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Carnot de Bourgogne, UMR-5209 CNRS-UniVersité de Bourgogne, 9 aV. A. SaVary, 21000 Dijon, France, and
Department of Process and Energy, Technical UniVersity of Delft, 2628 EV Delft, The Netherlands

ReceiVed: March 19, 2009; ReVised Manuscript ReceiVed: September 9, 2009

Quasielastic neutron scattering (QENS) measurements together with equilibrium molecular dynamic (EMD)
simulations have been performed to investigate the surface interaction between hydrogen molecules and a
carbon material commonly used in polymer electrolyte membrane fuel cells (PEMFC), called XC-72. Half a
monolayer of molecular hydrogen was adsorbed on to the carbon material at 2 K. QENS spectra were recorded
at the time-of-flight spectrometer IN5 at 40, 45, 50, 60, 70, 80, and 90 K. Simultaneously the pressure was
measured as a function of time to monitor the equilibrium surface coverage at each temperature. By using the
Chudley and Elliott model for jump diffusion we found the diffusion coefficient at each temperature. At 350
K, a typical fuel cell temperature, the temperature function was extrapolated to a self-diffusion coefficient of
2.3 × 10-7 m2/s. We simulated graphite in contact with hydrogen molecules using EMD simulation. We
simulated the system at different temperatures from 70 to 350 K in 20 deg intervals and for five numbers of
H2 molecules NH2

) 50, 100, 150, 200, and 300. The graphite was made of 9 sheets of graphene in a sandwich.
The surface self-diffusion was found from the mean-square displacement, and the values from EMD simulations
are the same order of magnitude as the experimental values at 90 K, but systematically higher, probably due
to the ideal surface. From EMD simulation, we also calculated the average time between adsorption and
desorption events on the surface. This was used to find the mean displacement of the hydrogen molecules
between adsorption and desorption. This result showed that H2 molecules can move 80 Å at ambient
temperatures and pressures, along the surface. Using these data, we conclude that catalyst support material in
PEMFC contributes to the transport of reactant.

Introduction

One of the limiting factors for a realization of the polymer
electrolyte membrane fuel cell as a energy converter may be
the catalyst utilization in the cell. The impressive catalyst loading
that now has been reached in many recent works,1,2 0.02-0.09
mg/cm2, may still not be sufficient for an introduction of fuel
cells in the transport sector. The amount of catalyst in the world
is limited, so the material available must be efficiently used.
Work that can help reduce the loading, and reduce mass transfer
limitations in the cell is therefore important. The present work
can be seen in this context.

The cell consists of two catalytic layers, a few micrometers
thick, separated by a proton conducting water-filled polymer
electrolyte membrane. A detailed description is given by
Larminie et al. and Costamagna et al.3,4 The reactive sites in
the catalytic layers are located on Pt or Pt alloy particles, with
diameters of typically 2-10 nm.5 The particles must be in
contact with the membrane as well as an electronic conductor,
for instance carbon black (XC-72).6-9 The catalytic layers are
further supported by a layer made of carbon paper or cloth.
This layer, as well as the catalytic layer, are both porous. They
allow reactant gases H2 and O2 to diffuse to the catalytic sites.
The question to be examined in this article is the mechanism

of hydrogen’s transport. Which path does hydrogen take on its
way to the catalytic site, and what is the corresponding transport
parameter?

There is contact between the gas, the catalyst, and the ionic
conductor at the three phase contact line between the phases.
These lines provide a rather limited number of sites. Direct
access of hydrogen gas to the three-phase contact line via the
gas phase is also impossible: Gas molecules cannot go directly
to a contact line from the gas phase as this would lead to an
infinite velocity of the gas close to the contact line.10 A supply
of gas to the active sites must then come via the carbon surface
or membrane surface in contact with Pt. Accordingly, Meland
et al.11 proposed that the path to the catalytic site is via the
relevant surfaces. Some evidence to support this hypothesis was
obtained by impedance spectroscopy.11-13 A surface diffusion
coefficient for hydrogen on carbon was estimated to be 1 ×
10-7 m2/s.12

These investigations indicate that surface diffusion can be
essential for supply of reactants to the catalytic sites. It is then
important to have precise knowledge of its value and variation.
It is the aim of the present work to obtain such knowledge.
Some initial studies of hydrogen diffusion on carbon have
already been done using quasielastic neutron scattering experi-
ments, by us14 and others.15,16 Adsorption of H2 on carbon
materials has been studied by many authors.17-25 But these
investigations have been directed toward use of carbon materials
as hydrogen storage materials, and not as catalyst support in
PEMFCs.
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We give here further evidence supporting the idea that
significant hydrogen transport can take place along carbon or
graphitic surfaces. Quasielastic neutron scattering (QENS)
experiments are well suited to find surface diffusion of molecular
hydrogen on carbon materials15,16,26-29 and we shall use this
technique again to study carbon black, XC-72, reporting new
data and improvements on the method.14 The new experiments
give a more accurate determination than reported before,14

another surface concentration at 2 K, and values for additional
temperatures. The variation in the surface self-diffusion coef-
ficient D|s with surface concentration and temperature shall be
presented for temperatures between 40 and 90 K.

The experimental technique is supplemented with equilibrium
molecular dynamics simulations of hydrogen on graphite
between 70 and 350 K, in order to reveal underlying molecular
mechanisms. We shall see that there can be a significant
hydrogen transport to the Pt catalyst particles via the graphite
support. This supports the proposition that hydrogen transport
to the anode in a PEMFC may take place via the carbon surface.

To distinguish surface diffusion from diffusion in the
homogeneous phase from each other, we shall use the symbol
D|s for diffusion parallel to the surface and D⊥

s for diffusion into
the surface, while D shall be used for the gas phase only.

Experimental Section

Sample Characterization and Preparation. The sample
used in this experiment is a commercial carbon black, XC-72,
from Cabot Corp, that was described before.14 From BET
measurements the surface area of XC-72 (AXC-72) was found
to be 204.3 m2/g. The sample (mXC-72 ) 8.1 g) was placed in
a thin walled aluminum cylinder and evacuated for 6 h in order
to remove water. The number of moles needed to form half a
monolayer of hydrogen (nH2

total ) 0.0086 mmol) was estimated
from the BET surface area of the sample (AXC-72) and the
molecular area of hydrogen found in literature (AH2

) equal to
15.6 Å2.15 To measure the number of moles needed to form
half a monolayer, a second cylinder with a known volume of
1856 cm3 was pressurized until the pressure reached 85.63 Torr
at room temperature. The pressure of n-hydrogen (0.75 o-H2,
0.25 p-H2) was measured with a Baratron pressure gauge at room
temperature and hydrogen was introduced to the graphite in the
aluminum cylinder at 2 K and the cell was then sealed. The
hydrogen was left at 2 K to equilibrate with p-hydrogen before
the measurements were started. The surface coverage and
surface concentration were calculated from the pressure in the
closed system measured at room temperature. From the ideal
gas law, the volume of the system (V), the pressure (P), and
the gas temperature (T), we calculated the amount of hydrogen
in the gas phase (nH2

g ). From knowledge of the total amount of
H2 in the system (nH2

total), the BET area of the sample (AXC-72),
the mass of the sample (mXC-72), Avogadro’s number (NA), and
the area of an adsorbed hydrogen molecule (AH2

), we found the
number of surface molecules (nH2

s ) in moles, surface coverage
(θ), and surface concentration (cH2

s ) as

where R is the gas constant. This gives an improvement in the
experimental setup compared to our earlier work.14 We can now
correlate the surface concentration and the surface self-diffusion.

Quasielastic Neutron Scattering Experiments. The quasielas-
tic neutron scattering (QENS) experiments were performed at
the direct geometry time-of-flight spectrometer IN5, ILL,
Grenoble, France, mainly as described before.14 The main
improvement was that corrections were made for temperature-
dependent background corrections. To estimate the resolution
function a measurement of a cylindrical vanadium sample at
40 K was preformed.30 The background was measured with the
sample container filled with XC-72 at 40, 45, 50, 60, 70, 80,
and 90 K. Measurements to estimate the diffusion were
conducted at 40, 45, 50, 60, 70, 80, and 90 K. To verify that
the system was in equilibrium and stable during the measure-
ments, the pressure was constantly measured, giving constant
information on the surface concentration and surface coverage
from eq 1.

Data collected from the QENS measurements were first
normalized versus the monitor. This was done to remove
changes in intensities between spectra due to variations in the
incident neutron beam. To correct for variations in detector
efficiencies a measurement of a cylindrical vanadium sample
at 40 K was conducted. Then the spectra were normalized to
the vanadium measurements to correct the intensity at each
momentum transfer Q value, Q being the scattering vector.
Further, the measured spectra were divided into regions in Q,
ω (energy transfer) space to get constant Q values by rebinning
over dQ ) 0.05 Å-1 to enhance the statistics. This was done
with LAMP, a program from ILL based on the IDL language.
The background measurements of pure XC-72 were treated the
same way and subtracted from the measurements of XC-72 with
hydrogen. After this treatment the S(ω) plots were fitted with a
Lorentzian function to estimate quasielastic broadening as a
function of Q, 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 the vanadium sample
at 40 K was used as the resolution function. The fit to the
broadening as a function of Q was done with the Chudley and
Elliott model that describes the movement of a single molecule
as it jumps between different sites in a lattice or between cages
made of other molecules.30 The smallest jump length l0 was
assumed to be identical for all sites whereas the jump directions
are random. It is assumed that the molecules remain at the
surface during a time τ0, the residence time, before moving
again. Using the Einstein-Smoluchowski equation, see i.e. ref
31, the surface diffusion coefficient is then

The subscript indicates that diffusion takes place along the
surface, and the superscript s that the value is specific to the
surface.

Using a model of the broadening function f(Q) described
before,14 we were able to find D|s by fitting data to the following
form:

where p is the reduced Planck constant.
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By plotting the logarithm of the diffusion coefficients found
for each temperature versus T-1 (K-1), we obtained an Arrhenius
plot. This was used to estimate the temperature dependence of
the diffusion coefficient according to

Here D0 is the pre-exponential factor, kB is the Boltzmann
constant, and E is the activation energy. We will compare the
results from QENS with results from EMD.

Equilibrium Molecular Dynamics Simulations

The System. The EMD system was built of an infinite sheet
of crystalline graphite in contact with hydrogen molecules, H2.
The graphite has a hexagonal crystallographic structure with
space group P63/mmc without any defects. The crystal is made
from 9 sheets of graphene and contains 5184 carbon atoms.
Following the crystallographic structure, the graphene sheets
are oriented in our simulation box such that the surfaces of the
sheets are perpendicular to the z direction. The size of the crystal
is 44.208 Å and 34.0313 Å in x and y directions, respectively,
and about 30 Å in the z direction.32 Periodic boundary conditions
are applied in x and y directions in the limits of the crystal and
in the z direction at 95.254 Å from the center of the crystal.
This symmetry gives in effect an infinite succession of two
infinite graphite crystal surfaces separated by a gaseous zone
of about 160 Å in the z direction, where the H2 molecules are
located. The model uses an atomic description of the graphite
and hydrogen. The atoms interact through intermolecular and
intramolecular potentials. The intramolecular potentials are given
in ref 33, Table 1, and eqs 2-4. The intermolecular potential
is the Lennard-Jones potential.34 The potential parameters for
the Lennard-Jones are taken from the MM2 force field,35 while
the parameters of the intramolecular potentials come from the
DREIDING force field36 for graphite and Delft Molecular
Mechanics (DMM) force field33 for the hydrogen molecules.
The parameters of these potentials were fitted as to give good
agreement with experimental physical properties of a large
variety of compounds mainly those including carbon and
hydrogen, like hydrocarbons. They are well-known and widely
used in molecular simulations.

Simulation Procedures. Five different systems were simu-
lated to investigate the surface diffusion coefficient as a function

of surface concentration. The surface concentration variation
was implemented by simulating with five different global
densities. The five different numbers of hydrogen molecules
were NH2

) 50, 100, 150, 200, 300. For each NH2
, simulations

were preformed at 17 different temperatures, ranging from 70
to 350 K at 20 deg intervals. Additional simulations with NH2

) 10 were performed at 70, 90, 110, 150, 170, 190, and 230 K
to investigate the surface dynamics at low density and low
temperature. This gave a total of 82 simulations describing the
dynamics on the graphite surface as a function of surface
concentration and temperature. The volume of the total system
subtracted by the volume of the graphite crystal gives the volume
available to the H2 molecules in the gas phase.

The dynamics were obtained by integrating Newton’s equa-
tions of motion, using the velocity Verlet algorithm.37 All
simulations had time steps of 0.001 ps. The initial configuration
was constructed by randomly distributing the H2 molecules in
the gas phase. Molecules are located such that they do not
overlap with each other or the graphite crystal. The system was
stabilized during 400 ps by fixing the temperature at an imposed
value, using a simple rescaling of the velocities. When the
system was in thermal equilibrium, the conditions of the
simulations were changed to those of a microcanonical ensemble
(constant energy). Trajectories of 1700 ps were then computed
and analyzed. Variables were calculated every 10 time steps,
averaged over 1 ps, and stored.

Surface Self-Diffusion Coefficient and Mean Displacement.
Here we present how we have analyzed the EMD data to find
the transport properties. From the EMD simulations all the
movements of the particles are calculated and stored. These data
give us access to the diffusivities of the H2 molecules. This
diffusivity is known as the self-diffusion or the tracer diffusion.
It can be derived from the perspective of random walk.34,38 In
this paper we have investigated the transport along the graphite
surface. On a flat graphite surface it can be assumed that the
surface is homogeneous and that the steps in the random walk
are uncorrelated. For random walk in two dimensions the mean-
square displacement is then given by

where 〈r2(t)〉 is the mean-square displacement, ai is the length
moved by the particle in either the x or y direction, and nx(t)
and ny(t) are the number of jumps done during the time t. If the
system is homogeneous it can be assumed that a ) ax ) ay and
that n(t) ) nx(t) + ny(t) and eq 5 can be written as

The surface self-diffusion coefficient D|s is given by

which is possible to rearrange to get

For surface self-diffusion the dimensionality d is equal to 2,
the diffusion is independent of the nature of the jumps. For a

TABLE 1: Parameters Found from the QENS Experiment

Data form QENS with 0.5 monolayer of H2 at 2 K

cH2
s (mmol/m2) temp (K) 10-12τ (s) 10-10l0 (m) 10-8D|s (m2/s)

0.0051 40 1.21 ( 0.07 1.20 ( 0.05 1.18 ( 0.07
0.0050 45 1.22 ( 0.06 1.37 ( 0.05 1.53 ( 0.09
0.0046 50 1.23 ( 0.05 1.50 ( 0.06 1.8 ( 0.1
0.0029 60 1.26 ( 0.05 2.15 ( 0.01 3.7 ( 0.5
0.0023 70 1.35 ( 0.04 2.52 ( 0.01 4.7 ( 0.5
0.0016 80 1.30 ( 0.06 2.79 ( 0.02 6.0 ( 0.9
0.0012 90 1.1 ( 0.1 2.92 ( 0.05 8 ( 3

Data form QENS with 1 monolayer of H2 at 2 K14

temp (K) 10-12τ (s) 10-10l0 (m) 10-8D|s (m2/s)

40 1.5 ( 0.2 1.3 ( 0.1 1.1 ( 0.1
50 1.2 ( 0.1 1.6 ( 0.1 2.1 ( 0.3
60 1.0 ( 0.1 1.7 ( 0.2 3.0 ( 0.5
70 0.9 ( 0.1 1.8 ( 0.2 3.7 ( 0.7

D|
s(T) ) D0 exp(-E

kBT) (4)

〈r2(t)〉 ) ax
2nx(t) + ay

2ny(t) (5)

〈r2(t)〉 ) a2n(t) (6)

〈r2(t)〉 ) lim
tf∞

2dD|
st (7)

D|
s ) lim

tf∞[〈r2(t)〉
2dt ] (8)
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group of N distinguishable particles eq 9 gives the surface self-
diffusion coefficient in the form

where rbi(0) and rbi(t) are the positions of molecule i at an initial
time and after a time delay of t. This equation was used to extract
the surface self-diffusion coefficient from the movements of each
individual particle. Plots of 〈r2(t)〉 as a function of t are shown
in Figure 1 below. The slope of these plots gives the D|s from
the molecular dynamics simulation data. At equilibrium the time
between an adsorption and desorption event for each molecule
was calculated. These were next used to obtain the average time,
〈t〉, that the molecules spent on the graphite surface at each
simulated temperature and surface concentration. From the
values of D|s and the average time on the surface, the mean
displacement, rmean, is given by

Here rmean is the mean displacement that the molecules have
moved from the point they adsorb to the point they desorb. This
value shall be used later to estimate the contribution of the
graphite catalyst support on the transport of reactant to a catalyst
particle.

Results and Discussion

Quasielastic Neutron Scattering Experiments. Figure 2a
shows the fit of eq 3 to the experimental data at 40 and 90 K,
for Q values from 0.45 to 1.35 Å-1. The values of the surface
self-diffusion coefficients, D|s, the residence times, τ0, and the
jump lengths, l0, from eq 3 are presented in Table 1 with the
corresponding uncertainties. The D|s values for 40, 45, 50, 60,
70, 80, and 90 K from eqs 3 are plotted in an Arrhenius plot
shown in Figure 2b. From the slope of this plot, we determined
the coefficients D|0s ) (3.5 ( 0.9) × 10-7 m2/s and E/kB ) 140
( 10 K (1160 ( 80 J/mol) in eq 4. For comparison, liquid
hydrogen has the Arrhenius coefficients D0 ) (8.6 ( 1.0) ×
10-8 m2 /s and E/kB ) 45 ( 2 K (373 ( 13 J/mol).39 Using eq
4, we estimated the self-diffusion coefficient at higher temper-
atures. At 350 K, a typical fuel cell temperature, we found a
self-diffusion coefficient of 2.3 × 10-7 m2/s.

Table 1 gives the results of the QENS experiments. Also the
previous QENS results are presented for comparison. The two

sets of results are also compared in Figure 2b. We see that the
new results can be given with uncertainties better than (5%
below 70 K. At 80 and 90 K, the accuracy becomes less. A
clear increase can now be seen in the diffusion coefficient with
temperature, and this can be ascribed to an increased jump
length, since the residence time is constant within the accuracy
given. The new experiments for the diffusion coefficients agree
in a qualitative way with the previous results. The accuracy in
these experiments was smaller, however. They pointed to a
reduction in residence time with temperature, but this is probably
not real, as these data did not have temperature-dependent
background corrections.

The new experiments are done with half a monolayer of
hydrogen at 2 K, while the previous ones were done with a full
monolayer at 2 K. This may explain why the first measured
diffusion coefficients on the average are somewhat larger (a
factor of 1.1-1.4) than the new results; the surface concentration
must be larger in the last case, but it was then not determined.
In a recent article Cabria et al.40 studied adsorption of H2 on
carbon nanotubes using density functional theory (DFT). They
found four different sites on a graphene layer with different
binding energies. In a powder sample like here, the number of
sites can be larger.

The temperature dependence of the two sets of data as found
from eq 4 is also slightly different. We find

Figure 1. Examples of slopes of the mean-squared displacement of
hydrogen molecules as a function of the time for 170 and 350 K with
NH2

) 300.

D|
s ) lim

tf∞[ 1
2dNt ∑i)1

N

〈| rbi(t) - rbi(0)|2〉] (9)

rmean ) √4D|
s〈t〉 (10)

Figure 2. (a) Fit of eq 3 to the experimental data from the QENS
measurements done at 40 and 90 K. The dashed line is the fit to the
data from 40 K and the full line is the fit to the data from 90 K. (b)
Natural logarithm of the self-diffusion coefficients found from our
QENS experiments (this work and previous work). Data are plotted
together with results from Narehood et al. and Bienfait et al. as a
function of T-1 (K-1). The dashed line is the linear regression giving
the Arrhenius coefficients D|0s and E/kB from our QENS data.
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By extrapolation to 350 K, we find D0.5ML
s ) 2.3 × 10-7 m2 /s

and D1ML
s ) 1.4 × 10-7 m2/s. The effects of temperature and

concentration are separable with the molecular dynamics
simulation technique (see below).

Surface Concentration and Enthalpy and Entropy of
Adsorption. The surface concentration, cH2

s , was calculated for
each temperature investigated by QENS from the pressure
measurements, using eq 1. The measured pressure and the
corresponding surface coverage, θ, from eq 1 were first used to
find the Langmuir constant, KL, from

The logarithm of KL is shown in the upper part of Figure 3
as a function of the inverse of the temperature. A linear trend
is found. This is remarkable since we only have one experi-
mental point for each temperature. This shows that the adsorp-
tion isotherm from pressure measurement fits well with a
Langmuir isotherm. The same was observed earlier with
molecular dynamics simulations of hydrogen on graphite.41,42

These results are also shown in the same figure for comparison.
The two lines give the enthalpy (the slope) ∆H and entropy
(the intersection) ∆S of adsorption at zero loading.

The results are of the same order of magnitude. The
simulation of the pure graphite-hydrogen system gives values
that are twice the values of the experimental ones, but both sets
of data are in agreement with previous studies, both experimental
and theoritical.28,40,43-48

Equilibrium Molecular Dynamics Simulations. The surface
self-diffusion of hydrogen molecules on graphite, D|s, was
obtained from equilibrium molecular dynamics simulations. The
value of D|s was obtained by linear fit to the slope of the mean-
squared displacement from eq 9, as shown in Figure 1. D|s for
temperatures from 70 to 350 K with 20 deg intervals and at 82
different surface concentrations were found in this manner and
plotted as function of cH2

s in Figure 4a. This plot shows that all
data follow a similar trend regardless of temperature. In Figure
4b we plotted the experimental results reported above. We
observed that D|s has the same cH2

s dependence as the data from
QENS.

Figure 5 gives D|s at 70, 90, 110, 150, 170, 190, 230, and
350 K as a function of cH2

s -1. This plot is made to investigate
the prediction of kinetic theory for surface diffusion. According
to this theory, the diffusion coefficient varies with cH2

s -1 below
approximately 1000 m2/mmol.38,49 Our data start to deviate from
a linear relation above 1000 m2/mmol. At this concentration
the molecules on the surface are not colliding with each other
anymore, and the D|s approaches a (temperature dependent)
maximum value. At temperatures from 190 K and up, and with
a global number of NH2

) 10, the density on the graphite surface
is very low, and the uncertainties both in D|s values and in the

surface concentration are large and explain the discrepancy of
the data. At high surface densities, the diffusion coefficient
increases only slightly with temperature at a given density. From
kinetic theory it is also predicted that D|s increases linearly with
the square root of the temperature for a given concentration.
This was not observed in our data. In Figure 5b we plotted the
logarithm of D|s as a function of the inverse of temperature.
The trend is linear as is observed experimentally for a constant
number of molecules in the system. QENS results are also
plotted in the same figure and can be directly compared with
simulation data at 90 and 70K. The EMD diffusion coefficients
ranged between 7 × 10-8 and 4 × 10-7 m2/s for densities
respectively between 0.012 and 0.0023 mmol/m2 at 90 K, and

D0.5ML
s ) (3.5 ( 0.9) × 10-7 exp(-1.2 ( 0.1 kJ/mol

RT )m2/s

D1ML
s ) (1.9 ( 0.2) × 10-7 exp(-1.0 ( 0.1 kJ/mol

RT )m2/s

(11)

KL ) θ
(1 - θ)

p0

p
(12)

∆Hexp ) -3.3 kJ/mol, ∆Sexp ) -34 J/kmol
∆HMD ) -6.0 kJ/mol, ∆SMD ) -72 J/kmol (13)

Figure 3. The natural logarithm of the Langmuir constant from
pressure measurements and EMD simulation41,42 plotted versus the
inverse of temperature. The simulation data are plotted as plus signs
and the experimental data are plotted as squares.

Figure 4. (a) D|s for all temperatures simulated with EMD plotted as
function of cH2

s . The D|s values are following the same trend for all
temperatures. The solid line in both plots are guides to the eye. (b)
The change in D|s as a function of cH2

s as found by QENS.
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at 70 K they ranged between 3 × 10-8 and 2 × 10-7 m2/s for
densities respectively between 0.014 and 0.0027 mmol/m2. The
extrapolation of EMD diffusion coefficients to experimental
surface densities at 70 and 90 K, Table 1, led to higher results
by about a factor of 5. The activation energies calculated from
these curves are higher by about a factor of 2 compared to the
experimental results. The extrapolation of experimental data to
350 K gives values for the D|s that are also 4 to 10 times lower
than the EMD values. The measure of diffusion coefficients in
heterogeneous systems is still a challenging topic; depending
on the experimental methods the results can be several orders
of magnitude different, see for example Jobic et al.50 Supporting
our findings, Jobic et al. also found larger diffusivities in EMD
simulations compared to QENS experiments and other experi-
ments for alkanes in zeolites. Our EMD results are of the same
magnitude as QENS data and have the same trends although
EMD simulations give an ideal picture of reality. Grooves, steps,
and pores in a material cause barriers for free translation for
adsorbed molecules51,52 and are absent in the simulated system.
This can explain the discrepancy in the activation energy and
then in the data.

Reactant Transport via Supporting Surface. We have seen
above that the activation energies for surface diffusion of
hydrogen are about three times lower than the enthalpy of
adsorption, both for EMD and QENS. This is in agreement with
previous results from the literature both from theory and
experiments.16,28,40,43-48,53,54 In these reports the adsorption
energies are 3 to 9 times larger than the diffusion activation
energy. This indicates that hydrogen molecules can be mobile
at the graphite surface without escaping into the gas phase. At

room temperature this effect is mostly assumed to be negligible.
The simulation data offer a means to further investigate this
assumption, from low temperatures to room temperature.

The average time, 〈t〉, between adsorption and desorption
events was determined in the simulations. In Figure 6a the 〈t〉
values for each global density NH2

are given as the natural
logarhitm versus T-1. The average time follows an exponential
trend as given by Clark,55 and the 〈t〉 values decrease with
temperature, which is in agreement with the isotherms we
observed in our earlier EMD study.41,42

From these values and the values of D|s described above, we
determined the mean displacement as rmean ) (4D|s〈t〉)1/2. In
Figure 6b rmean is plotted as a function of the surface concentra-
tion. The plot shows that rmean is decreasing with both increasing
temperature and surface concentration. From an experimental
point of view it is preferable to give these data as a function of
gas pressure, see Figure 7a. In this figure rmean is decreasing
with increasing pressure for a given temperature. At low pressure
rmean is decreasing with increasing temperature, while at high
pressure the inverse happens. This means that there exists an
intermediate zone where the trends cross. This result is not in
contradiction with the trend in Figure 6b. This is a consequence
of the shape of the isotherms in this figure.

Extrapolation and interpolation of rmean as a function of
pressure was used to estimate the mean displacement at 1 bar,
which is a usual operating pressure of PEMFCs. The results
are given in Figure 7b for temperatures between 70 and 350 K
at 1 bar. This curve shows a maximum at 110 K of about 140
Å. This maximum can be understood from the temperature

Figure 5. (a) D|s plotted versus the inverse of the surface concentration,
cH2

s -1, a zoom of the high density part is also shown and reveals a
temperature effect. (b) Logarithm of D|s versus T-1 for the EMD data,
and QENS data for the 0.5 monolayer loading.

Figure 6. (a) Logarithm of the average time between adsorption and
desorption events versus T-1 for all investigated temperatures. (b) rmean

as a function of cH2
s for seven temperatures.
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dependence in D|s and the average time. Below this temperature,
the effect of D|s is dominating and the rmean is increasing with
temperature. Above 110 K it is the average time that is
dominating, and rmean is decreasing with increasing temperature.
The increase above 290 K is not significant. It is worthwhile to
notice that even at 350 K the rmean is comparable to the lower
temperature values of about 80 Å. Thus, the assumption that
surface diffusion is negligible is doubtful, and we will in the
following investigate this effect in PEMFC electrodes.

The effect of the catalyst support surface can now be
investigated, by calculating the flux of reactants to a catalyst
particle. In a PEMFC this translates to the flux directed along
the carbon surface to a platinum particle. To do this we assume
that the average catalyst particle in a PEMFC has a radius R of
1 nm56 and is shaped as a hemisphere. Further we assume that
the flux of adsorbing gas molecules perpendicular to the carbon
surface is uniform.

The area of the catalyst support material around the catalyst,
with an influx of reactants, is equal to the area of a circle with
radius equal to rmean + R, minus the area of the catalyst particle.
This is given by

This area is hereinafter referred to as the active support area.
For a given temperature, the active support area is constant and
it is equal to the area of the large circle minus the area of the

inner circle in Figure 8. To estimate how many of the molecules
that adsorb on the active support area travel to the catalyst
particle, we have to define the probability of an adsorbed
molecule hitting the catalyst particle. This probability is a
function of the distance from the catalyst particle where the
molecules adsorb. In Figure 8 two examples of two different
adsorptions, at positions r1 and r2, are shown. Assuming that
the adsorbed molecules are just as likely to move in all directions
after adsorbing at ri, and desorb first when they are outside a
circle with radius rmean, the probability pi can be given by the
angle Ri, distance from the catalyst particle ri, and the position
ti on line l. The probability of adsorbed molecules reaching the
catalyst particle in an arbitrary position is then

where ri is an arbitrary position within the active support area
of the catalyst support and ti is the position on line l where line
k intersects, see Figure 8. Since the position ti changes with the
position ri we can give a function describing ti with R and ri.
This function is given by the functions of a circle and a line
segment k. We know that these two functions are equal where
they meet at the intersection i, and that the derivatives also are
equal there. We then find the function for the position ti as

When we introduce this in eq 15 we get

To find the fraction of molecules adsorbed on the active
support area that reach the catalyst particle, we integrate for
the whole surface and normalize by the active support area:

Figure 7. (a) rmean as function of pressure at constant temperature;
the dashed line shows an extrapolation of the data at 170 K, the full
line shows an extrapolation of the data at 350 K, the vertical line in
the zoom shows the position of 1 bar (101325 Pa). (b) Mean
displacement of the adsorbed hydrogen molecules at 1 bar for 70 to
350 K.

Asupport ) π(rmean + R)2 - πR2 ) π(rmean
2 + 2rmeanR)

(14)

Figure 8. Geometry defining the active support surface and the angle,
Ri, giving the probability of adsorbed molecules reaching the catalyst
particle.
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Here P is the fraction of molecules adsorbed on the active
support surface and reaching the catalyst particle. Since the
adsorption flux is uniform this allows us to calculate the ratio
between the flux from the gas phase directly to the platinum,
Jgas, and the flux from the active support area, Jsupport, to the
catalyst particle. The ratio between the fluxes is proportional
to the active support area and the catalyst particle area and is
given as

The results of eqs 18 and 19 are given in Figures 9, panels
a and b, with R equal 1 nm and a mean displacement up to 8
nm. In Figure 9b the ratio between Jsupport and Jgas is plotted.
From Figure 9b and the values from Figure 7b we can find the
contribution from the graphite support at 1 bar at different
temperatures.

The results from the EMD simulation were used to estimate
the amount of reactant that can be transported to a catalyst
particle in a PEMFC. Figure 9b gives the ratio of the reactant
transported via the active support area, Jsupport, and the reactant
adsorbed from the gas phase, Jgas, plotted as a function of the
mean displacement. We saw in the previous section that D|s from
EMD is 4-10 times larger than D|s from QENS measurements
at 350 K. We use D|s ) 1.4 × 10-7 m2/s as estimated from the
QENS experiment at the highest hydrogen loading as the most
realistic value, and calculate a Jsupport/Jgas ratio close to 1. The
transport of reactants to the catalyst via the active surface area
according to this is 50% of the total amount.

In the actual PEMFC, the platinum metal catalyst is in contact
with the graphite support and the polymer membrane. Only a
small fraction of the catalyst may have an interface in common
with the gas phase. Hydrogen molecules in the gas phase might
well have direct access to only a few of the active sites on the
platinum catalyst. To reach the active sites, hydrogen must
adsorb on platinum, graphite, or polymer membrane and then
move to the site by diffusion. Hydrogen molecules on graphite
surfaces must pass some three-phase contact line before they
arrive at the active sites. Gas molecules cannot go directly to a
three-phase contact line from the gas phase as this would lead
to an infinite velocity of the gas close to the three-phase contact
line.10 If the surface area of platinum in contact with the gas
phase is only a fraction of the active surface area of the graphite,
the ratio Jsupport/Jgas can be much larger than estimated here. The
catalytic reaction also depends on protons reaching the polymer
membrane. Only then will hydrogen be transported away from
the catalyst, allowing for further reaction. The diffusivity of
hydrogen on platinum is in the order of 10-9 m2/s,57 3 orders

of magnitude smaller than that on graphite. The interface
between catalyst and the polymer membrane should therefore
be as close to the graphite surface as possible in order to increase
the reaction rate.

Conclusion

From QENS and EMD surface self-diffusion coefficients for
hydrogen adsorbed on graphite have been found. The two
methods give values in good agreement for low temperatures
(90 K), but at high temperatures EMD gives D|s values that are
4 to 10 times larger. Both the QENS data and the EMD data
show that D|s depends on the surface concentration. At high
surface concentrations D|s follows a linear trend according to
kinetic theory. At low surface densities D|s reaches a maximum
value at each temperature. From the simulations the average
times between adsorption and desorption events were calculated.
They followed an exponential trend, increasing with temperature.
From the average time and surface diffusion from EMD and
QENS the mean displacement was calculated. At 1 bar, the mean
displacement had a maximum value at 110 K of about 140 Å.
For ambient temperature and pressure the value was about 80
Å. These results have been used to estimate the transport of
reactants via the catalyst support material in the PEMFC to a
catalyst particle. From these estimates the catalyst support is
responsible for at a minimum 50% of the reactant transport.
This suggests that the catalyst support is contributing consider-
ably to the reactant transport in the PEMFC.

Acknowledgment. For experimental assistance and much
appreciated help we wish to thank Peter Fouquet, Hannu Mutka,

P ) 1
Asupport

∫R

ri ∫0

2π
p(ri, φ)rmean dφ dr

P ) 1

π(rmean
2 + 2rmeanR)

×

[(arctan( R

�1 - R2

ri
2

rmean)rmean
2 + R�1 - R2

ri
2

rmean)]
R

rmean

(18)

Jsupport

Jgas
)

AsupportP

Acatalyst
)

π(rmean
2 + 2rmeanR)P

2πR2
)

(rmean
2 + 2rmeanR)P

2R2
(19)

Figure 9. (a) The fraction P from eq 18 and Asupport as functions of
the mean displacement plus R. (b) Ratio between the reactant flux from
the active surface area and from the gas phase to the catalytic particle.

H J. Phys. Chem. C, Vol. xxx, No. xx, XXXX Haas et al.
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