
Quasi-elastic Neutron Scattering Investigation of the Hydrogen Surface Self-Diffusion on
Polymer Electrolyte Membrane Fuel Cell Catalyst Support

Ole-Erich Haas*
Department of Chemistry, Norwegian UniVersity of Science and Technology, 7491 Trondheim, Norway

Jean Marc Simon
Institut Carnot de Bourgogne, UMR 5209 CNRS-UniVersitéde Bourgogne, F-21078 Dijon Cedex, France

Signe Kjelstrup
Department of Chemistry, Norwegian UniVersity of Science and Technology, 7491 Trondheim, Norway

Astrid Lund Ramstad
Department of Chemistry, Norwegian UniVersity of Science and Technology, 7491 Trondheim, Norway

Peter Fouquet
Institut Laue-LangeVin, BP 156, 38042 Grenoble Cedex 9, France

ReceiVed: September 26, 2007; In Final Form: December 10, 2007

Quasi-elastic neutron scattering (QENS) measurements have been performed to investigate the surface self-
diffusion of hydrogen molecules. A monolayer of molecular hydrogen was adsorbed on a carbon material
commonly used in polymer electrolyte membrane fuel cells, called XC-72. QENS spectra were recorded at
the time-of-flight spectrometer IN5 at Institut Laue-Langevin (ILL) in Grenoble at 40, 50, 60, and 70 K. By
using the Chudley & Elliott model for jump diffusion, we found the diffusion coefficient at each temperature.
The logarithm of the diffusion coefficient was plotted versus the inverse of the temperature to give the
coefficient in the Arrhenius equation. From this, we can estimate the diffusion at higher temperatures as well.
Our observed diffusion follows the same trend as that found for hydrogen molecules on the surface of single-
walled carbon nanotubes and Grafoil.

Introduction

Our motivation is to learn more about the gas transport
through the backing electrode and catalyst layer in the polymer
electrolyte membrane fuel cell (PEMFC). The PEMFC is in the
most basic configuration made of two backing electrodes
separated by a polymer electrolyte membrane (PEM). For a full
description, see the work of J. Larminie and A. Dicks and P.
Costamagna et al.1,2 The purpose of the polymer electrolyte
membranes is to conduct H+ ions between the two electrodes.
The electrodes are made of carbon paper or cloth that is
electrically conducting, highly porous, and lets H2 and O2 gas
diffuse to the catalytic layers located close to the PEM. In the
catalytic layers, the reaction sites are located at noble metal
catalyst, often Pt or Pt alloy, which must be in contact with
both the ionic and the electric conductor. This catalytic layer is
a few micrometers thick and the noble metal catalysts are
supported on electrical conducting carbon black particles, as
XC-72.3-5 The noble metal particles have radii of only a few
nanometers, typically 2-10 nm as demonstrated by Stevens et
al.6 Because the noble metal particles must be in contact with
both the ionomer and the carbon, the pore sizes surrounding
them are small.

The purpose of this work is to examine the theoretical
hypothesis made by Meland et al.7 that access to the three-phase
contact line in porous gas electrodes is via the interfaces between
the homogeneous phases that surround the contact line. It is
therefore important to know whether surface diffusion takes
place down the pore or crevice to access the Pt particle. This
surface diffusion is in contradiction to the accepted view of
reactant transport in the PEM fuel cell today. But the recent
work of Meland et al. gave an indication of H2 adsorbing and
diffusing along the carbon surface to the catalyst particles.7 Their
study is based on electrochemical impedance spectroscopy. They
gave a theoretical estimate of the surface diffusion constant for
H2 on carbon black based on their findings.

In recent years, a lot of work has been done on the adsorption
of H2 in carbon materials. The main purpose of these investiga-
tions is the possibility of using it as a storage material in mobile
applications.8-16 Especially carbon nanomaterials have been
tested after their introduction. Because neutron scattering is an
excellent probe to examine hydrogen properties, this technique
has been used extensively.17-22 Only two studies give a diffusion
coefficient for H2 on carbon. Bienfait et al. and Narehood et
al.21,22have reported surface self-diffusion constants for H2 on
oriented graphite and single-wall nanotubes.

Carbon blacks have not been subject to the same dynamical
studies with neutron scattering techniques, and to our knowledge
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there are no reports of surface self-diffusion coefficients for
carbon blacks. Mitchell et al. has given evidence for transport
of hydrogen from platinum particles supported on carbon black
to the carbon support.23 They found that hydrogen atoms
dissociated on the platinum and diffused over the carbon surface,
which is the reverse process of what we want to study.

Electrodes of this type are central in the polymer electrolyte
fuel cell, so the overall aim of our effort is thus to contribute to
an improved understanding of these complicated heterogeneous
catalytic structures. The hypothesis stems from an analysis of
the platinum electrode surface as a hydrogen gas anode7 using
nonequilibrium thermodynamics for the heterogeneous system.24

With an experimental value of the surface diffusion constant
on carbon black, it may be possible to test their prediction. If
correct, then it may change the view of how to best explain the
transport mechanism in the catalytic layer in a PEM fuel cell.

Some experimental evidence for hydrogen surface diffusion
along the carbon-gas interface up to the active sites on platinum
was obtained using impedance spectroscopy.7,25,26In this work,
we have used quasi-elastic neutron scattering (QENS) experi-
ments to find the surface diffusion of molecular hydrogen on a
carbon black, XC-72. We have collected spectra for a large
temperature range on the IN5, the time-of-flight (TOF) spec-
trometer at ILL. The results are presented as the calculated
surface diffusion constant for low temperatures and an Arrhenius
plot of these.

Experimental Section

Sample Characterization and Preparation.Our sample is
a commercial carbon black, XC-72, from Cabot Corp. From
BET measurements, the surface area was found to be 204.3 m2/
g. From field emission scanning electron microscopy (FESEM),
the particle size of our sample material can be estimated to be
between 20 and 100 nm, see Figure 1. The sample (8.4 g) was
heated to 900 K under vacuum for 15 h to remove water. After
this, the sample was placed in a thin-walled aluminum cylinder
under inert gas and evacuated for 6 h. The number of moles
needed to form one commensurate monolayer of hydrogen was
estimated from the BET surface area of the sample, and the

molecular area of hydrogen found in literature, 15.6 Å2.27 To
measure the number of moles needed to form a monolayer, a
second cylinder with a known volume of 840 cm3 was
pressurized until the pressure reached 401.73 Torr at room
temperature. The pressure ofn-hydrogen (0.75o-H2, 0.25p-H2)
was measured with a Baratron pressure gauge at room temper-
ature, hydrogen was introduced to the carbon in the aluminum
cylinder at 2 K, and the cell was then sealed.

Quasi-elastic Neutron Scattering Experiments.The quasi-
elastic neutron scattering (QENS) experiments were performed
at the direct geometry time-of-flight spectrometer IN5, ILL,
Grenoble, France. The incident wavelength was 5 Å (3.27 meV)
with a resolution of 103µeV. To estimate the resolution
function, we performed a measurement of the sample with
adsorbed hydrogen at 2 K.28 Measurements to estimate the
diffusion were conducted at 2, 40, 50, 60, and 70 K with varying
hydrogen coverage, due to shift of the equilibrium between the
adsorbent and gas phase. The time measured varied from 2 to
6 h. Because the hydrogen desorbs at higher temperatures, and
for safety reasons, the aluminum cell has to be opened to prevent
rupture of the cell due to increasing pressure. For all temper-
atures above 40 K, the aluminum cell was kept open to the
calibration volume. During the measurements, the adsorbed
hydrogen was in equilibrium with the desorbed hydrogen in
the calibrated volume.

Data Reduction and Analysis.The collected data from the
measurements were first normalized versus the monitor. This
was done to remove changes in the intensities between spectra
due to changes in the incident neutron beam. To correct for
variations in detector efficiencies, we conducted a measurement
of a vanadium sample. The spectra were then normalized to
the vanadium measurements to correct the intensity at each
momentum transferQ value. Furthermore, the measured spectra
were divided into regions inQ andω (energy transfer) space
to get constantQ values. They were summed over dQ ) 0.1
Å-1, to enhance the statistics. This was done using LAMP, the
standard data evaluation program from ILL. After this treatment,
the plots of the scattering functionS(Q,ω) were fitted with a
Lorentzian function to estimate the half width at half-maximum
(HWHM) as a function ofQ, f(Q). The fit of the Lorentzian
was done in QENS_fit, a fitting procedure within the LAMP
program. In the QENS_fit program, a measurement of hydrogen
adsorbed on the carbon black at 2 K was used as the resolution
function. The spectra from 40 to 70 K were used to estimate
the diffusion coefficient. The fit to the broadening ofQ was
done using the Chudley & Elliott model, which describes the
movement of a single molecule as it jumps between different
sites in a lattice or between cages made of other molecules.28

The smallest jump lengthl0 is assumed to be identical for all
sites, whereas the jump directions are random. For this model,
it is assumed that the molecules remain for a timeτ0 before
moving further. Because the sample is a powder, it had to be
spatially averaged over the angle between the normal to the
scattering surface and the scattering vectorQ:

Herel is the jump length,n is the number of atoms in the cell,
sj are their positions,τ0 is their residence time before jumping
from a site,θ is the angle between the normal of the scattering

Figure 1. FESEM picture of the sample material XC-72; working
distance 8.4 mm, accelerating voltage 10.0 kV, and magnification
100.000.
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surface and the scattering vectorQ, andp is the Planck constant
divided over 2π. This model was modified including a distribu-
tion of the jump lengths, see Egelstaff:29

This form is obtained with the assumption that the distribution
of the jump lengths are on the form

It can be shown thatl02 is equal to (1/6)‚<l2>, see, for example,
ref 29. Using the Einstein-Smoluchowski equation, this gives
the diffusion coefficientD as

To fit the model forf(Q) to the experimental data, we used

So by taking the experimental data and their HWHM values as
functions of Q-2 we fitted eq 5 by linear regression. By plotting
the diffusion coefficients found for each temperature versusT
-1, we obtained an Arrhenius plot. This was used to estimate
the temperature dependence of the diffusion coefficient accord-
ing to

HereDT is the diffusion coefficient as a function of temperature,
D0 is a prefactor,kB is the Boltzmann constant,E is the
activation energy, andT is the temperature.

Results

Figure 2 shows the fitting of eq 5 to the experimental data
from 40, 50, 60, and 70 K forQ values up to 1.0 Å-1. This
figure shows the variation of the inverse of the measured
HWHM as a function of Q-2. The values of the diffusion
coefficients,D, the residence times,τ0, and jump lengths,l0,

are presented in Table 1. The HWHM increases with increasing
Q. The self-diffusion coefficients found for 40, 50, 60, and 70
K from eqs 5 and 4 are plotted in an Arrhenius plot in Figure
3. From the slope of the Arrhenius plot in Figure 3, theD0 and
E/kB coefficients in eq 6 were found to beD0 ) 1.9× 10-7 (
0.2 × 10-7 m2s-1andE/k ) 112 ( 5 K (1030( 50 Jmol-1).
Comparing with liquid hydrogen which has the Arrhenius
coefficientsD0 ) 8.58× 10-8 ( 0.98× 10-8 m2s-1andE/kB

) 44.8( 1.6 K (372.5( 13.3 Jmol-1).30 Using eq 6 to estimate
the change in the self-diffusion coefficient at higher tempera-

tures, we found a self-diffusion coefficient of 1.4× 10-7 m2s-1

at 398 K, a typical fuel cell temperature. In Figure 4, the values
of the natural logarithm of the surface diffusion coefficient, from
this work together with the data from Bienfait et al. and
Narehood et al.,21,22 is plotted versus the inverse of the
temperature.

Discussion

Hydrogen-Carbon Interaction. Our sample is a carbon
black, which consists of particles made of small graphene sheets

TABLE 1: Parameters Obtained from the Fit of Equation 5 to the Experimental Data at 40, 50, 60, and 70 K

T/K τ0/10-12 s error/10-12 s D/10-8 m2/s error/10-8 m2/s l0/10-10 m error/10-10 m

40 1.5 (0.21 1.1 (0.13 1.3 (0.11
50 1.2 (0.13 2.1 (0.25 1.6 (0.10
60 1.0 (0.13 3.0 (0.51 1.7 (0.19
70 0.9 (0.11 3.7 (0.65 1.8 (0.21
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Figure 2. HWHM-1/meV-1 as a function ofQ-2/Å2 for experimental
data at 40, 50, 60, and 70 K. The straight lines are the linear regression
giving the best fit of eq 5 at each temperature.

Figure 3. Natural logarithm of the self-diffusion coefficients found
from our experimental data plotted as function ofT -1/K-1. The full
line is the linear regression between the four points.
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that overlap. The sizes of the particles varies, and they have
micropores of varying sizes.31 Jawhari et al. found that the
average length of the graphene sheets in XC-72 is 2 nm by
using Raman spectroscopy.32 Stoeckli et al. showed by adsorp-
tion and calorimetric techniques that the average micropore
width in XC-72 is 0.9 nm.33 In a study by Wu et al., XC-72
was found to form aggregates of 100 to 200 nm size built up
by particles of 50 nm.34 The particles in the aggregates of carbon
blacks are kept together by van der Waals forces, and they are
not easily broken down.35,36 This complex system has both
planar and curved surfaces and crevices of varying sizes. The
different surfaces and crevices will give different adsorption
potentials for hydrogen to interact with. So the measurements
will give a surface diffusion that is an average of the diffusion
taking place on the different graphite surfaces.

Similar surfaces or crevices are found in the carbon materials
used by Narehood et al. and Bienfait et al.18,21,22Narehood et
al. used single-walled carbon nanotubes (SWNTs).18,22 The
SWNTs used by Narehood et al. were present in large bundles
of 50-200 tubes with a mean diameter ranging from 1.3 to 1.4
nm. These nanotubes were closed tubes, so only the exterior
was accessible for the H2 molecules.18 So the interaction between
hydrogen and carbon would be in grooves between tubes or on
the surfaces of tubes. The carbon material used by Bienfait et
al. was exfoliated graphite called Papyex described in ref 37.
This is a material made of graphite with oriented crystals. The
interaction between hydrogen and carbon would consist of
mostly graphene surfaces.

Our experiments were therefore compared to the results of
Bienfait et al. and Narehood et al.21,22 in an Arrhenius plot, see
Figure 4. It is evident that the self-diffusion coefficient of
hydrogen varies in the same manner in the three experiments.
The carbon in all three experiments is in graphene layers. The
graphene layers are combined in different ways, but the materials
have similar surfaces and crevices that hydrogen can interact
with. This can then explain why the hydrogen diffusion is similar
in all cases.

Our results are in agreement with these studies because the
Arrhenius plot of the surface self-diffusion coefficient of the

three different carbon materials have the same slope within the
statistical error.

Recent experimental and theoretical adsorption studies of
hydrogen on carbon materials support our findings of similar
adsorption energies in various carbon types.19,38-43 These studies
show that the adsorption energies for hydrogen on different
graphene configurations are similar, from 464 to 1160 K (3.86-
9.65 kJ mol-1), which is a weak adsorption energy resulting in
physisorption. Compared to the diffusion activation energy from
our work, these values are still 4-9 times larger.

Model Used for the Surface Self-Diffusion Coefficient.
Data were fitted to eqs 4-6, with l0 as a temperature-dependent
parameter. Bienfait et al. and Narehood et al., however, usedl0
equal to the constant distance between the carbon atoms in the
graphene layers. A discussion of our model is therefore
appropriate.

Our experiment is done well within the liquid state for
hydrogen on carbon and with less than one commensurate
monolayer.44-47 These experimental conditions give a first
argument for a jump length that varies with temperature.
Furthermore, according to Arellano et al.,40 the energy differ-
ences between four different H2 orientations, see Figure 5, on
the graphene are small. A study done by Cabria et al.43 supports
these results for binding energy between hydrogen and graphene
rolled up in nanotubes. So it is not clear that the molecules will
have a strong affinity for only one specific site. This is a second
argument against a constant jump length. It is unlikely that the
molecules will only move one length of 2.46 Å, but rather move
a varying number of jump lengths at different temperatures. The
situation is illustrated in Figure 5. The shortest jump length will
be between position A and B, which is 1.23 Å, while the longest
is from position C/D to C/D, which is 4.25 Å. Furthermore,
positions A and B in the hexagonal structure have the lowest
binding energies and will be less populated at higher temper-
atures. Positions C and D have the highest binding energies
and will be most populated at high temperature.

The value we obtain for thel0 parameter is an average of all
of the different jumps done by hydrogen in the system. The
observed variation can be explained with a change in the
mobility at the four different positions above the graphene layer
as the temperature change. At low temperatures, the molecules
have highest mobility at the positions with lowest binding
energy, namely, positions A and B, and the jump length is closer
to 1.23 Å. At higher temperatures the hydrogen molecules have
an increasing mobility also at the sites with strongest binding
energy, positions C and D. These sites correspond to a jump
length of 4.25 Å. The observed value ofl0 can then be
interpreted as hydrogen having a varying probability of jumping
between the different positions. This would then give an
increasing value of the average jump length with temperature.

Figure 4. Arrhenius plot of this work (full squares) together with that
of Narehood et al. (open circles) and Bienfait et al. (open squares).
They all show the same trend; the dotted line is the linear regression
to our data.

Figure 5. Four positions that H2 can obtain over the graphene layer.
The respective binding energies at the positions areA ) 812 (6.75),B
) 835 (6.94),C ) 963 (8.01), andD ) 998 (8.30) /K (/kJ/mol).
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The calculated surface self-diffusion coefficient is not only
a function of temperature but also a function of surface
concentration of hydrogen molecules. When the system is
heated, some hydrogen escapes from the carbon and leaves the
surface. This may lead to a higher mobility as the concentration
decreases. From Figure 3, we can see that the diffusion
coefficient follows the Arrhenius equation. If the diffusion of
the system changes strongly with other properties independent
of temperature, then we would see a deviation from this trend.
This is not the case, and we can assume that the temperature
effect on the jump length is the dominating effect.

Using eq 6 to estimate the change in the self-diffusion
coefficient at higher temperatures, we found a self-diffusion
coefficient of 1.3× 10-7 m2s-1 at 303 K, the same temperature
at which Meland et al. found their surface diffusion coefficient.
From their measurements, they found a surface diffusion
coefficient of 1.0× 10-7 m2s-1. So our result supports their
findings of surface diffusion in the fuel cell catalyst layer. This
interpolation of the surface diffusion, based on our measure-
ments at 40-70 K, at 303 K is done under the assumption that
the mechanism behind the surface diffusion does not change in
this temperature interval.

Conclusions

From QENS measurements, the surface self-diffusion of
normal hydrogen molecules on XC-72 has been studied in the
temperature range of 40-70 K. From the QENS experiments,
the surface diffusion coefficient for 40, 50, 60, and 70 K was
calculated, and from the Arrhenius equation the activation
energy for movement of hydrogen was found to beE/kB ) 112
( 5 K (1030 ( 50 Jmol-1) and the minimum self-diffusion
coefficient wasD0 ) 1.9 × 10-7 ( 0.2 × 10-7 m2s-1. It was
found that the values for each temperature follow the same trend
as that found earlier for carbon nanotubes and oriented graphite
as illustrated in Figure 4. Our findings are thus not in conflict
with the prediction made by Meland that gases have access to
the catalytic surface via the two-phase contacts that surround
the catalyst. A diffusion coefficient was found that seems
specific to diffusion in an adsorbed layer with a weak interaction
between gases and solid.
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