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Surface Characterization of Catalytically
Active Tungsten Carbide (WC)

Levy and Boudart (/) have reported pre-
viously that tungsten carbide exhibits
platinum-like behavior for hydrogen chem-
isorption and isomerization of 2,2-
dimethylpropane. Tungsten carbide is also
known to act as a hydrogenation catalyst
in the liquid-phase for aromatic nitro com-
pounds (3) and can act in a similar manner
to platinum for oxidation of hydrogen, hy-
drazine, aldehydes, formic acid and carbon
monoxide (4-10) at porous fuel cell elec-
trodes in acid electrolyte, but it is neces-
sary to ‘“‘activate” the tungsten carbide
prior to reaction. Levy and Boudart postu-
lated that the Pt-like behavior of tungsten
carbide was due to the donation of elec-
trons from carbon to the W 54 band, re-
sulting in an electronic structure similar to
that of Pt. However, recent studies using
soft X-ray appearance potential spectros-
copy indicated (2) that the width of the un-
filled portion of the d band increases on
going from tungsten to tungsten carbide,
rather than decreasing as expected for a
band-filling picture of bonding in WC. In
the work described here, a unique rela-
tionship is shown between the Pt-like
behavior of WC for hydrogen chemisorp-
tion and the surface composition of the
WC determined by Auger electron spec-
troscopy (AES).

Tungsten carbide powders used for this
study were obtained from different
sources. Commercially available ultrahigh
purity WC was obtained from Ventron,
Materials Research Corp. and Her-
mann C. Starck Co. (Berlin, Germany).
These were examined by X-ray diffraction
and found to be single-phase with hexago-
nal lattice parameters a=2.906 A,
¢=12.836 A, identical to the usually ac-
cepted values (/7). A tungsten carbide
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identical to that used by Levy and Boudart
was obtained from the laboratory of Dr.
H. Bohm (AEG-Telefunken, Frankfurt,
Germany) and X-ray diffraction indicated
hexagonal parameters of «a = 2.900 A,
¢c=2.843 A. The deviation from the
usually accepted values indicates a slight
carbon deficiency in the bulk lattice. High
surface area tungsten carbide was pre-
pared in our laboratory by carburizing
WO, with carbon monoxide and X-ray dif-
fraction indicated a single-phase with the
ideal hexagonal lattice parameters. Com-
mercially available ditungsten carbide,
W, C, was obtained from Atomergic Chem-
tcal Co., and was found to be two-phase, a
major «-W,C phase with a minor WC
phase. A dc-arc emission spectrographic
analysis indicated that no Pt, Ir, Rh, or Pd
was present in any of these materials
above the lowest limit of detection (2
ppm).

BET surface areas of tungsten carbide
powders were obtained using a sorp-
tometer. After surface area determina-
tions, the powders were placed into a gas
volumetric adsorption apparatus such that
1-5 m? of powder surface was available
for each sample. Pretreatment sequences
used for the samples and the volumetric
quantity of hydrogen adsorbed following
the pretreatments are shown in Table 1.
These results clearly indicate that only the
AEG-Telefunken “WC” and the commer-
cial W,C chemisorbed hydrogen when
oxygen had been preadsorbed, the chemi-
sorbed hydrogen being removed by titra-
tion with oxygen at 25°C. Approximately
20% of the AEG-Telefunken “WC” sur-
face and 5% of the W,C surface partici-
pates in the formation of water at 25°C.
The other WC catalysts adsorb hydrogen
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TABLE 1
HYDROGEN ADSORPTION ON TUNGSTEN
CARBIDE FOLLOWING PRETREATMENT

Sequence Pretreatment
1 Original sample (exposed to air) evacu-
ated at 150°C for 1 hr
2 After (1) and hydrogen adsorption, evac-
uation at 150°C for | hr
3 After (2) and hydrogen adsorption, ex-
posure to 400 Torr O, at 25°C 1 hr,
evacuation at 150°C
Hydrogen uptake
(umol/BET m?)
BET area _ —
Sample (m?%g) | 2 3
Ventron WC 1.6 0.2 0.2 0.3
MRC WC 0.2 0.2 0.1 0.2
Starck WC 1.0 0.2 0.2 0.2
PWA WC 15 0.7 0.2 0.7
AEG WC 5 7.0 0.2 7.0
Atomergic W,C 0.1 1.7 0.1 34

very weakly, probably only by physical ad-
sorption.

In order to identify the surface proper-
ties of tungsten carbide leading to Pt-like
chemisorption of hydrogen, the surface
compositions were analyzed by Auger
electron spectroscopy, using a Physical
Electronics Industries Model 5000 spec-
trometer. Thick coatings of the powders
were pressed in Al substrates and a 3 keV,
30 wA normal incidence electron beam
was used as the excitation source. The
electron beam and cylindrical mirror ana-
lyzer were at normal incidence to the
samples to minimize the effects of surface
roughness. Calculations of the surface
compositions were based on the peak to
peak heights of the derivative spectra and
the relative sensitivities of the Auger tran-
sitions determined for the pure elements
(12). The KLL transitions in C at 270 eV,
O at 505 eV, and the W N,.OO transition
at 163 eV were selected for this calcula-
tion. These transitions should correspond
to essentially identical escape depths of
5-10 A (13) for the C and W Auger elec-
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trons. Spectra were recorded at a base line
pressure of 5 X 107 Torr, for untreated
samples and after argon ion bombardment
at 1 keV, 30 mA. The C KLL transition
derivative spectrum typical of tungsten
carbide indicated there were small varia-
tions in lineshape with some of the un-
treated tungsten carbides but significant
differences were observed between the un-
treated and the ion-bombarded surface.
The primary effect of ion bombardment on
the C KLL transition spectrum was to in-
crease the peak to peak height at 268 eV
and to sharpen the fine structure at 270
eV, these changes resulting from the re-
moval of carbon contamination from the
surface.

The surface compositions of the tung-
sten carbides examined are shown in Table
2 both for the untreated samples, and fol-
lowing 10 min Ar ion bombardment. The
untreated surfaces of PWA, MRC, Starck
and Ventron tungsten carbide all contained
an excess of carbon relative to the bulk
stoichiometry. This excess carbon is pri-
marily a surface contamination character-
istic of an untreated metal surface in vacu-
um. as for example, the carbon line seen
on pure W powder (0.2 m?/g). Removal of
the carbon contamination from these sur-

TABLE 2
SURFACE CoMPOSITION BY AES OF TUNGSTEN
CARBIDES, BEFORE AND AFTER SURFACE
CLEANING BY Ar [oN BOMBARDMENT

Untreated Cleaned

(atomic%%) (atomic%)

Sample W C O Ba* W C O
Ventron WC 15 73 2 10 54 46 Tr
MRC WC 14 66 6 14 56 44 Tr
Starck WC 29 48 7 16 48 52 Tr
PWA WC 14 8S i — 49 51 Tr
AEG WC 41 45 14 — 65 25 10
Atomergic W,C 44 26 26 5 65 33 2
Fansteel W 57 13 28 2 88 11 i

« Typically S, Fe. and Ni. entirely removed by
ion-bombarding.
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faces by Ar ion bombardment resulted in a
surface W/C stoichiometry exactly iden-
tical to the bulk. Further evidence that ion
bombardment selectively removed carbon
contamination and not carbon from the
carbide lattice is the variation of initial sur-
face excess of carbon with surface area of
the sample, which increased with increas-
ing surface area.

The surface composition of the AEG-
Telefunken “WC” was completely dif-
ferent from that of the other carbides of
the WC stoichiometry. On both the un-
treated and ion bombarded surface the
W/C ratio was significantly larger than that
of the other samples of bulk WC stoichi-
ometry, and the surface composition fol-
lowing ion bombardment was essentially
identical to that of commercial ditungsten
carbide (W,C). These two carbides were
also the only tungsten carbides observed
to chemisorb hydrogen on a surface pre-
viously exposed to oxygen. There is,
therefore, an apparent correlation of a sur-
face excess of W on a WC surface and the
Pt-like chemisorption of hydrogen.

Although the results in Tables 1 and 2
indicate that W,C is the *“‘active” form of
tungsten carbide, examination of the W,C
and AEG-Telefunken “WC” surfaces by
X-ray photoelectron spectroscopy (XPS)
indicated significant differences in the sur-
face chemistry. An example of this is the
valence state of W at the surface of these
two materials in the untreated state (i.e.,
after prolonged exposure to air). Figure 1
shows a comparison of the 4f electron pho-
toemission spectra of W,C and AEG-
Telefunken “WC,” with the proportion of
We+ to W° clearly much greater in the case
of W,C (66% W° in AEG-Telefunken to
15% W" in W,C). The notation W°, or
zero-valent W, is used here to denote the
oxide-free state of W in WC where the 4f
binding energy is very close to that for me-
tallic W (/4). This fourfold difference in
the surface concentration of zero-valent W
is approximately the difference observed in
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FiG. 1. X-Ray photoelectron spectra of untreated
(prolonged exposure to air) AEG-Telefunken “WC”
and W,C. Two valence states of tungsten are evident,
W&+ and WO. Binding energy scale is referenced to
carbon ls line in graphite (284 eV).

the fraction of the surface that participates
in the formation of water at 25°C on titra-
tion with hydrogen. The number of sites
for activated (dissociative) chemisorption
of hydrogen on tungsten carbide is proba-
bly proportional to the number of oxide-
free W atoms on the carbide surface, since
tungsten metal is well known for an ability
to dissociate hydrogen at room tempera-
ture. The active sites on AEG-Telefunken
“WC” are probably tungsten atoms that
chemisorb oxygen in a form that is readily
reducible by hydrogen. This is a unique
property of this material because both stoi-
chiometric WC and pure W react strongly
with oxygen to form a passive surface
oxide. The coordination of carbon atoms
around tungsten atoms is obviously a criti-
cal factor in determining the interactions
between the surface excess tungsten atoms
and both oxygen and hydrogen molecules.
The critical surface coordination of carbon
around tungsten at the active sites is not
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known, but a WC surface that is carbon
deficient must contain a high proportion of
such active sites.

The dependence of the catalytic proper-
ties of WC for hydrogen dissociative chem-
isorption on the surface composition is
not unexpected in the light of the elec-
trochemical results of Bohm et al. (4,5,8)
and Binder et al. (6,7,10). Stoichiometric
WC synthesized by carburizing W or WO,
is inactive for electrochemical hydrogen
chemisorption or hydrogen molecule ox-
idation in acid electrolyte but when
electrochemically ‘“‘activated” (electro-
chemically oxidized in the presence of
hydrazine) CO, is evolved (/5) and the
tungsten carbide becomes an active elec-
trocatalyst for hydrogen molecule oxi-
dation. Bohm (8) has identified the
electrochemical rate determining step on
activated “WC” for hydrogen molecule
oxidation as the dual site dissociative chem-
isorption of the hydrogen molecule.
Ross and Stonehart (/6) have shown that
this rate determining step also occurs on
platinum under the same conditions,
which shows in part the platinum-like behav-
ior of “WC.”

Whereas the results of Levy and Bou-
dart (/) are not incorrect, the material they
used was an atypical tungsten carbide. The
surface composition of activated “WC” is
clearly not the same as the bulk composi-
tion and is certainly carbon deficient.
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