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The electrocatalytic activities of high surface area tungsten carbides for H, oxidation in acid
electrolytes were studied and found to be dependent on the methods of preparation of the
carbides. Auger electron spectroscopy and X-ray photoemission spectroscopy were used to
determine how the surface compositions and chemical states of surface atoms varied with
methods of preparation. Bulk crystallographic structures were determined using X-ray diffrac-
tion. Low temperature (700°C) carburization of tungstic acid was found to deposit or cause the
accumulation of an inert carbon layer over the tungsten carbide. This phenomenon could be
minimized by mixing the tungstic acid with 10 w/o NH,CI. The most active carbide was slightly
carbon deficient at both the surface and in the bulk, with the carbon deficiency probably
replaced by oxygen. This active surface was most easily prepared by carburizing amorphous,
white, tungstic acid hydrate. Oxygen substitution for carbon probably occurs during an inter-
mediate state of carbon dissolution in the reduced tungsten metal and is aided by the defect
structure in the tungstic acid. The increased activity of the oxygen substituted earbide is due to
a reduced interaction of the surface with the electrolyte, resulting from covalent tungsten—
oxygen bonding. The absolute activity of active tungsten carbide for the oxidation of pure H,
at 25°C is four orders of magnitude lower than that for Pt.

INTRODUCTION electrolyte, and is not poisoned at any level
of carbon monoxide (6), nor by sevcral
volumes ppm hydrogen sulfide (6). The
clectrocatalytic activity of tungsten carbide
has been demonstrated in numerous studies
to depend greatly on the method of prepara-
tion (6—9). It has also been reported that

In the last decade, several laboratories
engaged in fuel cell rescarch have sought to
develop an acid resistant catalyst that
might replace platinum as the anode
catalyst. In the acid eleetrolyte fuel cell

anode, hydrogen is converted electro- 7 . q

chemically according to the half-cell the activity of wC can be improve by

reaction cleetrochemical activation, anodizing to
b

1 V [reversible hydrogen clectrode (RHE)

H, = 2H* + 2e,

where H* represents the hydrogen ion in
aqueous solution. Carbides, borides, nitrides
and silicides of the transition metals have
been investigated for their suitability and
as electrode materials (7-5). Tungsten
carbide, WC, is the most active of these
alternatives for hydrogen oxidation in acid
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in the same clectrolyte ] in the presence of a
reducing agent such as hydrogen or
hydrazine (10, 11), or by mild gas-phase
oxidation (12).

Tungsten carbide has also been reported
as a catalyst for some gas-phase reactions.
Levy and Boudart (13) reported that WC
exhibited platinum-like behavior for He—O;
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titration and isomerization of 2,3-dimethyl-
propane. The WC they examined was made
by Dr. H. Bochm (AEG-Telefunken). Ross
and Stonehart (74) investigated HyO:
titration on several commercially available
ultrahigh purity carbides (WC and W.C)
plus material from AEG-Telefunken and
found only the AEG-Telefunken material
catalyzed the titration reaction. These
investigators also reported (15) that from
the same group of carbides only the AEG-
Telefunken WC and commereial WoC had
significant activity for the oxidation of Ho
in acid clectrolyte.

In the present study, we relate the
surface composition and structure to the
method of preparation of the earbide, and
in turn to the cleetrocatalytic activity of the
carbide for hydrogen oxidation in acid.
Auger eleetron  spectroscopy  (AES) s
used to cxamine the composition of the
surface, and X-ray photoemission speetros-
copy (XPS) is used to examine the valence
states of atoms at the surface. Neither of
these teehniques reflect the state of matter
of just the outer monolayer of atoms. AES
represents electron emission from the outer-
most 3-4 atomic laycrs, XPS from 5-10
atomie layers (19). Thus, the composition
of a surface determined from AES does not
necessarily represent the composition of the
outermost layer of atoms, but rather, at
best, represents an average composition of
the first 3-4 atomic layers. Neither is it
certain, however, that the catalytic proper-
ties of a surface are determined by only the
outermost layer of atoms. It scems likely
that the nature of the bonding of the first
atomie layer to the sccond and third atomie
layers of the eatalyst surface is important
in determining the catalytic properties of
the surface. A spectroscopy like AES may,
thercfore, reflect composition changes
within the surface region that determine
the catalytic properties of materials.

EXPERIMENTAL METHODS

a. Preparation of High Surface Area tung-
sten Carbides

The unsupported carbides were all pre-
pared by carburization of an intermediate
oxide phase with carbon monoxide. The
intermediate  oxide phases were  either
yellow (erystalline), white (amorphous), or
white (crystalline) modifications of tungstic
acid hydrate (WO;-2H,0). They were
precipitated from a concentrated aqueous
solution of ammonium metatungstate
(Baker Reagent Grade, purified by re-
crystallization) by the addition of a cold
hydrochloric acid solution. The yellow
modification resulted when concentrated
HCl was added to make the solution
pH < 2. The white modifications were
precipitated when cold dilute HCl was
added to make a solution of pH 5-6. The
crystallinity of the white modification was
controlled by varying the concentration of
the ammonium metatungstate solution,
The precipitates were separated by filtra-
tion, thoroughly washed with distilled
water and dried in air at 120-140°C. The
tungstic acid hydrates were carburized in a
tube furnaee with flowing earbon monoxide.
The carburization temperatures were 600—
900°C with the samples being rapidly
heated to the carburization temperature in
argon. The carburization time was apti-
mized for each temperature to be the
minimum time at each temperature neces-
sary to convert all the oxide phase to the
carbide form. For some of the samples,
NH,Cl was physically mixed with the
tungstic acid hydrate prior to carburization
as suggested by Svata and Zabransky (8, 9).

The crystallographic structures of the
resulting tungsten carbides were deter-
mined by standard X-ray diffraction pro-
cedures. Direet current-are emission spee-
trographic analysis confirmed that no Pt,
Pd, Rh, or Ir was present above the lowest
level of detection (2 ppm). The carbon
contents of the carbides were determined by
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the amount of CO; evolved on combustion.
BET surface areas were determined using a
Perkin-Elmer sorptometer.

Tungsten carbide supported on carbon
black (Vulean XC-72, Cabot Corp.) was
prepared by impregnation from agqucous
ammonium mctatungstate solution. The
tungsten complex was reduced by heating
in flowing H, at 700°C for 2 hr to producc
a supported tungsten metal intermediate,
confirmed by X-ray diffraction. The carbon
was diffused into the tungsten metal by
further heating of the intermediate in argon
for 30 hr at 1000°C. The carbide phases
were identified by X-ray diffraction. Only
a purc WC phase was observed, except
when the tungsten content of the impreg-
nated carbon excceded 85 w/o, when a pure
W.C phase could be produced. Thus, two
kinds of supported catalysts were prepared,
one with single phase WC particles, one
with single phase W,C particles dispersed
on the carbon black surface. The surface
areas of the carbide phases were determined
by particle sizc measurcment using electron
microscopy.

Nonporous (99% of theorcetical density)
rods of single phase WC and «-W.C, to
serve as analytical standards for Auger
clectron spectroscopy, were prepared by hot
pressing stoichiometric mixtures of the
elements at 2000°C for 12 hr.

b. Surface Analysis of the Unsupporied
Tungsten Carbides

The surface compositions of the un-
supported tungsten carbides were analyzed
by Auger electron spectroscopy (ALS)
using a Physical Electronics Industries
PHI 10-234GC spectrometer. Thick coat-
ings of the powders were pressed into Al
substrates and 3 kcV, 30 gA normal
incidence clectron beam was used as the
excitation source (eylindrical mirror ana-
lyzes with co-axial gun). Specctra were
recorded at a baseline pressure of 5 X 10719
Torr for untreated samples, and in 5 X 10~%

Torr argon after argon ion bombardment.
The eleetron and ion beam current were
measured using a Keithly 610B clectrometer.

The speetrometer was cquipped with
the PHI 20-055 multiplex control so that
measurement of the peak-to-peak height at
6 different clectron energies could be carried
out concurrently with ion bombardment.

X-Ray photoemission  spectroscopy
(XPS) was used to distinguish the chemical
states of W, C, and O on the carbide
surfaces. A MecPherson ESCA 36 spee-
trometer was used with the samples
mounted in exactly the same manner as
for AES.

¢. Preparation of Electrodes

The carbide powders were fabricated
into porous, PTFE-bonded, hydrophobic
clectrodes using a procedure described
previously (16a) with some modifications.
Wet-proofed carbon paper was used as
the substrate, and the PTFE content in
the catalyst layer varied from 5 to 50 w/o.
The catalytic activities of the WC catalysts
for the cleetrochemical oxidation of Ho
were measured using the half-cell design of
Vogel and Lundquist (16b). The eleetrodes
were placed in the cell under H, purging
and filled with electrolyte by standing at
the H: open ecircuit for 24-72 hr. For
activity measurements in H;PO, at 120-
180°C, 85 w/o ortho-phosphoric acid,
purified by chromic acid treatment, was
concentrated to 85-100 w/o, the concen-
tration increasing with increasing tempera-
ture. H» for both the refercnee and working
clectrodes was saturated with HO at
25-60°C. The reference clectrode was It
black, the counter electrode was a graphite
rod. The current—potential characteristics
were recorded galvanostatically, with the
electrode potential corrected for the ochmic
resistance of the electrolyte by the current-
interruption method (77). No hysteresis
was obscrved in the I-V characteristics.
The performance of some of the electrodes
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TABLE 1
Tungsten Carbides Prepared by Carburizing Tungstic Acid Hydrate

Modification of
tungstic acid

Sample No.

7P Yellow

22P Yellow + 10 w/o
NHCI

41P-1 White (crystalline)

41P-2 White (crystalline)

-+ 10 w/o NH,Cl
70P White (amorphous)
84P White (amorphous)

+ 10 w/o NH.CI
165 White (amorphous)
+ 10 w/o NH,CIL
AEG Not available

was improved after several load eyeles in
which the potential varied from 0-0.35 V
(RHE). The steady state [-V charac-
teristic was taken after no further changes
in performance took place.

RESULTS
a. Characterization of the Bulk Propertics

An index of the different preparations of
the unsupported carbides and the resulting
bulk composition and surface arcas are
given in Table 1. The X-ray diffraction
characteristics of these powders are given
in Fig. 1, along with the speetra for the
purce phases WC and o-W,C (18). There
were significant differences in the erystal
structurc of the tungsten earbide depending
on whether the yellow or white modification
of the tungsten acid hydrate was used.
Carburization of the yellow form yielded
essentially the ideal earbide lattice (com-
paring Fig. 1-1 and 1-6). and of the white
forms yielded a distorted lattice with the
[110], [002], [0037, [202] refleetions
diffuse. The distorted lattice appeared to be
correlated with a carbon lattice deficiency
in the bulk stoichiometry, as Table 1

Carburization Carbon Surface
condition content area
(w/o) (m?/g)
Temp Time
()] (hr)

700 4 6.2 15
700 4 6.0 15
900 2 6.1 D
900 2 6.1 B
700 4 5.8 15
700 4 5 17
900 2 5.1 8
b

Not available ’ 5.8

indicates, and this carbon deficiency was
apparently enhanced by the addition of
NH.CI to the tungstic acid hydrate,

The supported WC and W,C catalysts
produced X-ray diffraction patterns identi-
cal to that of the pure material. The trans-
mission cleetron micrographs of the two
materials are shown in Fig. 2, from which
the average crystallite size (d,) was cal-
culated to be 275 and 385 A, respectively.
For the purposes of normalizing the kinetic
parameters for these catalysts, a surface
area was caleulated as S = 6/ (od,).

b. Electrocatalytic Activity for H. Oxidation
in Acid

A series of experiments was conducted to
determine diffusion  effects in the elee-
trodes fabricated from the tungsten carbide
powders. Diffusion effeets in clectrodes with
the “layer” geometry have been analyzed
previously (19-22). The “liquid film” gas
diffusion limiting current (20) is more than
an order of magnitude greater than the
current densities measured here, and ionie
diffusion in the ecleetrolyte is rapid com-
pared to diffusion of dissolved gas (22).
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Fia. 1. X-Ray diffraction (CuKa) spectra of
different preparations of high surface area WC.
Intensity normalized by the most intense reflection
in each sample. (1) 7P; (2) 22P; (3) 41P; (4) 70P;
(5) 84P; (6) ASTM standard for «-WC; (7) ASTM
standard for «-W,C.

For electrodes in which gas diffusion
effects are absent, the current density at
fixed clectrode potential (7) should increase
lincarly with catalyst loading, and at
sufficiently high loading approach the
loading-indcpendent region of mixed diffu-
sion and activation control. The activation
encrgy R(d1ln</3l/T), in the region of
mixed control is one-half the activation
energy in the loading-dependent, kinetie-
ally controlled region. Figure 3a shows the
optimization of the PTFE content for a
WC powder with a BET surface areca of
8 m?/g, and Figure 3b shows the corre-
sponding loading dependence of the current
density for electrodes containing the opti-
mum PTFE content. For PTFE contents
less than the optimum the activation energy
was 4 keal/mole rather than 8 kcal/mole
as at the optimum, indicating diffusion

effects are predominant. Greater than 30
w/0 PTFE resulted in incompletely wetted
catalyst (econfirmed independently by
double-layer capacity measurements). Elce-
trodes containing less than 15 mg/cm?
tungsten carbide with 30 w/o PTFE there-
fore appeared to be free of gas diffusion
effects and differences in current-potential
characteristics of the electrodes could be
attributed directly to differences in cata-
lytic properties.

The steady-state current—potential char-
acteristics of some of the carbide powders
are shown in Fig. 4. A complete tabulation
of the activity levels of the various prepara-
tions of the carbides is given in Table 2.
Results obtained using a tungsten carbide
powder supplied by Dr. H. Boehm of AEG-
Telefunken are also included in Tables 1
and 2 (labeled AEG) for ecomparison. This
powder had been used in the previous
studies of Levy and Boudart (73) and Ross
et al. (14, 15). The current densities have
been normalized by the BET surface arca
of the powder. The activation energy for
H, oxidation, defined as — R (9 In 2/81/T),,
was the same for all the carbides tested (8
keal/mole). Some activity measurements
were also earried out at much lower tem-
peratures in H.SO, for purposes of com-
parison with previously reported activitics
for WC. Figure 5 shows an Arrhenius plot
for the activity of tungsten carbide with
the ideal structure synthesized by fusion of
the eclements, and shows that (a) the
activity is the same in H;PO, as in HoSOy;
(b) the activity level is the same (within
factor of 2) as that reported by others
(23-25) for stoichiometric WC using non-
porous (hot pressed or highly sintercd)
clectrodes. The stability of the various
preparations towards polarization greater
than 0.35 V varied considerably. Prepara-
tions 7P, 22P, 39P1, and 75P all suffered
irreversible activity loss at potentials anodic
of 0.35 V (RHE), whereas all other prepara-
tions were either unaffected or improved
slightly. None of the tungsten carbide
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electrodes was poisoned by any carbon
monoxide present in the Hs, i.c., perform-
ance levels on CO/H. mixtures were
identical to N,/H; mixtures.

¢. Activation of Tungsten Carbide by Mild
Oxidation

Selected preparations were exposed to a
mild gas-phasce oxidation treatment. Such
a treatment has been claimed in a German
patent (I2) as cnhancing the activity of
tungsten carbide, with the optimum “acti-
vation” produced by flowing O, over the
catalyst for 30 min at 350°C. The response
of samples 7P and 70 to oxidation in
flowing O3 at 350°C is shown in Fig. 6. The
results of 30 min oxidation treatment on the
other samples is shown in Table 2. Only
tungsten carbide prepared via the white
modification of tungstic acid hydrate re-
sponded positively to this “activation”
treatment. Carbide prepared by carburi-
zation of the yellow modification of tungstic
acid or by fusion of the clements was
adversely affected by this oxidation treat-
ment. Ditungsten carbide (W.C) prepared
by fusion of the clements was completely
deactivated by the oxidation treatment.

d. Characterization of the Carbide Surface by
AES and XPS

AES was used to obtain a quantitative
measure of the surface composition of the
carbide powders in order to relate (i) the
surface composition to the method of
preparation; (il) changes in surface com-
position to the activation treatment. XIS
was used to distinguish different chemieal
states of the tungsten, carbon and oxygen
atoms in the surface layers.

All Auger spectra were recorded in the
derivative mode. In the derivative spee-
trum, the relative concentration of an
clement is proportional to the peak-to-peak
height at the energy of a single Auger
transition. Calculation of the surface com-
position followed the method of Palmberg

TABLE 2

Catalytic Activity of Various Preparations
of Tungsten Carbide

Specific current density
@0.05 V (RHE), mA/m?

Sample No.

Initial After gas-phase

activation
7P 16 —
22P 18 9
41P-1 145 —
41P-2 140 —
70P H6 113
84P 255 No change
165 220 No change
AEG 370 —
39P1 105 25
75P (W.C) 26 Polarized

et al. (26) and was based on sensitivity
factors determined for the purce clements.
The Auger transitions selected for composi-
tion analysis were: for earbon, the KLL
transition at 270 ¢V ; for oxygen, the KLL
transition at 505 eV ; for W, the NsN Nz
[assignment of Chung and Jenkins (27)]
at 163 ¢V. The analysis of the surface
composition was complicated by the con-
tamination of all the samples on exposure
to air, and significant changes in lineshapes
of the family of Auger transitions at 240~
275 ¢V. Figurc 7 shows the Auger spectra
for the outer surface of a nonporous
tungsten carbide (WC) rod, the n vacuo
cleaved surface, and the depth-profiling
(simultancous ion sputtering and spectro-
scopic analysis) of the outer surface. Ton
sputtering revealed a very thin layer, less
than a monolayer, of carbon in excess of the
bulk stoichiometry due to exposure of the
rod to air. That the excess carbon was most
probably due to contamination was indi-
cated by the observation of similar carbon
levels on pure metals such as Pt, Rh, and
Au. There is a significant difference in the
fine structure of the carbon KLL Auger
transition between carbon in graphite and
carbon in the metal carbides. This was
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Fig. 2. Transmission electron micrographs of WC and W,C crystallites on a carbon black
support: (A) dark field of WC (sample 39P1); (B) W.C (sample 75P).

observed previously by scveral investi-
gators (28-30). This difference in fine
structure may be used to determine the
presence of free carbon (i.c., noncarbide)
on the surface of tungsten carbide. No
significant differences could be observed in
the fine structure of the carbon KLL
transitions of WC and W.C cleaved n
vacuo. The relative sensitivity factors deter-
mine for the purc clements resulted in a

calculated composition for these cleaved
surfaces identical (43 a/0) to the known
stoichiometry., Figure 7 also shows that
extensive low energy ion sputtering (0.5-1
keV, 85 uA) did not alter the W/C ratio
in the pure WC phase.

The caleulated surface compositions of
the untreated catalysts, shown in Table 3,
indicated a large difference in surface
carbon content between the most cata-
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Fieure 2B

lytically active samples, 84P, 165, AEG,
and the least active samples, 7P and 70P.
That the large excess of surface carbon was
in the form of free carbon was evidenced
by the differences in fine structure of the
carbon K LL transitions (Fig. 8). The free
carbon was rapidly ion sputtered from the
surface, with the ion sputtering stopped
when the relative intensities of the carbon
KLL transitions at 250, 258, and 268

cqualed those for the clean, stoichiometric
WC surface (Fig. 8d). Since the samples
were porous powders, it was not possible
to cstimate the depth of the cxcess layer
from the sputtering rate of carbon deter-
mined using thin film techniques (37). If
it i3 assumed that the free carbon covers a
surfacc having the stoichiometry of the
bulk carbide, then the carbon thickness can
be estimated from the ratio of the intensi-
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{mA/cm?) AT 0.15V {RHE)
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Fre. 3. Variation of performance of a PTFE-
bonded high surface area (8 m?/g) WC electrode.
Current density at 0.15 V (RHE) as a function of
(a) PTFE content, fixed loading of 15 mg/em?; (b)
WC loading, fixed PTFE content of 30 w/o.

ties of the W 164 ¢V Auger electrons before
(I) and after (I,) removal using the
analysis of Seah (32),

X, = 0.74[},1600 ]()gg(lo/l)

where u160° is the attenuation length of an
160 ¢V electron in carbon. Using an attenua-
tion length of 6 A (33), the free carbon
layer on samples 7P and 70P is estimated
to be 7.5 A, or approximately 2-3 mono-
laycrs. There was a slight excess of carbon
relative to the bulk stoichiometry on even
the most catalytically active preparations,
84P, 165 and AEG. We feel this slight
excess is contamination of the samples by
prolonged exposure to air, resulting in
weakly adsorbed carbonaceous species, and
by the process of pressing the powders into
the Al substrates for mounting in the
spectrometer.

Activation of preparations 7P and 70P
produced similar changes in the surface
composition, with the W/C ratio being
substantially increased in both, but the
oxygen level much higher in the case of 7P.
Depth-profiling (Fig. 9) revealed sub-
stantial differences in the atomic distribu-
tion of the surface layers. In 70P, the
outermost surface is slightly carbon defi-
cient (C/W < 1) with a thin oxygen layer
covering both tungsten and carbon atoms.

In 7P, oxygen has penetrated much deeper
into the surface, with the outermost layers
still containing an excess of carbon
(C/W > 1). The fine structure of the
carbon KLL transitions of 7P-activated
showed ecvidence of free carbon, wherecas
70P-activated did not. The oxidation at the
surface of these two carbon covered carbides
is clearly different. In the casc of the bulk
stoichiometric earbide, oxidation into the
bulk takes place simultancously with oxida-
tion of the free earbon. In the carbon
deficient carbide, oxidation of free carbon
and only the outermost surface layer
oceurs.

XPS was used to examine possible differ-
ences in the chemical states of the surface
atoms in the different preparations. The
carbon 1s binding encrgy (BE) in WC is
shifted from the BE in graphite by —1.8 ¢V,
the W 4f BE in WC is shifted —0.3 ¢V rela-
tive to W metal, and in WO; (W) is
shifted to +4.5 ¢V relative to tungsten
metal (34). These chemical shifts make it
possible to distinguish, in principle, free

SPECIFIC CURRENT DENSITY (mA/m? WC)

0.65 0"10 (ﬁﬁ U.ED 0.125 0.30
ELECTRODE POTENTIAL {V, RHE}

0

Fic. 4. Hydrogen oxidation polarization curves for
preparations of high surface area tungsten carbides:
(1) AEG; (2) 41P1; (3) 39P1; (4) 70P; (5) 7P; (6)
75P (W,C). 98 w/o H;PO,; 177°C; 1 atm H,.
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carbon from carbide carbon, oxidized tung-
sten from carbide tungsten from free tung-
sten (metal). In practice, the relative ratio
of free carbon to carbide carbon could not
be made with certainty due to a problem of
carbon contamination on the sample inside
the MecPherson spectrometer. Even after
pumping the sample chamber to UHV con-
ditions of 5 X 1071 Torr, a sample cleancd
by ion bombardment quickly became con-
taminated with carbon although this con-
tamination could be reduced by use of very
short counting times (10 min). The carbon
1s speetra nevertheless showed the same
relative distributions of free carbon to
carbide carbon as was observed in the KLL
Auger spectra. Comparison of speetra for
70P with 84 (Fig. 10b and ¢) show a much
larger total surface concentration for carbon
in 70P, most of this cxcess being free
(noncarbide) carbon. Nearly all the free
carbon on 84P was contamination from the
vacuum system of the McPherson spee-
trometer, as conecluded by a comparison of
the height of the 284.3 ¢V peak in 84P with
the carbon contamination peak on a WO,
powder sample (Fig. 10a). Carbon 1s

10001;

t ~

o
P=3

=]
[Ea—

CURRENT DENSITY {mA m-* WC) AT 0.2V (RHE)

1 1 | 1 1 L 1
2.2 2.4 2.6 2.8 3.0 3.2 34

1/T - 103 {°K)

Fi1a. 5. Arrhennius plot of catalytic activity (1
atm H,) of stoichiometric (39P1) WC for data of
this study for concentrated H;PO,4 (O), for HaS0,
(V) compared to previously reported results in
H,804: (&) Barasel et al. (24), (O) Mund et al. (4),
(O) Sokolsky et al. (25).

2=

CURRENT DENSITY (mA/mg) AT 0.05V (RHE)

0 T
15

30 45 60
TIME (MIN) OF AIR OXIDATION

Fie. 6. Dffect of oxidative activation of WC
preparations (O) 7P and (O) 70P on electrode
performance. 98 w/o HyPQy4; 182°C; 1 atm H,.

speetra for 7P were nearly identical to that
for 70P, and the 84P, 165 and AEG spectra
were all practically identical. The W 4f
spectra indicated that major differences
existed in the chemieal state of the surface
W atoms in the different carbide prepara-
tions. The speetra of the most active
carbides (84P, 165, AEG) all indicated a
significant fraction (30-409%) of the tung-
sten atoms were in the 46 valence state
after preparation and prolonged cxposure
to air, while the least active (7P, 70P)
forms contain essentially no W6+ as shown
by the speetra in Fig. 11. Tungsten carbide
(WC) prepared by fusion of the elements
in an inert atmosphere, and removal from
the furnace cold, did oxidize in air at room
temperature to form 10-209;, W+, W,C
formed a much larger amount of W8+ than
WC (Fig. 11c¢). Following the oxidation
activation treatment of 7P and 70P,
nearly all the free carbon was removed
from the surface, with 259 of the W atoms
converted to W5, in cach casce. The oxida~
tive activation treatment had no diseernible
effect on the speetra of 84P, 165, or AEG,
but WC prepared by fusion of the clements
was converted to more than 509, Wet,



52 ROSS AND STONEHART

|
‘ fa.)
| I
i [ (c)
) =
— = .
= = — j
S < \
o [ =l 1
i =
& > I 2
= S |
[} Za /
= 8 <
> (hy =
ad
= Z&
=
! = u
0= 4
S S W WU WP S— ETéRTL, YV —
0 100 200 300 400 500 §OO ¢ 8 20 30
KINETIC ENERGY {eV) TIME (MIN)

TG, 7. Auger electron spectra of (a) external
surface of a nonporous tungsten carbide (WC) rod;
(b) the in vacuo cleaved surface; (¢) external surface
exposed by ion sputtering: (1) C, (2) W, (3) 0.2V
(p-p), lock-in amplifier time constant OFF. Ion
beam at 1 keV, 85 uA.

DISCUSSION

The fine structurc in the carbon KLL
Auger transition speetra of “clean’” tung-
sten carbide is related directly to the
nature of the metal-carbon bonding in the
refractory metal carbides. A model system
for bonding in these earbides is TiC for
which rcliable band calculations have been
made (35) and used by Ramquist (36) to
interpret the X-ray absorption and photo-
emission data.

The valence band photoemission speetra
of TiC showed a core-like state 11 ¢V below
the Fermi level (Ep) superimposed on the
tail of the wvalence band centered 3 eV
below Ep. Using the band caleulations
Ramquist assigned these levels to the C2s
and C2p-Ti3d states with the latter closest
to the Fermi level. This assighment of
levels indicates there is little or no sp
hydridization of the carbon atom in TiC.
If thesc two cleetronie states are denoted
V1 and V,, respectively, using the K level
of carbon in TiC (36) at (Fy — 281.8) the
Auger transitions KV,\Vy, KV V., KV,V,
would be expeeted at approximately 260,
268, and 275 ¢V (uncorrceted for work
function). Experimentally, the fine struc-

ture of the carbon Auger transition in
TiC (30) indicated transitions at 270, 262,
and 254 ¢V, in close agreement with the
expected values for a work function of
~5 V. Although the metal-carbon bonding
in WC has not been established with the
same certainty as in TiC, the photoemission
speetra of WC (34, 37) indicates the W-C
bonding is qualitatively similar to the
T1-C bonding. The C2s state oceurs as a
core-like state 12 ¢V below Iy, with the
C2p-Wbd band centered at (Kp — 3) V.
Using the K level observed for carbon in
WC (Fig. 10) the expeeted Auger transi-
tions would then occur at 259, 268, and
277 ¢V, which agrees with the relative
positions of peaks in the observed speetra
(Fig. 8). The fine structure at 270-272 ¢V
observed in WC Auger speetra, (and not in
TiC) probably reflects the structure scen
in the p—d band at 1.8 and 3.4 ¢V below
Er (37). The two sharp Auger transitions
obscrved between 245-270 ¢V for TiC and
WC are not observed in graphite or carbon
black. Hydridization of the carbon 2s and
2p levels to form the sp bonding orbitals
characteristic in these materials results in a
broad (25 ¢V) flat band and an Auger

dN/dE

. . ' . 1/v J
200 220 240 760 260 300 200 220 240 260 280 300

KINETIC ENERGY {eV) KINETIC ENERGY (eV)

Fia. 8. Fine structure of carbon KLL Auger
electron spectra in (a) stress-annealed graphite; (b)
7P; (c) 84P; (d) in wvacuo cleaved WC rod. 2 V
(p—p), lock-in amplifier time constant 10 ms.
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spectra. with no fine structure between
245-270 ¢V. The broad peak in the Auger
spectra of graphite at 240 ¢V was identified
by Coad and Rivere (29) as a plasmon loss
suffered by 270 ¢V cleetrons. Recent elee-
tron energy loss measurements for graphite
(38) support this assignment. Thus, the
use of the fine strueture of the carbon
Auger speetra to differentiate the chemicul
state of carbon in the carbide preparations
derives from  current knowledge of the
metal-carbon bonding.

The rate at which hydrogen is being
consumed electrochemically, », 1s directly
proportional to the current density, ¢, by
the relation

v = (N/S)- (i/uF)

= molecules/surfeee atom-see, (1)

where n 1s the number of cleetrons trans-
ferred per equivalent, F is the Faraday
constant, NV is Avagadro’s number, S 1s the
number of surface atoms per unit arca of
catalyst, and 7 is the eurrent per unit arca
of catalyst in the cleetrode (mA/m?). The
quantity », which is an cquivalent to the
turnover number used in gas-phase eatuly-

TABLE 3

Surface Composition of High Surface
Area Tungsten Carbides

Preparation Surface composition (a/o)
Initial After
_— ion-bom-~
W C 0 bardments
W C 0
% 17 82 1 47 53 —
7P following
activation 36 45 11 52 44 4
70P 14 8 1 49 51 —
70P following
activation 33 58 7 43 51 1
84P 42 50 7 45 44 10
165 41 50 8 45 40 15
AKG 41 45 14 A 387

e See text for lon-bombardment duration.
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Fra. 9. Relative surface concentrations of prepara-
tions (a) 7P; (b) 71 “activated”; (¢) 70P; and (d)
70P “activated’”; as a function of sputtering time:
() C, (2) W, (3) O. Ton beam al 1 keV, 85 pA,

sis, is o funetion of electrode potential with
the general form,

v = K-l — By,

where K is a chemieal kinetie term, By is
the cquilibrium potential for the half-cell
recetion (in this ease zero) and ¢ (8 — Ey)
Is a function representing the clectro-
chemical driving foree. The exact form of
these funetions will depend on the mecha-
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Fic. 10. X-Ray photoemission spectra from C
(18) for (a) WOs; (b) WC preparation 84P; (¢) WC
preparation 70P. (1) Position of C (1s) in graphite,
(2) in WC. Binding energy is referenced to C (1s)
contamination line at 284.3 eV.
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Fig. 11. X-Ray photoemission spectra from
W (4f) levels for WC preparations (a) 7P; (b) 84P
and for (c¢) pure W:C prepared by fusion of the
elements. (1) Position of W (4f) level in oxide-free
tungsten metal; (2) in WO;. Binding energy is
referenced to C(Is) contamination line at 284.3 eV.

nism for the reaction. In electrocatalysis,
we arc interested in isolating the chemical
kinctic term since this term refleets the
catalytic factor in the recaction rate. A
qualitative comparison of catalytic activity
of different catalysts can be obtained by
comparing ¢ (or ») at a fixed potential E,
but the comparison will always contain
some effeet of ¢ (&) if the mechanism differs
between catalysts. This cffcet can be
minimized by choosing (£ — E,) to be as
small as practical. For the hydrogen re-
action on reasonably active catalysts, we
have found 0.05 V (RHE) to be an ap-
propriate potential, and we have chosen to
compare the levels of catalytic activity of
different preparations of tungsten carbide
by using the specific current density at
0.05 V (RHE). The rate of hydrogen
consumption at 0.05 V (RHE) can casily
be computed from the specific current
density and Eq. (1). As an example of this,
the most active tungsten carbide catalyst

54 ROSS AND STONEHART

exhibited a specific current density of 370
mA/m? corresponding to a hydrogen con-
sumption ratc (turnover number) of 0.093
(molecules/surface atom-sec). The specific
current densitics that are tabulated in
Table 3, thercfore, arc a quantitative
measure of the relative catalytic ac-
tivity of the different tungsten carbide
preparations.

The electrocatalytic activitics of the
freshly prepared catalysts whose surface
compositions by AES were approximately
stoichiometric excceded that of catalysts
whose surfaces contained an excess of
carbon (frece) by more than an order of
magnitude. It is clear that some WC
preparation conditions result in the deposi-
tion of free carbon on the surface of the
carbide, the free carbon being inactive for
H, oxidation. On the basis of clectro-
chemical charging curves Palanker et al.
(39) postulated that carburization of tung-
sten by CO at 700-800°C resulted in a
deposit of carbon black on the tungsten
carbide surface, whereas carburization at
1000°C yiclded a clean stoichiometric sur-
face. In a previous study (15), we showed
by AES that this hypothesis is correct for
the carburization of CO at tungsten metal
pre-reduced in Hs. The results of the present
study clearly show that carburization of
tungstic acid hydrate by CO at 700°C also
leads to the deposition of free earbon on
the ecarbide surface, but at 900°C this
deposition is much less (comparing samples
7P to 41P-1). The addition of 10 w/o
NH,CI to the tungstic acid hydrate ap-
peared to inhibit this deposition almost
entirely (70P vs 84P). One explanation of
this effect both of temperaturc and NH,CI
on the carbon formation problem is depicted
in Fig. 12. The principle chemical reactions
taking place in carburization are reduction
of WO3; to W by CO or carbon, deposition
of carbon by catalytic decomposition of
CO, and dissolution of carbon into W.
Figure 12 dcepicts the events at an inter-
mediate stage of carburization of a WO,
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crystallite (on the order of a 100-300 A)
with a WC outer surface and a WO; core.
CO is decomposed to carbon catalytically
at WC or W but not at the free carbon
surface, carbon and oxygen counter-diffuse
through the WC mantle, the carbon re-
acting with tungsten metal, the oxygen
reacting at the free carbon boundary or
with gas phase CO to form CO.. The ratio
of clean WC surface (1 — 6) to carbon
covered (8) WC surface will, therefore,
be proportional to the ratio of the diffu-
sivity of carbon in WC to the rate constant
for carbon deposition. Since the tempera-
ture coefficient (Ep) for earbon diffusion
through the carbide phase [e.g., Willilams
(40) reported Ep > 90 keal/mole for C in
TiC, TaC, NbC] is much larger than the
activation encrgy (41) for catalytic dissocia-
tion of CO [20 keal/mole on FeJ, the ratio
of the clean to carbon covered surface will
increase with increasing temperature. The
cffect of NH,Cl may be explained in terms
of this model if it is assumed that chlorine
released when the NH,Cl decomposes
adsorbs strongly on the surface of the
tungstic acid crystallite and remains ad-
sorbed on the outer surface of the crystallite
during carburization. The adsorbed Cl-
might be expected to poison the CO dis-
proportionation reaction, similar to the
cffect chlorine treatment has for carbon
deposition on aluminas. This would lower
the ratio of D/k., and, therefore, the ratio
of clean to carbon covered WC surfaces.
One of the effects of the gas-phase acti-
vation treatment was to remove the surface
exeess free carbon via oxidation to CO..
This was reflected dircetly by both the
AES and XPS results. It scems likely that
the cleetrochemical activation (23) treat-
ment of WC by anodic 1 V pulses has a
corresponding effect of oxidation of any
free surface carbon. The XDPS spectra
showed that the oxidation process does not
neecessarily stop when the surface free
carbon is removed, but continues to remove
carbon from the carbide and oxidize the

—CATALYTIC SURFACE
4 FOR CARBON DEPOSITION
(1-8

_~FRACTION OF SURFACE

70 " COVERED BY CARBON (6)

*,

[
0/'?‘ q;, \\C“&“‘\
Tog  wo,

~TUNGSTEN METAL
INTERFACE

CARBON CARBON
DEPOSITION « k¢ (1-8) DIFFUSION « D - 8
RATE RATE

1- D
AT STEADY-STATE, (—;1) < g © o[- (B E)/RT]

Fia. 12. Idealized model for the carburization
of tungstic acid (or WO3) by carbon monoxide.

tungsten atoms to WO, The stability of
the elean or oxidatively cleaned carbide
surface towards further oxidation depended
on the bulk stoichiometry of the carbide.
Depth-profiling by AES indicated that
prolonged exposure of the bulk stoichio-
metric monocarbides (71, 41P, 39P) to O,
at 350°C produced oxidation of the bulk
structure and nearly complete oxidation of
the surface to WOs;. In the case of the bulk
carbon deficient carbide (70P), exposurce to
02 at 350°C produces an equilibrium
surface that is a mixture of a tungsten
oxide (25 a/o W) and tungsten carbide
(75 a/o W9. In the case of the carbide
preparations 84P, 165, AEG, this equi-
librium is apparently already present as the
oxidation treatment had little cffect on
cither the AES or XPS speetra or on cata-
lytic activity. AES indicated a significant
amount of oxygen is present both at the
surface and in the bulk of these latter
preparations. It is well known that transi-
tion-metal carbides, particularly the Group
IV-VI metal carbides, ean dissolve con-
siderable oxygen by substitution for carbon
(42). Comparison of the ionic radius of
oxygen anions (1.45 A) and the covalent
radius of the oxygen atom (0.66 A) with
the covalent radius of earbon in WC
(0.77 A) indicates that oxygen substituted
for earbon in WC is in a covalent bonding
state. Dissolution of oxygen into the carbide
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lowers the activity of both the metal and
carbon atom and reduces the oxidation rate
of the carbide. It scems probable that the
carbon vacancics of preparations 84, 165,
and AEG are filled by oxygen, and that the
presence of this lattice oxygen stabilizes the
surrounding carbide lattice towards oxida-
tion to WO; and CO.. A more definitive
picture of the ecrystallography of these
oxygen rich, carbon deficient carbides
could be obtained by an analysis of the
X-ray intensity profiles in Fig. 1, but this
analysis was beyond the scope of the
present investigation. Even in the absence
of a definitive analysis, the known chemis-
try of the Group VI metal carbides and
the dircet observation by AES of the
relative amounts of W, C, and O indicate
oxygen dissolution by substitution for
carbon in the preparations.

The dissolution of oxygen into the earbide
was clearly dependent on the preparation
method. Only when the white modification
of tungstic acid hydratc was usced as a
starting material did significant oxygen
substitution occur, and this was optimized
by using the high surface arca amorphous
form combined physieally with NH,CL
Svata and Zabransky (8, 9) had reported
the same observation and attributed the re-
sulting carbide structure to the defect struc-
ture of the white modification. The defect
structurc was postulated as creating a
defect tungsten structure on reduction that
is reflected in the carbide structure. The
X-ray diffraction patterns of the carbon
deficient preparations do show distortion
along sclected erystallographic planes, prin-
cipally the [002] and [110] plancs. The
(0027 planc is the plane containing only
earbon atoms, the [110] planc contains
W and C atoms in a 2:1 ratio. The major
crystallographic plancs containing pri-
marily W atoms (c.g., [001], [100], [101],
[111]) showed no change in position or
intensity. The lattices of the carbon defi-
cient carbides do appear to have distorted
carbon positions, due cither to carbon

vacancies or to oxygen substitution. How
the earbide structure is related to the defeet
structure of the tungstic acid is unclear.
Oxygen substitution in the transition metal
carbides occurs readily when the lattice is
not fully saturated with carbon (42).
Bochm and Pohl (6) found that carburiza-
tion of W metal by CO proceeded via W,C
as an intermediate state. One might expeet,
therefore, in terms of the carburization
model of Fig. 12, at the boundary between
the WOj; core and the WC shell there is an
intermediate state like WoC where oxygen
substitution from WO; may occur. Why
this substitution is specific to a particular
modification of tungstic acid and enhanced
by NH,Cl has not been determined. The
electrocatalytic activity of a carbon covered
bulk substoichiometric carbide (70P) fol-
lowing gas-phase activation was much
greater than that of the bulk stoichiometric
carbide (7P) following gas-phase activation.
XPS indicated that both preparations after
activation had a similar fraction of the
surface as an oxide (~257, W), The ac-
tivation of tungsten carbide preparations
by gas-phase oxidation can remove the free
carbon from the carbide surface, but prob-
ably does not substitute oxygen for carbon
in the carbide lattice.

The eatalytic activity per BET unit arca
for cleetrochemical oxidation of hydrogen
in acid of the ecarbon deficient, oxygen-
containing carbides was observed to be
significantly (about a factor of 3) greater
than the activity of the stoichiometrie
(both surface and bulk) carbide. Svata and
Zabransky (8) usced preparation procedures
that according to our work would have
produced the stoichiometric WC and the
carbon deficient carbide and reported a
factor of 2 difference in activity between
these preparations. There are numerous
reports in the eleetrochemical literature of
an enhancement in the hydrogen activity
of WC prepared by fusion of the elements
(thus a eclean and not carbon covered
surface) produced by anodization, usually
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TABLE 4

Relative Tlectrocatalytic Activity for H, Oxidation in Acid at 25°C

Catalyst Pt Rh Ru
Activity 1 0.5 7 X 10
Ref. (44) (44) 47

in the presence of a redueing agent in the
cleetrolyte, ¢.g., He or hydrazine (10, 11).
Thus, while the differences in activity are
not large in an absolute sense, they have
been observed repeatedly by numerous
experimenters and there can be little doubt
that they are real and significant. This
conclusion leads naturally to the considera-
tion of the true nature of the active surface
or the active sites of the tungsten carbide
surface for hydrogen chemisorption and
oxidation. The active surface containg
oxygen atoms in addition to tungsten and
carbon. The oxygen atoms in two
diffecrent chemical bonding states, a co-
valent state and an anionic (O*7) state.
The tungsten atoms are also in two valenee
states, Wi and W?, the latter with some
degree of positive charge (36). The 0>~
anions arc probably associated with the
Wé+ jons and corresponds to some portion
of the surface present as WOj; clusters. The
zero valent state of tungsten represents
covalent bonding of tungsten to earbon and
oxygen atoms. We propose that the bonding
of tungsten to the oxygen in the earbon
lattice positions is very similar to the W—C
bonding, i.c., primarily W5d—02p with some
(0.3¢) charge transfer from tungsten to
oxygen. In cleetrolyte solution at hydrogen
anode potentials, 0-0.1 V (RHE), surface
Wot is reduced to the cquilibrium W+
oxidation state (43), but this surface does
not chemisorb hydrogen and is a poor
catalyst for the hydrogen cleetrode reaction.
The stoichiometric WO surface is stable
in acid clectrolyte at anodic potentials of
0-0.3 V, but at greater than 40.3 V severe
oxidation takes place (10). The eatalytically
active carbon deficient carbide surface is,

are

wWC Au Carbon
104 5 X 1075 <10-¢
This work (48) (48)

however, stable to more anodie potentials
(to +0.6 V) but purc W.C is much less
stable towards oxidation than even stoichio-
metric WC. The oxygen substitution for
carbon with the W-0O covalent bond, and
not the carbon deficieney itself, produced
the stabilization of the carbide surface.
This observation follows a general trend
of the transition metal carbides that the
oxycarbide is often a more useful material
under oxidizing conditions that the pure
carbide (42). In the absence of cleetrolyte,
i.c., 1n the gas-phase, tungsten metal is one
of the most active metals for hydrogen
dissoclation, at least as active as Pt (44).
Sinee hydrogen dissociation is the rate
determining step in the eleetrochemieal
oxidation of hydrogen on Pt in acid, one
would suspeet that in the absence of inter-
ferenee from the cleetrolyte surface tung-
sten atoms in the “metallie” (zero valent)
state would be sites for hydrogen dissoeia-
tion. From the eleetrochemical eorrosion
behavior of WC eompared to tungsten
metal, it is apparent that W—C bonding
stabilizes the tungsten atoms  towards
oxidation by the acid electrolyte and
produces a surface containing a significant
coneentration of “metallic” tungsten atoms.
According to Sturms (42), and as the
cleetrochemical  behavior of the oxygen
substituted carbide indieated, oxygen sub-
stitution for earbon stabilizes both the
tungsten and carbon atoms and lowers the
activity of cach towards oxidation. Since
the oxidation of WC in acid proceeds via
the attack of H.O moleeules from the
clectrolyte (45), W-0 covalent bonding
probably reduces the interaction of H.O
with the surface O-W-C site. The adsorbed
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H; molecules ecan now compete more cffec-
tively with H,O for the active “metallic”
site, and the rate of H, oxidation might,
therefore, be expeeted to be faster at the
0-W-C sites than the C-W-C sites.

Comparison of Active WC with other Electro-
catalysts

It is of both practical and fundamental
interest to compare the catalytic activity
of the most active form of tungsten carbide
to that of other materials. Table 4 lists the
catalytic activities for hydrogen molecule
oxidation in acids at 25°C for several
materials relative to that for Pt. The
activity levels are valid only for small
(<50 mV) anodic overvoltages. The refer-
ence absolute activity level for Pt is an
exchange current density of 3 X 1072
A/em? (44), corresponding to a turnover
number for Hz consumption af equilibrium
of 75 (molecules/surface atom-sec). The
most active forms of WC arc more active
than Au or any of the metals which do not
chemisorb hydrogen, c.g., Cu, Ag, Al, Hg,
cte. [see Trasatti (46)7], but is significantly
less active than the Pt group metals, c.g.,
Pt, Ir, Pd, Rh, and Ru. This grouping of
activity levels suggests that either tung-
sten carbide does not catalyze Hs oxidation
via dissociative chemisorption, which con-
flicts with the findings of Sokolsky et al.
(25), or that only a small fraction of the
total number of surface atoms are active,
as the findings of this paper suggest.

From the practical standpoint of com-
mercial fuel cell development, one is
primarily interested in the catalytic activity
for the oxidation of impure hydrogen,
particularly CO/H, mixtures. With only
29 CO, even at 160°C, Pt is poisoned to
the extent that the reaction rate drops by
almost two orders of magnitude (44),
whereas tungsten carbide is not poisoned
by any quantity of CO. Thus, for certain
fuel compositions and operating tempera-
tures tungsten carbide may have economic

advantages over Pt and the Pt group
metals,
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