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A B S T R A C T

The potential of tungsten carbide to replace platinum as an anode electrocatalyst has attracted

considerable attention due to its activity towards hydrogen oxidation, passivity in acidic electrolyte, and

resistance to carbon monoxide poisoning. As a first step towards understanding the mechanisms

underlying these qualities, we have performed density functional calculations on slab models of the

tungsten carbide surface. We have calculated the adsorption energies of hydrogen on the different

available bonding sites, and made a comparison to known values for platinum. The variation of bond

strength with surface coverage has been investigated, and used to construct model surface Pourbaix

diagrams. The nature and structure of the passivated surface is still an open question. It is possible that

the tungsten dissolves out of the top-most surface layers, leaving a surface enriched in carbon. We have

studied the effect of additional layers of carbon on the adsorption behaviour of hydrogen. While the most

stable surface in its bare form provides binding sites that adsorb carbon with an energy of around 4.0 eV,

about 60% higher than the adsorption energy of hydrogen on platinum, a carbonaceous tungsten carbide

surface provides a maximum binding energy of 2.49–2.69 eV, much closer to the optimum value for

efficient catalysis.
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1. Introduction

Hydrogen fuel cells offer the potential for clean and efficient
power generation, and are attracting considerable interest for
transport applications. One of the principal obstacles to commer-
cialisation is the dependence of current fuel cells on the platinum-
group catalysts, which is a practical limitation due to their high
cost and scarcity. Non-noble metals are unable to be used in acidic
electrolytes for either cathode or anode applications, as they lack
the required stability. However metal carbides, in particular
tungsten carbide, have promising stability and electrocatalytic
activity in acid electrolytes [1–5].

Tungsten carbide is one of the most interesting carbides due to
an array of mechanical, electrical, and chemical properties which
offer applications in tribology [6–8], microelectronics [9], and
heterogeneous catalysis [1]. The superior hardness of tungsten
carbide, to which its wear-resistance can be attributed, is related to
the particular bonding character of carbides, which can be
described as strongly directional due to the interstitial carbon
contributing to strong metal–carbon bonds (i.e. strong p- and d-
hybridisation), but with an additional contribution to bonding
from the original metal–metal bonding in the lattice [10–12]. The
characterisation of the carbon atoms as interstitial is supported by
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the fact that the metal–metal distance in the carbide remains
almost unchanged from that of the pure metal. In addition, only the
first few groups of the transition metals form stable stoichiometric
carbides, with the limiting quantity for stability being the ratio of
the carbon to metal atom radii; RC=RM <0.59 [7]. However unlike
the other transition metal carbides, tungsten carbide does not
adopt the rock salt structure where the carbon atoms sit in the
interstitial sites of the metal face-centred cubic (fcc) lattice.
Instead it forms a hexagonal structure related to the hexagonal
close-packed (hcp) structure, in which the ABA stacking consists of
WCW stacking in alternating layers of close-packed atoms. The c=a

ratio is almost 1, allowing for the carbon atoms to be considered as
quasi-interstitial. This structure is clearly unrelated to the body-
centred cubic (bcc) structure of tungsten itself.

The platinum-like behaviour of tungsten carbides in the
catalysis of hydrogenolysis and isomerisation reactions was
discovered by Levy and Boudart [1], and has led to extensive
work on the potential of tungsten carbide as an electrocatalyst, due
to its stability in acidic solution [3,4]. The effectiveness of tungsten
carbide as an electrocatalyst depends crucially on a number of
factors, the first of which is that it must be a good electrical
conductor. Secondly, it must be highly active for the desired
electrocatalytic reaction. Thirdly, it must be passive towards
corrosion in the necessary electrolyte. In the case of an anode
electrocatalyst, there are very few candidate materials which are
both active towards the oxidation of hydrogen and methanol and
passive in acidic electrolytes. Moreover, resistance to poisoning by
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Table 1
The bulk properties of tungsten carbide, as calculated with DFT, and compared with

experiment.

Experiment a (Å) c (Å) Ecohesive (eV)

2.907 2.837 16.68

LDA 2.882 2.807 19.57

PBE 2.915 2.839 16.34

PW91 2.919 2.845 16.51

Fig. 1. The PW91 density of states for tungsten carbide. Top: the total DOS; middle:

the carbon-projected density of states; bottom: the tungsten-projected DOS.
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carbon monoxide, which is invariably present in either the
hydrogen fuel or as a byproduct in the methanol oxidation
reaction, is a necessary quality that has been demonstrated for
tungsten carbide catalysts [5], and may actually allow for
improvement in operating efficiency over current catalysts. In
the presence of 100 ppm CO the current densities produced by
known Pt/Ru anode catalysts for hydrogen electro-oxidation have
been shown to decrease strongly [13].

What structural and chemical changes take place as the
tungsten carbide passivates is still a partially open question.
Recent experiments [3] showed that the passivity may be due to
the formation of a tungsten oxide film, or alternatively, that the
tungsten may dissolve from the surface of the carbide to leave a
protective carbon layer. From the much greater passivity of WC
than W2C, and the faster oxidation of hydrogen on the WC phase
independent of potential, it was concluded that the second
scenario is more likely, since the carbon component of the surface
appears to be itself necessary for electrocatalysis. Moreover, a
small increase in the hydrogen oxidation current is observed at
the same time as the corrosion current is in decline, implying that
passivation increases electrocatalytic activity. Again, this implies
that the passivating carbon has a role to play in the electro-
catalysis.

Previous studies [6,14] have shown that for tungsten carbide
produced via chemical vapour deposition, oxygen present at the
surface does not necessarily imply the presence of tungsten oxide;
on the contrary, the oxygen atoms may replace carbon atoms
within the lattice of the carbide, as these carbon atoms migrate to
the surface to form a carbonaceous layer (of non-carbidic carbon).
It is an open question as to whether such a mechanism could be
related to the passivation process that takes place in the acidic
electrolyte.

In this study we aim to clarify the likely nature of the
electrocatalytically active tungsten carbide surfaces and to
investigate possible binding sites for hydrogen using density
functional theory (DFT). We begin by comparing the experimental
results to the bulk cohesive energy and lattice parameters
predicted by theory. We then examine the relative stabilities of
the tungsten and carbon-terminated (0 0 0 1)-surfaces, before
looking at the binding of hydrogen at a variety of sites and surface
coverages to these surfaces. We then briefly consider the role of
potential and pH in determing surface coverage of hydrogen.
Finally we look at the effect of carbonaceous layers on the binding
of hydrogen to the (0 0 0 1) surface.

2. Technical details

We perform calculations within the framework of DFT [15] as
implemented within the Vienna Ab-initio Simulation Package
(VASP) [16–18] with ultrasoft pseudopotentials [19,20]. In this
program the Kohn–Sham equations [21] are solved self-consis-
tently for a periodic system, allowing for full three-dimensional
translational symmetry in the case of bulk calculations, or slab
calculations allowing for two-dimensional translational symmetry
of the unit cell with the third dimension incorporating a large
volume of vacuum space between cells. The energy cutoff of our
plane-wave basis set was increased by 30% from the default, and
our Monkhorst–Pack grid contained 231 k-points for the bulk,
generated from a 13� 13� 13 grid centered on the Gamma point.
We first calculated the bulk cohesive energy and lattice parameters
in order to compare to experimental data. Results are presented in
Table 1. The Perdew–Wang-91 [22] parametrisation of the
generalised gradient approximation (GGA) was employed for all
slab calculations due to its reliable reproduction of ground state
properties for the bulk. The bulk cohesive energy and lattice
parameters obtained with DFT are presented in Table 1.
Clearly DFT has little difficulty in describing the ground state
properties of tungsten carbide. The local-density approximation is
overbinding, as expected, while both commonly used GGA
functionals produce both lattice parameters and cohesive energy
in very good agreement with experiment. The density of states
(DOS) as calculated with GGA-PW91 is shown in Fig. 1. The states
at the Fermi level are clearly due to the tungsten d-band, while the
carbon s- and p-states lie some way below the Fermi level.

3. Results

3.1. Surface energies

In order to consider the catalytic properties of tungsten carbide,
the surface structure needs to be considered. There are three
important surface orientations to consider for the tungsten carbide
surface: a hexagonal surface (0 0 0 1) which may be either carbon
or tungsten terminated, a square (1 1̄ 0 0) surface, either carbon or
tungsten terminated, and a (2 1̄ 1̄ 0) surface, where there are equal
numbers of carbon and tungsten on the surface. In the high-surface
area materials that are prepared for use as catalysts, the properties
of the most stable surface are liable to be important, in addition to
the activity due to surface defects such as steps and edges. The
activity and behaviour of the most stable (0 0 0 1) surface [23] is
the subject of this work.

The size of the slab used to model the surface is critical to the
quality of the calculated energies. We have tested slabs of three
different sizes, both of symmetric construction (i.e. terminated by a
carbon layer on both sides) and asymmetric (terminated by carbon
on one side and tungsten on the other). In all cases one side of the
slab was initially relaxed and the results compared for the different



Fig. 2. From left to right, the top, hollow threefold (with ABA stacking) and hollow

(ABC) sites are shown. The white atoms are hydrogen, sitting on top of alternating

layers of tungsten (blue) and carbon (grey) atoms. (For interpretation of the

references to color in the figure caption, the reader is referred to the web version of

the article.)

Table 3
Convergence of the hydrogen adsorption energies with respect to slab size. The

adsorption energy EH, hydrogen bond length RH, and vertical distance of hydrogen

from the surface RV are given.

Size of slab 3W/4C 4W/4C 4W/5C 3C/4W 4C/4W 4C/5W

EH (eV)

Top �4.51 �4.40 �4.48 �2.91 �2.87 �2.89

ABA �2.82 �2.83 �2.84 �3.88 �3.86 �3.89

ABC �2.33 �2.35 �2.35 �4.05 �4.09 �4.12

RH (Å)

Top 1.126 1.057 1.075 1.565 1.565 1.566

ABA 1.783 1.787 1.781 2.001 2.002 2.001

ABC 1.701 1.711 1.712 1.962 1.979 1.988

RV (Å)

Top 1.126 1.057 1.075 1.565 1.565 1.566

ABA 0.580 0.570 0.578 1.086 1.081 1.097

ABC 0.233 0.265 0.261 1.048 1.043 1.054

N. Gaston, S. Hendy / Catalysis Today 146 (2009) 223–229 225
slabs. A vacuum region of 20 Å was included to avoid interactions
between neighbouring slabs. The relaxation energies and distances
of the six different model surfaces (both tungsten and carbon
terminated) are presented in Table 2.

In the case of the tungsten-terminated surface, relaxation of the
surface layer gains little energy, between 0.01 and 0.06 eV for the
different models. In the case of the carbon-terminated layers the
situation is quite different; relaxation of the carbon surface leads to
a gain in energy of between 0.64 and 0.88 eV, in agreement with
previously published results [24]. When the underlying tungsten
layer is also relaxed, approximately another 0.1 eV is gained.
Notably the two asymmetric slabs agree closely on the relaxation
energy of the two slabs, at 0.85 or 0.87 eV for the 7- and 9-layer
models, respectively; the relaxation energy of the asymmetric slab
is 0.06 eV larger, possibly due to slightly larger polarisation effects.
These energetic gains for the carbon surface correspond to a
contraction of the distance of the surface carbon layer from the
bulk of around 0.25 Å, and an additional 0.07 Å shift of the
underlying tungsten towards the bulk. The overall relaxation
behaviour of the different surfaces is as expected since the
dimensions of the lattice are controlled by the size of the tungsten
atoms, since the W–W bonds are only slightly longer (2.84 Å) than
in bcc tungsten (2.74 Å). The carbon atoms, however, once on the
surface and freed from the constraints of the three-dimensional
lattice, are able to move further into the threefold tungsten sites,
minimising the W–C bond length and gaining binding energy.

The total surface energies of the tungsten and carbon-
terminated slabs has been calculated as

s ¼ Etot �SiEatomðiÞ � nEbulk binding (1)

where n is the number of complete unit cells contained in the bulk,
Etot is the total DFT energy for the surface, EatomðiÞ are the individual
energies of the atoms, and Ebulk binding is the binding energy of the
bulk (per unit cell). The tungsten and carbon-terminated (7-layer)
slabs then have surface energies of �5:40 and �2:01 eV,
respectively. The difference in energy is expected since the binding
of tungsten carbide is dominated by the W–W bonding, and
therefore it makes sense that the tungsten-terminated surface
should be more strongly bound.

3.2. Hydrogen adsorption

There are three different sites for hydrogen adsorption on the
carbon-terminated (0 0 0 1) surface, as shown in Fig. 2. The
hydrogen adsorption energy is given relative to the energy of
atomic hydrogen.

The effect of slab size on the hydrogen adsorption energy has
been considered, and the results are presented in Table 3. The
largest effect on the calculated adsorption energy is 0.11 eV, or 2%.
Table 2
Relaxation of differently sized models for the tungsten carbide surface. The slabs

range from 7 layers to 9 layers deep, either tungsten or carbon terminated, and may

be symmetric or asymmetric. 1l indicates the relaxation of one layer, 2l that of two

layers. r1 is the distance that the surface layer or atoms moves towards the slab; r2 is

the relaxation distance of the underlying layer of atoms.

Slab Carbon terminated Tungsten terminated

3W/4C 4W/4C 4W/5C 3C/4W 4C/4W 4C/5W

Er (eV)

1l �0.79 �0.88 �0.64 �0.01 �0.03 �0.01

2l �0.85 �0.93 �0.87 �0.03 �0.03 �0.06

Rr (Å)

1l(r1) �0.31 �0.32 �0.17 �0.10 �0.05 �0.06

2l(r1) �0.24 �0.26 �0.24 �0.04 �0.04 �0.04

2l(r2) �0.08 �0.07 �0.06 �0.02 �0.03 �0.02
In terms of hydrogen bond lengths, the largest difference is 0.07 Å,
or 6%. The smallest slab model overestimates the binding to the on-
top site when compared to the larger slabs, but slightly under-
estimates the binding to the threefold hollow sites. Overall the
error introduced by using the smallest of the three slab models
appears negligible when compared with the expected accuracy of
DFT. Furthermore, the slab thickness does not significantly alter
the relative stability of the three binding sites: on the carbon-
terminated surface, the top sites are preferred, whereas on the
tungsten-terminated surface, the ABC sites are preferred. In all
further calculations we consider only the 7-layer slab (either
tungsten or carbon terminated). The calculated adsorption proper-
ties of hydrogen on the WC (0 0 0 1) 7-layer surface are
summarised in Table 4.

3.3. Coverage dependence of adsorption

The effect of surface coverage on the adsorption energy of
atomic hydrogen has been investigated. We have considered
coverages ranging from a 0.25 monolayer (ML) to 1.0 ML of
Table 4
Adsorption energies and bond lengths for hydrogen atoms on the tungsten carbide

surface.

Top ABC ABA

Carbon terminated

Adsorption energy (eV) �4.51 �2.33 �2.82

H–C distance (Å) 1.126 1.701 1.783

Out of plane H-distance (Å) 1.126 0.233 0.580

Tungsten terminated

Adsorption energy (eV) �2.91 �4.05 �3.88

H–W distance (Å) 1.565 1.962 2.001

Out of plane H-distance (Å) 1.565 1.048 1.086



Fig. 3. The coverage models considered. All pictures except (e) are drawn with the

hydrogen (red) adsorbing on the on-top site (over the green atoms) with the below-

surface layer represented by dark blue atoms. (a) 1 ML coverage; (b) 0.75 ML

coverage (2� 2) model; (c) 0.5 ML coverage (2� 1) model; (d) 0.33 ML coverage,

(3� 1) model; (e) 0.33 ML coverage (3� 2) model (mixed ABA and ABC sites); (f)

0.25 ML coverage (2� 2) model. The unit cells are marked with white lines. (For

interpretation of the references to color in the figure caption, the reader is referred

to the web version of the article.)

Fig. 4. The effect of coverage on the adsorption energy of atomic hydrogen on a 7-

layer slab. Above, a carbon-terminated slab; below, tungsten terminated.
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hydrogen atoms, with a range of unit cell models. The coverage
models considered are presented in Fig. 3.

The calculated absorption energies for the carbon and tungsten-
terminated surfaces are shown in Fig. 4 as a function of coverage of
each of the three absorption sites. As is usual for hydrogen
adsorption, there is generally weak repulsion between the
adsorbed atoms, leading to a decrease in adsorption energy with
coverage. The magnitude of the total effective repulsion is
relatively small in all cases, when compared to the sensitivity of
the binding energy to adsorption site. The total energy change over
the range 25–100% coverage is around 0.3 eV for the carbon-
terminated surfaces, and close to half that amount for the
tungsten-terminated surfaces. For the carbon-terminated surfaces
there is an increase in the binding energy upon going from 0.25 to
0.33 ML coverage on the threefold sites, before a subsequent
decrease with increased coverage.

Since the lattice spacing is reasonably large relative to the H2

bond length, the direct H–H repulsion is too small to account for
the magnitude of the coverage dependence seen here. This may be
demonstrated by the comparison of two models for 0.33 ML
coverage, one of which (Fig. 3d) uses a (3� 1) cell, and the other
(Fig. 3e) a (3� 2) cell. By allowing occupancy of both ABC and ABA-
type threefold sites in the second case, the shortest distance
between the hydrogen atoms is increased to 4.03 Å from the
nearest neighbour value of 2.92 Å, minimising direct repulsion for
the same coverage value. However, the adsorption energy is barely
affected by the nearest neighbour distance. For the tungsten-
terminated surface the adsorption energy of hydrogen on the
mixed ABA/ABC surface (rHH ¼ 4:03 Å) is 4.14 eV, exactly the
average of the values on the separate surfaces at the same coverage
(4.03 eV for the ABA site, 4.25 eV for the ABC site). For the carbon-
terminated surface the mixed 0.33 ML surface has an adsorption
energy of 2.67 eV, compared to 3.20 (ABA) and 2.41 (ABC).
Therefore the coverage dependence of the hydrogen adsorption
energy seems to be indirectly repulsive rather than dependent on
H–H distance; i.e. it is mediated by the surface.

3.4. Surface Pourbaix diagrams

The most stable surfaces are determined using the theoretical
standard hydrogen electrode (SHE) [25,26] and used to construct
Pourbaix diagrams. The adsorption of hydrogen atoms on the
surface can be written as

ð1=2ÞH2ðgÞ!H� (2)

which is followed by desorption of protons into the electrolyte:

H� !Hþ þ e�: (3)

The SHE is defined such that the reaction

ð1=2ÞH2ðgÞ!Hþ þ e�; (4)

has a reaction free energy DG0 ¼ 0 at a potential U ¼ 0 V, at
standard conditions (pH 0, p (H2) ¼ 1 bar, T ¼ 298 K). Thus as the
potential is changed the chemical potential of the rhs of Eq. (4)
changes by �eU with respect to H2 in the gas phase. If we consider
the Born–Haber cycle ð1=2ÞH2ðgÞ!H� !Hþ þ e�, we can relate
the DG of Eq. (3) to the electrode potential via

DG ¼ �ðDG0 þ eUSHEÞ: (5)

and

DG0 ¼ DE� TDS: (6)

The DE here is the calculated DFT energy for Eq. (2), which we
correct for the effects of entropy to obtain the free energy DG0. The
change in entropy, DS, includes the gain of translational degrees of
freedom during desorption to H+, which may be taken from
standard tables [27], as well as the configurational entropy change
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which depends on coverage Qas

DSconf ¼ kBln
1�Q

Q

� �
: (7)

This means that as we increase the potential, the barrier to H+

desorption decreases. Since this decrease depends on coverage,
there is a transition from low coverages being preferred at low
(negative) potentials, to higher coverages being preferred at more
positive potentials. The effect of pH is to shift the free energy of the
desorption process by �kBTln10pH, which at 298 K produces lines
of a slope �0:059 eV/pH. This means that at low pH there will be a
lower barrier to desorption of H+, and an associated increase of
stability of the low coverage surfaces (at negative potentials).

The actual charge transfer associated with the desorption
process depends on the amount of charge transferred during the
adsorption reaction, Eq. (2), i.e. we take the actual charge
transferred to be

CTdesorption ¼ 1� CTadsorption (8)

where CTadsorption is taken from our DFT calculations. For this we
rely on the ‘atoms-in-molecules’ approach to defining atomic
charge [28], calculated using the Bader charge analysis code
[29,30] which divides charge density into atomic charges
separated by minima in the charge density. This charge varies
with both coverage and binding site of the adsorbed hydrogen, as
shown in Fig. 5. For adsorption on the tungsten-terminated surface,
there is always a net negative charge on the hydrogen atom. The
amount of charge transferred for the different adsorption sites
correlates directly with the ordering of the preferred adsorption
sites, as shown in Fig. 4. This clear relationship does not hold for the
case of the carbon-terminated surfaces, and the weakly non-
monotonic behaviour of the adsorption energies is much more
strongly visible in the plots of transferred charge against coverage.
However the absolute amount of charge transferred is much
weaker in the case of the carbon-terminated surfaces, which makes
Fig. 5. The effect of coverage on the charge transfer between hydrogen and the

surface on a 7-layer slab. Above, a carbon-terminated slab; below, tungsten

terminated.
these small changes less meaningful, and it is reasonable to
conclude simply that the maximum in the amount of charge
transferred at a coverage of 0.33 ML seems to correlate approxi-
mately with the minimum in the adsorption energy seen in Fig. 4.
Thus the same arguments applied above to the coverage
dependence of the adsorption energy seem also to apply to the
coverage dependence of the charge transfer; i.e. the indirect nature
of the H–H repulsion on the surface will be related to the amount of
charge that is able to be accepted by the surface atoms, which
appears to saturate at a coverage of 0.33 ML. For example, the on-
top site at 1 ML coverage allows transfer of 0.04e to the carbon
atom from the hydrogen, but in the case of the tungsten-
terminated surface, charge is transferred in the opposite direction,
with a net 0.47e being transferred to the hydrogen atom. Therefore
the actual slope of the potential dependence in the Pourbaix
diagram needs to be calculated in consideration of the fact that
0.96e is being transferred in the reaction of Eq. (3) for the 1 ML
carbon-terminated surface, whereas for the tungsten-terminated
surface, 1.47e must be transferred to the surface, leading to a much
greater potential dependence. This implies that Eq. (5) becomes
(with the substitution of Eq. (6) also):

DG ¼ �ðDE� TDSþ CTdesorptioneUSHEÞ: (9)

The pH dependence is unchanged by this consideration, since only
one proton per hydrogen atom can be released. The Pourbaix
diagrams for the most stable surfaces as functions of potential
(SHE) and pH, with respect to the desorption of protons from the
different surfaces are presented in Fig. 6. The experimentally
observed threshold for the breakdown of passivation [3] is marked
on the Pourbaix diagrams at a potential value independent of pH.
Since we can consider the overall reaction associated with this as

WCðsÞ!CðsÞ þW4þðaqÞ þ 4e�; (10)
Fig. 6. Pourbaix diagrams for the carbon (top) and tungsten (below) terminated

surfaces, using the calculated values of charge transfer per adsorbed hydrogen

atom. The experimentally observed onset of breakdown of passivity at 0.3 V (SHE)

at low pH is marked. Typical operating conditions of a fuel cell anode for hydrogen

oxidation would be at low pH, and high positive potentials.
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the overall reaction can be said to depend on potential due to the
exchange of electrons, but does not depend on pH as there are no
protons involved. In reality, the mechanism of corrosion of the W
atoms into solution will be different in different electrolytes and at
different pH, but this is beyond the scope of the current work.
Between the threshold for the breakdown of passivation and zero
potential, it can be seen from the Pourbaix diagrams that the
barrier to desorption of H+ will be minimised for 1.0 ML coverage of
either the tungsten or carbon-terminated surfaces, for potentials
relevant for oxidation of hydrogen.

3.5. The effect of surface carbon

The adsorption energy of hydrogen on Pt, Rh, or Ir, the metals
which sit at the top of a volcano plot of log(i0) vs. M–H bond
strength, is about 2.6 eV. Above or below this value of the binding
energy, a marked decrease in anodic hydrogen oxidation current
densities is observed. If we consider this an optimum value of the
binding energy, or a range of 2.4–2.8 eV (bulk W binds hydrogen by
2.9 eV) then it seems that the W–H bond either on the surface or
the underlying layer still comes closest to this value, at 2.90 and
2.81 eV, respectively. However it is not clear that the adsorption
energy on clean sites is the critical factor in determining the
activity of the catalyst.

One hypothesis that fits the experimental observation of
passivation in acid being accompanied by an increased catalytic
activity, is that the metal atoms near the surface are indeed
dissolved by the acid as part of the passivation process. This would
leave behind a carbonaceous layer at the surface, upon which the
catalytic activity would occur. To test this model of the passivation
process, we have calculated the adsorption energy of hydrogen
atoms on carbon-enriched versions of the 7-layer tungsten carbide
model described above. Surprisingly, the first layer of additional
carbon binds just as strongly to the slab as the previous layer of
carbon (the per-atom cohesive energy of the slab stays constant).
Adding a third and fourth layer of carbon atoms decreases the per-
atom cohesive energy of the slab by (successively) 0.14 and
0.12 eV, respectively (a decrease of about 2% per layer).

The overall effect of the additional layers of carbon is to
decrease the adsorption energy of hydrogen. The adsorption
energies are plotted in Fig. 7 as a function of the amount of surface
carbon. Each additional layer of carbon has continued the ABA
stacking of the WC lattice. It is therefore not particularly surprising
that the additional layers of carbon intercalate, forming a rough
graphene bilayer once there are four carbon layers on the
underlying tungsten (0 0 0 1) surface. The resulting carbon–carbon
distance in such an arrangement is 1.68 Å, with each hexagonal
ring centred on a tungsten atom. Due to the enforced lengthening
of the carbon–carbon bond from the graphitic value (1.42 Å), this
Fig. 7. The effect of surface carbon on the adsorption energy of atomic hydrogen at

on-top, threefold ABA, and ABC type sites.
film may be considered rather reactive, and shows similar
properties to that of ‘‘reactive’’ epitaxial graphene films on, for
example, TaC surfaces [31]. As a consequence the graphene sheet is
distorted from planarity by about 0.2–0.3 Å, with the innermost
sheet more strongly distorted by interactions with the underlying
substrate (this distortion is apparent even in the absence of the
adsorbed hydrogen atoms). Whereas the effect of a single layer of
carbon is to increase the maximum binding energy considerably
when compared to the tungsten-terminated surface, additional
layers of carbon decrease this energy, that of the on-top adsorbed
hydrogen atom, by around 1 eV per layer of carbon for the next two
layers. At four layers of carbon, the effect appears to have
saturated. It is important to note that the single layer of carbon
corresponds to carbidic carbon, while the additional layers of
carbon become increasingly graphitic in nature. Thus the
decreased adsorption energy with increasing layers of carbon
may be thought of as simply due to the improved carbon–carbon
bonding which reduces the ability of carbon to subsequently bond
to the adsorbing hydrogen atoms. While this is a simple model for
the structure of additional carbon at the surface of WC, the
underlying hcp-like tungsten carbide structure makes it rather
plausible. Subsequent reconstruction of the carbon-terminated
surface is possible, and even probable, but since mono- and bi-
layers of graphene on incommensurate surfaces (such as TaC
(1 1 1) [31]) are known, the final structure may be not dissimilar to
those considered here.

After three or four layers of carbon are considered, the
maximum binding energy of the hydrogen atom to the on-top
position has been reduced to 2.49 and 2.69 eV, respectively. The
threefold ABA site then has essentially the same binding energy,
since the A- and B-layers of carbon atoms have closely merged.
Thus the effective binding energy of hydrogen to the carbon rich
tungsten carbide surface is very close to the approximately 2.6 eV
of hydrogen adsorbed on platinum.

4. Conclusions

DFT calculations have been used to describe the adsorption
process of hydrogen on model tungsten carbide surfaces. Both the
adsorption energies and partial charges of the adsorbed hydrogen
atoms depend strongly on the surface termination (carbon or
tungsten) and the nature of the binding site; the observed
dependence on coverage is weaker. The coverage dependence of
both the energies and charges is non-monotonic for certain of the
carbon-terminated bonding sites. Surface Pourbaix diagrams
based on the most stable adsorbed species have been constructed
for the desorption of H+ as a function of pH and potential. Partial
charges for the adsorbed hydrogen atoms have been used to
determine the potential dependence of desorption. For physically
relevant potentials for the oxidation of hydrogen, the barrier to
desorption of H+ is minimised for 1.0 ML coverage of hydrogen.

By adding additional layers of carbon to the WC surface, we
have shown that the barrier to desorption of hydrogen can be
lowered. This is in agreement with the experimental observation
that the electrocatalytic activity of the WC material is enhanced by
passivation. Thus the hypothesis that the dissolution of tungsten
from the tungsten carbide surface during passivation leaves behind
a carbon-rich surface of enhanced activity, is consistent with the
DFT calculations presented here.
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