 
material.  Hydrogen located in a microporous environment within a graphitic matrix 
gives rise to a NMR line with a distinct upfield shift, line B in Fig. 3a.  Materials that fall 
under this category are activated PEEK, carbon nanohorns, aerogels and boron 
substituted graphitic material.  Hydrogen experiencing a crystal field when confined 
within closely separated ligands will display a hindered rotation that yields a 
characteristic dipolar induced line shape, the Pake pattern as shown in Fig. 3b and is 
observed in doubly interpenetrated metal organic frameworks (MOFs) with flexible 
ligands.  In both cases - graphitic material and interpenetrated MOFs - NMR spectrally 
selects the confined molecules that then can be further examined in detail.  In materials 
that do not contain graphitic planes the 1H spectrum consists of a single line (Fig. 3c) as 
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observed in polymer spectra.  However, in all three cases, the absolute number of 
confined H2 can be extracted (see detailed discussion below). 

   
Figure 3: Representative 1H spectra for hydrogen adsorption in a) PEEK (graphitic material), b) 
MOF (flexible frame work), and c) non graphitic carbon (polymer). 
 

 
Hydrogen gas that penetrates a sample composed of porous granules will fill large, 
intergranular pores and pores within the granules. Ideally these intragranular pores will 
be micropores i.e. pores with width or diameter smaller than 2 nm.  In porous graphitic 
material two NMR lines can be clearly distinguished, line A and B as shown in Fig. 3a.  
Throughout this report line A and B will be associated with free, gaslike H2 and hydrogen 
confined in micropores, respectively.  Line A represents nearly free gas in intergranular 
pores.  This interpretation is supported by three observations: the line position with 
respect to free gas, and the way the intensity and spin lattice relaxation time of line A 
vary with H2 pressure.  The resonance frequency for line A is slightly shifted with respect 
to the observed line for free gas (see Figure 2 where the line associated with the gas in the 
capillary provides a free gas reference).  This small shift on the order of 1 to 3 ppm is 
determined by the susceptibility of the host material.  The intensity of line A increases 
linearly with H2 gas pressure as expected for a gas in a fixed cavity.   The spin lattice 
relaxation time increases with increasing H2 pressure and this dependency on pressure 
and on the concomitant number of collisions is characteristic of a gas.  Line B represents 
confined hydrogen.  The assignment is again supported by three observations which are 
based on the dependence of line position, intensity and T1 on H2 pressure.  The line is 
shifted strongly with respect to free gas and the susceptibility shifted line of gas in large 
pores.  The intensity shows a strongly nonlinear dependence on pressure, saturates at high 
pressure and is well described by the Langmuir adsorption model.  The measured T1 
dependence on pressure is complex (see for instance the Boron doped graphite 
discussion).  We analyze the intensity of line B associated with confined H2 as a function 
of pressure using a Langmuir model:   
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( ∞,2Hn : the saturation coverage, σ: the area occupied by a H2 molecule on the surface (~0.16 nm2) based 

on the commensurate filling measurement of a graphite plane, ν0: the attempt frequency of about 1013 Hz, 

2Hm : the mass of H2, Ead : the binding energy). 

 
Fitting the isotherm to the Langmuir expression yields the H2 capacity, ��� , and the 

average binding energy of H2 molecule, Ead, as shown in Figure 4.  Thus, the two 
parameters directly related to the “impact” of the material and its usefulness to the Center 
are extracted. 

 
Figure 4: Intensity of Line B as function of pressure at 100K: material: Activated PEEK, CO2-9-
80. The fit of the data to the Langmuir model, yields a H2 capacity of 5.4 wt% and a binding 
energy of 4.5 kJ/mol. 
 
 
NMR porosimetry The position of NMR line B (its chemical shift) with respect to free 
gas provides information on the pore structure of the material.  In graphitic materials a H2 
molecule that adsorbs on the wall of a pore experiences a magnetic dipole field due to 
local shielding currents induced by the applied magnetic field (4.7 T in our case).  This 
diamagnetic contribution produces a NMR line that is shifted upfield (or to the right in 
the graph).  The strength of the induced dipole field decreases strongly as 1/r3 where r is 
the distance from the pore wall.  Therefore, H2 molecules located in the interior of the 
pore will experience a much reduced field.  The NMR line position of H2 molecules or its 
shift is related to the local magnetic field they experience: molecules adsorbed on a 
graphitic pore wall experience a strong diamagnetic local field while molecules in the 
pore interior are exposed to a less diamagnetic field.  If adsorbed molecules and H2 in the 
pore interior were static populations one would observe two NMR lines representing 
those environments.  However, even at 77K molecules exchange positions rapidly on the 
NMR time scale and only one exchange narrowed NMR line is observed.  The position of 
that line, its chemical shift, depends on the relative population of adsorbed and “free” H2 
within the pore.  Since the growth of those populations as a function of pressure behave 
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differently, the line position will vary in a predictable way with pressure (see discussion 
on activated PEEK). 
 
However, narrow pores of width d < 1.2 nm that can only host adsorbed H2 with one H2 
located on each adjacent wall are devoid of gaseous H2 and the line position will not shift 
as a function of H2 pressure.  In this limiting case, the number of H2 adsorbed on internal 
surfaces exceeds by far the number of hydrogen in the internal volume (S >> V). 
 
For macropores in which the number of H2 in the internal volume exceeds the number of 
H2 on internal surfaces, gaseous H2 will dominate the averaging process and the line for 
intergranular pores (line A in Fig. 3a) is replicated.  Again in this limit  (S << V), there is 
no variation of line position with pressure.   
 
However, although there is no pressure dependent line shift in these limiting cases, the 
NMR line position associated with H2 in narrow micropores (d < 1.2 nm) and in 
macropores is different, corresponding to line B and line A in Figure 3a, respectively. 
 
In summary, our phenomenological model predicts that the position of NMR line B (Fig. 
3a) will not shift with H2 pressure when hydrogen molecules probe pores with diameters 
d < 1.2 nm  (S >> V) but will show a distinct variation with pressure for pores within an 
average pore width range of 1.2 < d < 2.5 nm (S ≈ V).  The model is found consistent 
with experiments of activated PEEK and aerogels and is discussed in more detail in: R.J. 
Anderson et.al., JACS, 132, 8618–8626 (2010) and the associated supplemental 
information.  
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Materials examined using 1H NMR  
1H NMR has been used to measure hydrogen content as function of pressure and 
temperature for all samples studied.  In addition, the hydrogen dynamics has been studied 
using spin-lattice relaxation, spin-spin relaxation and exchange spectroscopy.  Kinetics of 
hydrogen was found to be fast for all materials with the exception of boron substituted 
graphite below 130K. Table 2 lists all materials studied using 1H NMR for hydrogen 
storage and 11B and 19F NMR for structural investigation. 
 
 
 
Table 2: Summary of materials that have been examined using NMR  
 

Engineered Nanospaces 
 

1. Conducting Polymers (Alan G MacDiarmid, University of Pennsylvania (deceased))  
Polyaniline (emerald oxidation stage) doped with camphorsulfonic acid: Efficiency of 
HCl  induced pores and effect of H2O on H2 adsorption (No-go) 
 

2. Carbon Nanohorns (David Geohegan, Oakridge National Laboratory)   
Large and narrow nanohorns; isotherm at RT, 100K; binding energy; distinct binding 
sites; promising. 

3. Carbon Aerogels (Ted Baumann, Lawrence Livermore National Laboratory)  
Carbon aerogels of early design; isotherms at room temperature, 100K; pores too large on 
average for effective storage (No-go). 

4. High surface area activated carbon (AX21) (C. Ahn, California Institute of 
Technology) 
Prototype of activated carbon; used as comparison to newly designed materials; pore 
structure was found to be heterogeneous with interconnecting micro and mesopores. 

5. Carbon-Molecular Sieve; Polymer  (D.J. Liu, Argonne National Laboratory and 
Luping Yu, University of Chicago)  

6. Activated PEEK (Jie Liu, Duke University)  
Pore size assessment by NMR; optimal activation process; promising system for 
Engineering Center. 
 

7. Metal Organic Framework with flexible ligands (Wenbin Lin, UNC Chem.)  
H2 rotation hindered; Pake pattern; temperature dependence of spectra. 

8. Graphene (Ed Samulski, UNC Chem.)  
Model system for adsorption studies. 
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Substituted Material 
 

1. Boron substituted SWNTs (Mike Heben, Jeff Blackburn, National Renewable 
Energy Laboration [NREL])   

   Isotherm measurements (difficult to interpret because of magnetically broadened NMR 
lines (No-go) 

2. Boron substituted graphitic systems (Mike Chung, Penn State University)  
High binding energy (11 kJ/mol); Langmuir at RT; slow kinetics at 100K; promising, 
ongoing. 

3. Boron substituted activated carbon (Hank Foley, Ram Rajagopalan, Penn State)  

4. Boron substituted Carbon (Jeff Blackburn, NREL) 

  Spillover/Strong Binding 

Pt(6wt%)/AX21 (Ralph Yang, University of Michigan)  
No spillover observed. 

   NMR characterization of specific adsorption sites: 
11B NMR:    Establish boron content and boron symmetry within graphitic material (in 
support of Substituted Materials (2), (3) & (4)). 

19F NMR:  Establish Fluorine binding in BF4
- system (in support of Air Products:   

intercalation of graphite with BF4
-).  

 
 
Engineered Nanospaces Considerable effort was spent on Activated PEEK material 
once it was realized that NMR could be used to probe the pore structure at the nanoscale.  
Therefore, the PEEK material at various degrees of activation and concomitant variation 
in pore size was also employed to develop the NMR porosimetry technique and show its 
usefulness to the overall effort of the Center.  In the study of carbon aerogels, evaluation 
of pore structure was the goal of the investigation.  Aerogels showed similar 
characteristics as the PEEK material but with a much larger pore dimension.  The 

emphasis in carbon 
nanohorns was also on 
the nanostructure. 
Graphene was studied as 
a potential model system 
where the structure is 
simple and well defined.  
In all of the materials 
mentioned so far 
adsorbed hydrogen 
produces a characteristic 

 

Figure 5: 1H spectra of 
H2 gas permeating 
various adsorbents with 
graphitic surfaces.   
In all cases the peak on 
the left is associated 
with free gas in large 
intergranular pores 
while the NMR line on 
the right marked with an 
arrow represents H2 
confined in micropores.   
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NMR line that is shifted upfield from the line associated with free gas in intergranular 
pores. The bimodal spectral distribution is clearly observed in Figure 5 which shows 1H 
spectra obtained for H2 gas permeating various adsorbents that are characterized by pore 
surfaces that resemble a graphitic structure.  The upfield shifted line, marked with an 
error, represents hydrogen confined in micropores.  Because the line is well resolved its 
intensity is easily determined and extracting isotherms and studying the dynamics of 
confined H2 is straightforward in these adsorbents.  Metal Organic Frameworks with 
flexible ligands were studied because of the unique and surprising NMR signature (Fig. 
3b) associated with confined H2 making it convenient to study the adsorbate.  The 
conducting polymer and molecular sieve samples produce one NMR line (Fig. 3 c) and 
the selection between adsorbed and free gas is accomplished through analysis of the 
isotherm. 
 
Activated PEEK (Jie Liu, Duke University)  The “Holy Grail” of the engineered 
nanospace research effort is a material that combines a high surface area with narrow (1 
to 2 nm) pores and high pore volume.  Activated PEEK was expected to provide just that 
and the Duke study focused on probing the pore structure as function of activation time. 
 
PEEK granules were carbonized at 900°C in flowing Ar for 30 minutes.  During this 
stage half the material was lost.  Activation proceeded by switching the gas to either CO2 
or steam.  Samples were activated for various amount of time with the burn off being 
measured as relative sample loss after the activation stage.  Samples with burn off 
between 1 and 95 % were studied and are designated as CO2-9-50 as an example where 
CO2 is the gas used for activation that occurred at 900°C and produced 50 % burn off. 
 
Samples were characterized by NMR based isotherms at 100K and room temperature.  In 
addition the pore structure was deduced using a phenomenological model that links the 
variation of the NMR line position for confined H2 with pressure to the pore structure. 
 
Figure 6 shows the evolution of 1H NMR spectra recorded for CO2-9-59 at 100K as 
function of pressure.  Several observations can be directly gleaned from the spectral 
evolution.  The spectra are separated into two clearly distinguished lines at high pressure. 
The intensity of peak A increases linearly with pressure while the intensity of line B 
saturates.  At low pressure only line B representing confined H2 is present.  The peak 
position of line A does not shift with pressure while the peak position of line B does shift 
towards line A with increasing pressure.  The Langmuir variation of the H2 capacity 
contained in line B is shown in Figure 6 (right).  The binding energy deduced from the 
Langmuir model is 4.9 kJ/mol in agreement with expectations for van der Waals forces.   
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Figure 6 (left): 1H spectra recorded at 100K of PEEK activated at 900°C in CO2 with a measured 
burn off of 59 wt% recorded as function of H2 pressure as indicated in the figure.  Note that only 
line B is observed at low pressure and that the positon of line B shifts to the left with increasing 
pressure while position of line A shows no pressure dependence.  Right: Langmuir isotherm 
based on the intensity of line B obtained from the spectra shown on the left. 
 
 
Figure 7 summarizes the variation in line position for line B as observed for all PEEK 
samples studied.  Clearly there is a correlation between the slope of the shift and the burn 
off.  Samples that show a non-varying line position, CO2-9-1, Steam-9-20, CO2-9-26 and 
Steam-9-35 have a pore structure with maximum average width of approximately 1.2 nm.  
With such limited space available all of the confined H2 is aligned close to the walls.  The 
remaining samples show varying degrees of line variation with the slope increasing with 
burn off.  Our phenomenological model correlates the degree of line variation with  

 
 
Figure 7 left:  Variation of the position of line B as a function of H2 pressure.  The line shift is 
measured with respect to the position of line A which does not show a pressure dependence.  
Right: Pore volume versus pore diameter as deduced from BET measurements.  The arrows 
connect NMR measurements to volumetric measurements. (BET measurements cannot predict 
pore to the left of the vertical bar.)  
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average pore size and sets a limit of 2.5 nm for the pore size at which line A and B can be 
distinguished. Burn off between 47 and 95 % therefore produce pores with average width 
between 1.2 and 2.5 nm.  Assigning individual pores sizes to samples with a given burn 
off is beyond the scope of our individual model and would require collaboration with a 
group specializing in molecular modeling (see Towards the Future).  However, it is 
gratifying that the pore landscape determined through BET measurements agree fairly 
well with our assessment (Fig. 7 right and arrows connecting left and right figures).  

 
A detailed account of the PEEK work is published under: 

Robert J. Anderson, Thomas P. McNicholas, Alfred Kleinhammes, Anmiao Wang, Jie Liu, and 
Yue Wu, NMR Methods for Characterizing the Pore Structures and Hydrogen Storage Properties 
of Microporous Carbons, JACS, 132, 8618–8626 (2010).(see also Supplemental Information). 
 
Thomas P. McNicholas, Anmiao Wang, Kevin O’Neill, Robert J. Anderson, Nicholas P. Stadie, 
Alfred Kleinhammes, Philip Parilla, Lin Simpson, Channing C. Ahn, Yanqin Wang, Yue Wu, and 
Jie Liu,H2 Storage in Microporous Carbons from PEEK Precursors, J. Phys. Chem. C, 114, 
13902–13908, (2010).(see also Supplemental Information: jp102178z_si_001.pdf (213 KB)) 

 

Aerogels (large pore) (Ted Baumann, LLNL)  Aerogels were the first 
samples that showed a variation in line position for peak B as a function of H2 pressure.  
This is clearly seen in Figure 8, where peak B shifts from ~ -11 ppm at low pressure to ~ 
-7 ppm at high pressure. 
 

 
 

 
The spectra consist of two contributions that are most clearly distinguished at higher 
pressure.  One line, at -3.6 ppm, does not shift with pressure and is associated with H2 in 
voids.  A second line (see arrows) varies with pressure between -11 and -7 ppm and is 
associated with H2 in mesopores.  The change in line shift, δobs, can be simulated 
assuming nads, the number of adsorbed H2, varies according to a Langmuir equation while 
ngas, the number of free H2, displays ideal gas characteristics.  The large observed shift 
corresponds to the largest shifts observed in activated PEEK at 80 % burn off and is thus 
associated with pores of width of about 2.5 nm.  According to BET measurements the 

 

Figure 8: 1H NMR spectra 
obtained for aerogel (TFB170-
CRF: 2000 m2/g; 4.2 wt% 
capacity (volumetric) at 77K) as 
a function of pressure. 
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aerogel sample contains much larger pores, confirming our hypothesis that NMR 
porosimetry is only sensitive to pores with micropore dimensions – H2 in larger pores 
contribute to peak A.  In the medium pressure range from 0.26 MPa to 1.53 MPa peak A 
and B merge and peak A is not clearly defined. 
 
AX21 (C. Ahn, California Institute of Technology)  AX21 serves as a prototype 
activated carbon with large surface area (2800 m2/g) and volumetrically determined H2 
capacity of 5.8 wt% at 77K1.  NMR spectra of H2 permeating AX21 at 100K shown in 
Figure 9 reveal that the pore structure of AX21 is very different from the structure 
deduced for activated PEEK based on spectra displayed in Figure 6.  For AX21, line B, 
clearly discernable in PEEK samples (see Fig. 6) appears as a shoulder in spectra taken at  

                   
Figure 9: Left: Evolution of 1H spectra of an AX21 sample at 100K taken as function of H2 
pressure. From lowest to highest spectrum the pressures are: 0.1, 0.2, 0.5, 1, 2, 5, 7.1, and 10.2 
MPa.  At low pressure the spectrum is nearly single component with a shift of -1.75 ppm.  The 
dominant line shifts downfield with increasing pressure.  At higher pressures a second line grows 
in which centers around 0 ppm.  Right: 13C NMR spectrum of AX21.  Only one line is observed 
that centers around 125 ppm with respect to TMS indicating that the carbon is predominantly sp2 
bonded as expected for a graphitic matrix. 
 
high H2 pressure (Fig. 9).  However, the evolution of the 1H spectra as a function of H2 
pressure clearly indicates a well-defined NMR line at low pressure that shift downfield 
(to the left) with pressure.  However, even at low pressure the NMR has a downfield tail 
indicating a distribution of sites. 
   
There are two possible reasons why the 1H spectra in AX21 differ from those in activated 
PEEK and in aerogels.  The carbon matrix in AX21 could be less graphitic and more like 
carbon black materials.  If so, the absolute value of the observed shift for 1H would be 
smaller for confined H2 (-1.75 ppm in AX21 versus -10 ppm for activated PEEK) and the 
spectra would appear to be compressed into a smaller chemical shift range.  Alternatively 
                                                 
1 P. Bernard and R. Chahine, Langmuir 17, 1950-1955 (2001) 
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the pore structure in AX21 could be distinctly different and the hydrogen kinetics would 
lead to the observed change in spectra.  We explored the carbon bonding in AX21 using 
13C NMR.  The spectrum shown in Fig. 9 (right), displays only one NMR line with a 
chemical shift of 125 ppm indicating that the predominant carbon bonding is of the sp2 
type, which is characteristic for planar bonding as found in graphitic material.  Therefore 
the difference in 1H spectra between activated PEEK and AX21 has to arise from the 
hydrogen kinetics.  Over the NMR time scale, hydrogen are not only localized in narrow 
pores but also can exchange with H2 in wider pores and even with hydrogen in 
intergranular pores.  As a result we observe an exchange narrowed NMR line for 
confined H2 that represents properties of H2 in narrow and wide pores.  Therefore the 
pore landscape of AX21 is heterogeneous and is composed of interconnecting narrow and 
wide pores.  The NMR results agree with BET measurements that find a bimodal pore 
structure with the larger pores being on the order of 3.5 nm, in good agreement with our 
estimate for the upper size dimension for NMR porosimetry of 2.5 nm.  However, NMR 
provides additional information regarding the interconnectivity of the pore structure: 
micro and meso pores are interconnected and H2 move freely between both.     
 

Carbon Nanohorns (David Geohegan, Oakridge National Laboratory) The Oakridge 
group has succeeded in synthesizing carbon nanohorns (CNH) with either small or large 
diameters.  Samples are either pristine or subjected to a mild oxidation procedure.  When 
oxidized, the walls of the CNHs are compromised and H2 can access endohedral as well 
as interstitial pores. Conversely, in pristine samples only interstitial spaces are accessible.  
NMR evaluated how these different volumes and their accessibility contribute to 
hydrogen storage.  To do so, a combination of spectral analysis and porosimetry (see 
PEEK discussion) were employed. 
 

Small pristine CNHs have no capacity for H2 storage while small, opened CNHs show H2 
storage in narrow pores. The spectra (not displayed) show no evidence of line B for 
pristine small CNHs while in oxidized samples line B is clearly observed. We conclude 
that interstitial sites in small pristine CNHs are not accessible to H2 indicating that the 
interstitial sites have on average diameters smaller than 0.3 nm.  The mild oxidation 
treatment, however, succeeded in opening holes in the walls of the nanohorns making the 
endohedral spaces accessible to H2.  Because the NMR line did not shift with applied H2 
pressure, the endohedral pores have diameters d ≤ 1.2 nm. 
 

Figure 10 shows 100K spectra of hydrogen permeating samples of large CNHs.  
Hydrogen in the pristine sample produces a well-defined line at -11 ppm that does not 
shift with H2 pressure (Fig. 10 (left)).  The difference in available pore space between 
pristine small and large CNHs is the width of the interstitial space between adjacent 
nanohorns.   
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Figure 10: 1H spectra at 100K of H2 permeating large carbon nanohorn samples as function of H2 pressure.  
Left: pristine sample; right: oxidized sample (the void or free gas peak is dominant in the spectra on the 
right because the sample filled only part of the NMR coil volume). 
 
While in small CNHs the interstitial space cannot admit dihydrogen molecules, in large 
CNHs the interstitial space is adequate (> 0.3 nm) to allow H2 adsorption.   
 
When compared with the pristine sample, the NMR line associated with confined H2 
shifts upfield (to the right in Fig. 109 (right)) in the oxidized sample.  In addition, a new 
line emerges with increasing pressure at approximately -35 ppm.  The evolution of the 
spectra with H2 pressure leads to the following interpretation of the spectra.  At low 
pressure H2 adsorption occurs predominantly in interstitial spaces.  With increasing 
pressure the larger endohedral volume accessible through the oxidation process are being 
filled.  At intermediate pressure, H2 exchanges between interstitial and endohedral spaces 
leading to an upfield shift of the NMR line.   
 
NMR shows conclusively that in large open CNHs, H2 will fill interstitial and endohedral 
sites and will exchange between the interconnected spaces.  The interstitial pores are 
preferred adsorption sites that are occupied first presumably because the pore diameters 
are narrower than in the endohedral spaces.   
 
Hydrogen adsorption in Pt decorated carbon nanotubes was also investigated.  The 
average binding energy of 7.1 kJ/mol deduced from the isotherm obtained at 100K did 
not show an enhancement over H2 binding energies found in nanohorns produced without 
Pt.  The result indicates that Pt does not promote on overall enhancement of adsorption 
energy. 
 
        
Interpenetrating MOFs (Wenbin Lin, UNC Chemistry)  Metal organic frameworks 
(MOFs) are well-known for their large specific surface area (SSA) and internal pore 
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volume.  However, a large internal volume can be detrimental to achieving high 
volumetric H2 densities.  The internal pore volume can be reduced by invoking an 
interpenetrating (catenating) network structure where two or more identical frameworks 
are assembled in parallel thereby reducing the pore volume and increasing the surface 
area. 
   
We studied the hydrogen loading of two Zn-based MOFs of nearly identical structure 
made up of doubly interpenetrating frameworks.  The difference between them are small 
dangling ligands that extend into the space between the frameworks, –OH and ethoxyl (-
OCH2CH3), respectively.  None of these MOFs will maintain a rigid crystal structure 
when solvent or guest molecules are removed prior to exposure to H2.  A non-rigid 
framework with pliable organic linkers that move towards each other when guest 
molecules are removed might be advantageous for H2 storage.  When hydrogen gas is 
introduced into the MOF, H2 can penetrate between the organic linkers and is trapped in a 

strong crystal field.        

 NMR spectra of hydrogen loaded into double interpenetrating MOFs with –OH ligands 
and taken at 100 K and 0.06 MPa H2 pressure are displayed in Figure (11). The spectra 
show two components: a central peak associated with H2 in voids and a characteristic 
double horned Pake pattern that reflects a partially averaged intramolecular dipolar 
interaction. The Pake powder pattern is observed when the probed hydrogen has a 
preferred rotational axis.  This will occur when the hydrogen is exposed to a strong 
crystal field which will produce a concomitantly strong binding. 

 

       
Figure 11: Left: 1H spectra of H2 permeating MOF with –OH ligands measured at 110 K 
as function of pressure. The spectra are a superposition of a central line and a double 
horned Pake pattern ( see Figure 3b). 
Right: Spin lattice relaxation measurement at 87 K and 7.9 MPa clearly shows that H2 
contributing to the center line and to the Pake pattern have very different relaxation times 
of 33ms and 122ms, respectively and therefore  belong to different populations of 
hydrogen. 
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Spin lattice relaxation measurements taken at 87K and 7.1 MPa yield separate relaxation 
times for the central peak and the Pake pattern of 33 ms and 120 ms, respectively.  The 
result indicates that the two components of the spectra represent different populations of 
H2 that do not exchange with each other, thus confirming the strong localization of H2 
molecules within the MOF framework.  The central peak in the NMR spectrum is 
associated with free hydrogen gas in intergranular pores and large internal pores while H2 
contributing to the Pake pattern represent hydrogen confined between the collapsed 
framework.  Here the separation between “linker walls” is small enough that the trapped 
H2 moves within a strong crystal field.  The recorded pattern shows a separation between 
the two horns of 11 kHz, down from 174 kHz for the theoretical value obtained for the 
case when most hydrogen molecules are in the lowest rotational energy state.  The 
spectrum we observe is a temporal average of H2 exploring various spatial sites or 
different energy levels over the NMR time scale.  Spectra taken as a function of pressure 
at constant temperature and as a function of temperature at constant pressure confirm this 
hypothesis.  The spectral width of the Pake pattern decreases with increasing pressure and 
temperature indicating that averaging is occurring.   
 

The spectra for the second MOF that is distinguished by the ethoxyl ligands, show a Pake 
pattern with barely discernable horns, which is only observable at low temperature 

(100K) and at low pressure as shown in Figure 12.  The narrow width of the Pake pattern 
indicates that the H2 experience a smaller crystal field.  The NMR measurements strongly 
suggest that after removal of guest molecules, the separation between the two 
interpenetrating frameworks depends on the dangling ligands, with the separation being  

smaller and the crystal field stronger in the case of the shorter –OH ligands.  Preliminary 
capacity measurements indicate a H2 content of 6 wt % for the –OH-MOF with a higher 
capacity for the ethoxyl-MOF. 
 

 

Figure 12: Low temperature 1H 
spectrum of H2 gas permeating 
MOF with ethoxyl ligands.  The 
spectral width is narrower than 
found for the MOF with –OH 
ligands (Figure 11) and shows a 
barely discernable Pake pattern. 
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Porous Polymers (D.J. Liu, Argonne National Laboratory and Luping Yu, University 
of Chicago) The polymer sample (PD2) is an example of a material that does not 
provide a distinct spectral selection by NMR (Figure 13 left).   However, confined and 
free H2 can be separated by fitting the isotherm to two components:  a Langmuir 
contribution and a gas component (see Fig. 13 right).  Here the capacity is estimated 
using the skeleton density of the material. The binding energy of H2 in this polymer is 
deduced from the isotherm measured by NMR and it is 6.1 kJ/mol. In addition, free and 
confined H2 were distinguished using relaxation measurements. 

 

           
Figure 13 left: 1H spectra of H2 gas penetrating a polymer sample at 100K as function of H2 
pressure as indicated in the figure.  Right:  The isotherm based on the total intensities of the 
spectra is separated into contributions from free gas in macro or intergranular pores and confined 
H2 in micro pores.  The deduced binding energy is 6.1 kJ/mol.   
 
 
Substituted Materials 
Nearly all of the effort in this materials’ category focused on boron substituted graphitic 
materials.  Here we find that boron substitution leads to a higher binding energy for 
dihydrogen (also independently confirmed by an Air Products volumetric measurement 
on a similar sample).  Unexpectedly, we observed that the H2 kinetics slows down below 
130K to the extent that H2 cannot diffuse into or out of the sample at 100K. 
 

Boron substituted graphitic material (Michael Chung, Penn State) Enhancing the 
binding energy beyond physisorption’s  van der Waals energy is required to enable 
storage at greater than cryogenic temperatures (77K). Center theorists (Kim, et al.2) 
showed that boron substituted buckyballs may exhibit enhanced binding energy with 

                                                 
2 Yong-Hyun Kim, Yufeng Zhao, Andrew Williamson, Michael J. Heben, and S. B. Zhang, Nondissociative 
Adsorption of H2 Molecules in Light-Element-Doped Fullerenes, Phys. Rev. Lett. 96, 016102 (2006) 
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hydrogen being strongly attracted to the boron.  Mike Chung designed boron substituted 
graphite that is a model for a boron doped buckyball.    
 

The B/C material used in this study is based on the polyaddition adduct of 
phenyldiacetylene and BCl3 that provides the basic conjugated aromatic framework. 
After initial polymerization at 60°C, the sample was subsequently carbonized at 800°C 
producing a dense disordered graphitic carbon material with a BET surface area of 54 
m2/g.  X-ray spectra and transition electron microscopy confirm the graphitic structure of 
the granular material.  Based on the scanning electron microscopy image, the exposed 
surface area of the granules is estimated to be smaller than 2 m2/g. Therefore the specific 
surface area based on liquid N2 BET is associated with pores produced during synthesis 
and those pores result from the chosen precursors and their reaction path; their production 
are preconceived and are part of the material design. The boron content is 1.5 wt% as 
determined by 11B NMR and confirmed by prompt Gamma-ray activation analysis. 
 
Direct analysis by NMR of a room temperature Langmuir isotherm yields a binding 
energy of 9 kJ/mol (see Figure 14 left).  This is the only sample analyzed at UNC that  
 

 
Figure 14 left: Isotherm for boron substituted graphitic carbon, A: H2 in intergranular pores, B: H2 
in intragranular pores, C: H2 in capillary acting as in situ mass standard see spectrum (For line 
assignment see Figure 2).  Figure 14 right: Using a T1 filter the intensity of line B is separated 
into 2 components: B1: strongly bound; B2 weakly bound. 
 

displayed a nonlinear isotherm at room temperature.  Using spin relaxation as a filter 
distinguished between two populations of confined H2 – strongly and weakly bound H2.  
The strongly bound hydrogen was associated with H2 adsorbed on boron and a binding 
energy of 11kJ/mol was deduced from a modified isotherm based on the spin relaxation 
measurement results (Fig. 14 right).   
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When the sample is cooled to 100K, the H2 kinetics slow down drastically: hydrogen can 
neither diffuse into nor out of the sample.  This is demonstrated in Figure 15 which 
shows the evolution of 1H NMR spectra for a sample that was loaded to 107 Pa at room 
temperature, then cooled to 100K followed by slowly removing H2 from the sample (slow 
interrupted pumping).  Line A continuously loses intensity while line B composed of 
confined H2 remains at constant intensity indicating that H2 is not leaving the 
microporous spaces.  Only when the sample temperature is raised to 130K peak B 
decreases and hydrogen kinetics becomes fast again.  Conversely when the sample is 
cooled under vacuum to 100K and then exposed to H2 pressure of 107 Pa peak B does not 
develop, even over a time span of hours indicating that the H2 kinetics within the pore 
space are severely slowed down. 
 

                    
Figure 15:  1H spectra of H2 gas penetrating a sample of boron substituted graphitic carbon.  Left: 
Sample was loaded at 295K to high pressure and then cooled to 100K.  At 100K the gas was 
evacuated.  Peak A diminishes and vanishes with pumping time while peak B remains essentially 
unchanged even under dynamic pumping conditions.  Right: Sample was cooled under vacuum 
and at 100K subjected to H2 pressure of 10 MPa.  Only peak A representing H2 gas in 
intergranular pores is observed while peak B does not materialize: H2 gas does not penetrate into 
the micropores at 100K in this sample. 
 
 

Samples prepared in an identical fashion but carbonized at various temperatures were 
studied and it was found that annealing at 1500°C graphitizes the sample.  This 
conclusion was drawn based on 11B NMR measurements (see Figure 17 below) and 
supported by H2 adsorption measurements which show that line B representing confined 
H2 is not observed for samples annealed at 1500°C (Fig. 16).  
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Figure 16: Comparison of 1H NMR spectra of H2 permeating boron substituted graphite samples 
carbonized at 800°C and 1500°C.  Line B, clearly observed for the sample annealed at 800°C is 
not present in the sample annealed at 1500°C. 
 
Hydrogen binding energy is enhanced by substituting boron into graphitic carbon and 
boron replacing planar carbon within the heterogeneous material. Microporous material 
in combination with high binding energy adsorption centers slow down the kinetics at 
temperatures below 130K.  Clearly, the higher binding energy material is intended to be 
used at temperatures between 130K and RT.  Therefore it is concluded that boron 
enhances the H2 binding energy in planar graphitic material as predicted by theory.  This 
work represents a successful confirmation of a prediction by HSCoE theorists.  
 
A detailed account of this work is published under:       

Alfred Kleinhammes, Robert J. Anderson, Qian Chen, Youmi Jeong, T. C. Mike Chung, and Yue 
Wu, Enhanced Binding Energy and Slow Kinetics of H2 in Boron-Substituted Graphitic Carbon, J. 
Phys. Chem. C, 114, 13705–13708 (2010). 

 
Spillover/Strong binding We investigated Pt(6wt%)/AX21, a spillover material.  The 
sample is expected to show time dependent adsorption.   Therefore we monitored the 
intensity of the NMR peak at various pressures as a function of time.  No change within 
the accuracy of the measurement was observed.  The observed signal intensity was that 
expected for AX21.  The adsorbed species due to spillover is expected to be atomic 
hydrogen and it is possible that the spectral window for the NMR measurement was too 
narrow to observe the H-species. 
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NMR study of local properties of adsorbents 
In this part of our work we use NMR to elucidate the bonding structure and local 
symmetry of atoms/ions intended to enhance the binding energy over traditional 
adsorbents that rely on physisorption. 
   
11B NMR: Boron substituted graphitic material 
Using 11B NMR, we studied the local symmetry of substituted boron within the carbon 
matrix.  We showed that a planar bonding configuration (BC3) is the preferred structure 
to which H2 adsorbs and determined that an annealing procedure at intermediate 
temperatures enhances the boron content with the desired configuration. 
 

Samples carbonized at various temperatures showed different adsorption characteristics 
(see Figure 16, above).  Therefore, learning more about the local structure around the 
boron site appeared necessary. As shown in Figure 17, 11B measurements were conducted 
to determine the boron content as well as acquire knowledge about the site symmetry 
around the boron inserted into the carbon matrix. With increasing carbonization 
temperature the boron content decreases as shown in Fig. 17 (right). In addition, the 
center of gravity of the spectra shifts upfield (to the right in the figure). The tendency of 
the shift is expected for conversion from the precursor (measured with a chemical shift of 
+68 ppm) to graphite doped with a small amount of boron and indicates that the material 
pyrolysed at 1500˚C is similar to graphite. Materials with intermediate annealing 
temperatures in the range from 400 to 800˚C appear to be disordered on the graphitic 
scale thus providing the right structure for H2 adsorption if the boron content could be 
increased. 

 

 
Figure 17 (left): 11B NMR spectra of boron substituted graphitic carbon based on the polyaddition 
adduct of phenyldiacetylene and BCl3.  Right: The boron content deduced from the spectral 
intensity.  At 1500°C the sample is nearly graphitized (based on the observed shift) and the boron 
content is much reduced. 
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The boron containing graphite discussed above shows promising adsorption energies but 
not a sufficient boron content and porosity.  A second material based on the 
polycondensation adduct between lithiated pheynyl diacetylene and BCl3 precursor was 
prepared (T.C.M Chung e.t.al., 2008, 2009).  11B NMR, under static and MAS 
conditions, was used to characterize material that was annealed at 150˚C, 600˚C, 800˚C, 
1100˚C and 1400˚C.  Samples prepared at 800˚C, 1100˚C and 1400˚C were washed to 
remove LiCl and are designated as purified (xxxpu in Figure 18).  Measurements done 
under static conditions provided an estimate of the boron content.  Samples prepared at 
600˚C and 800˚C showed boron content above 7 wt% while the boron content of samples 
annealed at higher temperature (1100˚C and 1400˚C) dropped to 2.5 wt% (see Fig. 18 
(right)).  
 

         
Figure 18 (left): The MAS spectra are centered around an average shift of 8 ppm with the samples 
at 1100˚C and 1400˚C shifting to higher field (to the right) indicating that graphitization is taking 
place at higher temperatures.  Right: Boron content based on static spectra. 
 
Detailed analysis of the quadrupole spectra reveals that samples annealed at low 
temperature contain boron in trigonal (planar) as well as tetragonal symmetries.  It is 
tempting to assume that the trigonal symmetry of the precursor is still present in the 
samples annealed below 1100˚C.  Based on this analysis, a percentage of boron in the 
desired planar sites can be accessed: Bplanar/Btotal equals 63, 61 and 47 % for 600pu, 800 
and 800pu, respectively.  Therefore it is essential to anneal the PBDA based polymer at 
the intermediate temperatures of 600˚C to 800˚C in order to produce a higher content of 
the desired boron configuration in which boron is trigonally substituted into a graphite 
like matrix.   
 

Detailed description of the work on boron substituted carbon based on PBDA precursors 
and the analysis of the quadrupolar spectra can be found at: 
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T.C. Mike Chung, Y. Jeong, Q. Chen, A. Kleinhammes and Yue Wu, Synthesis of Microporous 
boron-substituted carbon (B/C) materials using polymeric precursors for hydrogen physisorption, 
JACS 130, 6668–6669 (2008). 

 
19F NMR: Intercalation of Graphite with BF4

- (Alan Cooper, Air Products) 
Graphite intercalation compounds (GICs) are model systems for H2 storage. Air Products 
proposed to study the effects of charge transfer on H2 adsorption using a GIC. We 
employed NMR to characterize graphite intercalation compound C16BF4 and its 
derivative that was annealed in vacuum at 185˚C to promote C-F bonds and/or the 
presence of F- ions.  The annealed version has been proposed by Air Products as an 
exploratory hydrogen storage material, see Figure 19.  19F, 13C and 11B measurements 
were employed to study the original intercalation compound and its annealed counterpart. 
 

 
Figure 19: Schematic of graphite intercalation with BF3/F2 and subsequent annealing at 185˚C. 
 
 

BF4
- was intercalated into graphite in a BF3/F2 atmosphere at room temperature (sample 

A) and subsequently annealed at 185˚C in vacuum to produce the intended hydrogen 
storage compound (sample B), see Fig. 19.  The samples were packed into special 4 mm 
magic angle spinning (MAS) rotors equipped with tight o-ring seals and shipped 
overnight.  19F spectra were run (sample B before A), followed by 11B and 13C spectra.  
Static and MAS spectra were obtained for all nuclei.  Spinning speeds were low, between 
2.7 and 5 kHz due to the high conductivity of the sample.   Chemical shifts are referenced 
to CFCl3 (

19F), BF3-OEt2 (
11B) and TMS (13C).  

 

The main objective of the NMR study was to determine the free F- content in the 
compound.  However, we no evidence for free F- was found and BF4

- is the most likely 
mobile species.  Under the experimental conditions C-F bonds are not formed.  
 
13C NMR showed identical spectra for the original and the annealed sample indicating 
that F was not bonding to the carbon matrix in appreciable amounts.  11B spectra while 
different for the two samples studied demonstrate the tetragonal symmetry of the boron 
environment.  Therefore the boron remains in the BF4

- configuration.  19F spectra show a 
single line spectrum which has to be associated with BF4

- as well.  The mobility of the 
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molecule remains high as measurements on static samples and samples spun at the magic 
angle are nearly identical in width. 
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Summary and Conclusions 
• An NMR system was developed that allows measurement of H2 capacity in situ as 

well as to characterize the adsorption mechanism on a microscopic scale while 
exposing the various samples to a maximum H2 pressure of 10 MPa and controlling 
the temperature between 77K and room temperature. 

• 1H NMR provides H2 capacity measurements of reliable accuracy based on Langmuir 
adsorption isotherms.  In situ calibration standards were established and allowed the 
determination of the H2 content as a function of pressure and temperature.  Besides 
producing the H2 capacity, isotherm analysis provided the average binding energy for 
hydrogen.  Most materials were characterized by binding energies that agree with 
values expected for physisorption processes and range between 4.3 and 6 kJ/mol.  

• A methodology for pore size determination based on the pressure dependence of the 
1H NMR line position for H2 confined in micro pores was developed (NMR 
porosimetry).  The method depends on H2 as the probe molecule and complications 
that encumber the interpretation of BET for micropores are avoided.  We estimate 
that the NMR technique is sensitive to critical pore sizes between 1.2 and 2.5 nm. 

• Combining 1H NMR spectral analysis with 13C characterization of the bonding 
structure of the adsorbent allowed us to characterize the pore landscape in AX21 as 
heterogeneous while activated PEEK has a homogeneous pore structure. 

• NMR capacity and porosimetry found that activated PEEK has a high H2 capacity as 
well as a homogeneous pore landscape with the pore width or diameter in the micro 
pore region.  Activated PEEK is an excellent material for low temperature H2 storage 
application. 

• MOFs with flexible ligands have the potential for high H2 storage at low temperature.  
Following up on the current work would amount to a high risk, high gain enterprise. 

• Boron substituted in graphitic material enhances the H2 binding energy nearly 
twofold over material relying on pure physisorption.  A value of 11 kJ/mol was 
determined using detailed NMR techniques.  If the boron content can be increased in 
this material it has a great potential for application at temperatures above 130K. 

• In boron substituted carbon H2 kinetics was found to be arrested below 130K.  The 
slowing down of the H2 diffusion is most likely caused by a combination of high 
binding energy due to the substituted boron and confinement in micropores. 

• 11B NMR showed evidence that pyrolysis at intermediate temperatures between 600 
and 800°C promotes the presence of the desired sp2 like boron in the carbon matrix. 
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 Suggestions for future work 
1) The NMR work connects a microscopic measurement of H2 adsorption to the 

macroscopic volumetric measurement of H2 capacity.  While volumetric 
measurements directly determine the excess adsorption amount provided the internal 
volume is properly accounted for through calibration using He gas, NMR determines 
the total amount of confined H2.  Confined H2 is defined here as adsorbed and free H2 
in microscopic pores and does not include hydrogen gas in intergranular space.  We 
have used simple phenomenological models to describe H2 in pores, calculate the 
pore capacity and evaluate the effect that H2 pore loading has on the NMR line shift 
of the NMR line associated with confined hydrogen (line B in Fig. 3a and throughout 
this report).  It would have been extremely helpful to have access to molecular 
simulation studies of H2 gas in narrow pores of up to 2.5 nm width or diameter.  
While we are confident that the theoretical work would have validated our approach it 
would have gone a long way to make the NMR porosity measurement a viable 
technique that would be widely accepted.  The NMR method is the only technique 
that employs H2 to measure the available pore space and is thus the ideal tool to use 
for the pore assessment of prospective materials.  One should keep in mind that the 
currently most favored approach to porosity determination, while based on liquid N2 
BET or CO2 adsorption measurements, requires detailed analysis of the data.  
Simulations based on density functional theory are necessary to convert the 
measurement result into the desired pore map.  The symbiosis between the NMR 
experiments and theory would have made our approach immediately familiar to other 
researchers in the field and might have become patentable. 

 

 In general, while the molecular dynamics simulation would have been especially 
helpful for the NMR results, modeling H2 adsorption in narrow and mixed (narrow 
and wide) pores would have been beneficial to all participants in the focus group 
devoted to Engineered Nanospaces. 

 

2) Most, if not all experiments within HSCoE were performed on powders with the 
assumption that granular materials could be easily compressed to achieve materials of 
higher density where the intergranular space is eliminated.  In addition, it was 
assumed that such compression would not affect the micro pores volume and the H2 
kinetics.  Neither expectation is a priori valid.  Only experimental verification can 
test the hypothesis with NMR being ideally suited to check all.  In most of the 
materials studied, H2 in intergranular pores and confined H2 are represented by 
distinct and well separated NMR lines.  Therefore compaction of the sample and loss 
of intergranular pore space would result in a proportionally reduced intensity for the 
NMR line associated with free gas.  In addition we would also observe if the 
compaction has any effect on the micropore volume while observing the intensity of 
the line representing confined H2.  Watching the line intensity as a function of time 
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after H2 loading at low temperature would also provide information on the H2 kinetics 
in such compacted samples. 
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