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The electrocat,alytic activities of high surface area tungsten carbides for H1 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 compositjions 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&l. 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 act)ive surface was most easily prepared by carburixing 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 carbide is due to 
a reduced interact,ion of the surface with the electrolyte, result.ing from covalent tungsten- 
oxygen bonding. The absolute activity of active tungsten carbide for the oxidation of pure HZ 
at 25°C is four orders of magnitude lower than that for Pt. 

INTRODUCTION 

In the last decade, several laboratories 
cngngcd in fuel ccl1 research have sought to 
dcvclop an acid resistant catalyst that 
might rcplacc platinum as the anode 
catalyst. In the acid elcctrolytc fuel cell 
anode, hydrogen is converted elcctro- 
chemically according to the half-cell 
reaction, 

H 2 c 2H+ + 2e-, 

electrolyte, and is not poisoned at any lcvcl 
of carbon monoxide (6), nor by several 
volumes ppm hydrogen sulfide (6). The 
electrocatalytic activity of tungsten carbide 
has been dcmonstratcd in numerous studies 
to depend greatly on the method of prepara- 
tion (5-9). It has also been reported that 
the activity of WC can be improved by 
electrochemical activation, anodizing to 
1 V [reversible hydrogen clcctrodc (RHE) 
in the same electrolyte] in the presence of a 

whcrc Hf rcprescnts the hydrogen ion in reducing agent such as hydrogen or 
aqueous solution. Carbides, borides, nitrides hydrazine (10, ll), or by mild gas-phase 
and silicides of the transition metals have oxidation (1%‘). 
been investigated for their suitability and Tungsten carbide has also been reported 
as electrode materials (1-5). Tungsten as a catalyst for some gas-phase reactions. 
carbide, WC, is the most active of these Levy and Boudart (IS) reported that WC 
alternatives for hydrogen oxidation in acid cxhibitcd platinum-like behavior for Hz-02 
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titration and isomcrization of 2,3-dimcthyl- 
propane. The WC they examined was made 
by Dr. H. Boehm (AEG-Telefunkcn). Ross 
and Stonehart (14) inwstigatcd HlOz 
titration on several commercially available 
ultrahigh purity carbides (WC and W&) 
plus mat~crial from AEG-Tclrfunkcn and 
found only th(l AEG-T&funk(~n material 
catalyzed the titration reaction. Thcsc 
investigators also rc>port,t:d (15) that from 
the same group of carbides only thr AEG- 
Trlcfunkcn WC and commcrrial W& had 
significant activit)y for the oxidation of Hz 
in acid c~lrctrolytc. 

In the present study, wc rclatc the 
surf:acc composition and st)ructure to t#hc 
method of prcparat~ion of t’hc carbidc, and 
in turn to the cloctroc:ttalytic activity of t,he 
carbide for hydrogen oxidation in acid. 
Auger clcctron spcct~roscopy (AES) is 
used to cxaminc the composition of the 
surface, and X-ray photocmission spcctros- 
copy (XI’S) is used t,o examine the valence 
states of atoms at the surface. Ncithcr of 
t’hese techniques reflect the st’atc of mnt,ter 
of just the outer monolayc~r of atoms. AES 
rcprescnt~s electron emission from the outer- 
most 3-4 at’omic layers, Xi% from 5-10 
atomic layers (19). Thus, the composition 
of a surface dct’crmincd from AES does not 
ncccssarily rcprcscnt the composition of the 
outermost layer of atoms, but rather, at 
best, rcprcscnts an average composition of 
the first 3-4 atomic layers. n’eithcr is it 
certain, howcvcr, that the catalytic proper- 
tics of a surface arc determined by only the 
outermost layer of atoms. It SCC~S likely 
that the nat’urc of the bonding of the first 
atomic layer to the second and third atomic 
layers of t’hc catalyst surfncc is important 
in determining the catalytic prop&es of 
the surface. A spectroscopy like AES may, 
thcrcfore, reflect composition changes 
within the surface region that dcterminc 
the catalytic properties of materials. 

ESPEIWWSNTAI, P\IETFIOl)S 

a. Prcparatiou of High Surface Area tummy- 
sferl Carbides 

The unsupported carbides wrc all prc- 
pared by carburization of an intcrmcdiat#c 
oxide phase \\-ith carbon monoxide. The 
int,crmcdiatc oxide phases wrc cithcr 
yellow (cryst,:dliw), white (amorphous), or 
1vhit.t: (crystalline) modifications of tungstic 
acid hydrate (WCa.zH20). They wrc 
prc~cipit~atcd from a conccntrat,ctd aqwous 
solution of ammonium mctutungstatc 
(Baker Rcagcnt Grade, purified by w- 
cryst,alliz:lt,ion) by the addition of a cold 
hydrochloric acid solution. The yellow 
modification rcsultcd wh(sn concentrated 
HCl was added to make the solution 
pH < 2. The n-hit’e modifcatjions were 
precipitat,ed when cold dilute WC1 was 
addrd to make a solution of pH 5-6. The 
crystallinity of the whitr modification was 
controlled by varying the concentration of 
the ammonium mctatungstat’e solution. 
The pwcipitat,es were scparatt~d by filtra- 
t’ion, thoroughly washed with distilled 
water and dried in air at 12~140°C. The 
tungstic acid hydratts wcrc carburizcd in a 
tube furnace with flowing carbon monoxidr. 
The carburization tt~mpwaturcs were 600- 
900°C wit#h the samples being rapidly 
hcatcd to the carburization temprraturc~ in 
argon. The carburization time was opti- 
n&cd for each tcmpcraturc to be the 
minimum time at each temperat~urc ncces- 
wry t’o convert all thr osidr phase to the 
carbide form. For sonw of the samples, 
NH&l was physically mixed with the 
t,ungstic acid hydrate prior to carburization 
as suggested by Svat#a and Zabransky (8, 9). 

The crystallographic structures of the 
resulting tungsten carbides wwc det#cr- 
mined by st’andard X-ray diffraction pro- 
ccdurcs. Direct’ current-arc emission spec- 
trographic analysis confirmed t,hat no l’t, 

I’d, Rh, or Ir was prcscnt abow the lowst 
lcvcl of detection (2 ppm). The carbon 
contents of the carbides were dctcrmined by 
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the amount’ of COZ evolved on combustion. 
BET surface nrcas wcrc dctcrmincd using a 
Perkin-Elmer sorptomctcr. 

Tungsten carbide supported on carbon 
black (Vulcan XC-72, Cabot Corp.) was 
prepared by impregnation from aqueous 
ammonium mct’atungstat,c solution. The 
tungsten complex was rcduccd by heating 
in flowing Hz at 700°C for 2 hr to product 
a supported tungsten metal intcrmcdiatc, 
confirmed by X-ray diffraction. The carbon 
was diffused int’o the tungsten m&al b3 
further heating of the int,crmcdi:rt’c in argon 
for 30 hr at 1000°C. The carbide phases 
were identified by X-ray diffraction. Only 
a pure WC phase was observed, cxccpt 
when the tungsten content of the imprcg- 
nated carbon exceeded 85 w/o, when a pure 
WZC phase could bc produced. Thus, two 
kinds of supported catalysts wcrc prepared, 
one with single phase WC particles, one 
with single phase W2C particles dispersed 
on the carbon black surface. The surface 
areas of the carbide phases wcrc dctermincd 
by particle size mcasurcmcnt using electron 
microscopy. 

Nonporous (999;‘, of thcorctical density) 
rods of single phase WC and a-W&, to 
serve as analytical standards for Auger 
electron spectroscopy, were prepared by hot 
pressing stoichiometric mixt’ures of the 
elements at 2000°C for 12 hr. 

b. Surface Analysis of the Unsupported 
Tungsten Carbides 

The surface compositions of the un- 
supported tungsten carbides were analyzed 
by Auger electron spectroscopy (AES) 
using a Physical Electronics Industries 
PHI IO-234GC spcctromctcr. Thick coat- 
ings of the powders were prcsscd into Al 
substrates and 3 kcV, 30 PA normal 
incidence electron bc-am was used as the 
excitation source (cylindrical mirror ana- 
lyzes with co-axial gun). Spectra wcrc 
recorded at a baseline pressure of 5 X lo-lo 
Torr for untreated samples, and in 5 X lo-” 

Torr argon after argon ion bombardmt~nt. 
The electron and ion beam current wcrc 
measured using a Kcithly 61013 elcctromctcr. 

The spcctromctcr was equipped with 
the PHI 20-055 multiplex control so that 
mcasurcmcnt’ of the peak-to-peak height at 
6 different elcct’ron cncrgics could be carried 
out concurrcnt’ly with ion bombardment. 

X-R,ay photocmission spectroscopy 
(XI’S) was used to distinguish the chemical 
states of W, C, and 0 on the carbide 
surfaces. A McPherson ESCA 36 spcc- 
tromctcr was uscld with the samples 
mounted in exactly the same manner as 
for AES. 

c. Preparation of Electrodes 

The carbide powders were fabricated 
into porous, PTFE-bonded, hydrophobic 
trlcctrodes using a procedure described 
previously (Isa) with some modifications. 
Wet-proofed carbon paper was used as 
the substrate, and the PTFE content in 
the catalyst layer varied from 5 to TjO w/o. 
The catalytic activities of the WC catalysts 
for the clcctrochcmical oxidation of Hz 
were measured using the half-cell design of 
Vogel and Lundquist (IGb). The clcctrodrs 
wcrc placed in the ccl1 under HZ purging 
and filled with electrolyte by standing at 
the Hz open circuit for 24-72 hr. For 
activity mcasurcmcnts in H#O4 at 120- 
180%, 85 w/o ortho-phosphoric acid, 
purified by chromic acid treatment, was 
concentrated to 55-100 w/o, the conccn- 
tration increasing with increasing tcmpcra- 
turc. Hz for both the reference and working 
clcctrodcs was saturated with Hz0 at 
25-60°C. The rcfcrmce clcctrodc was I% 
black, the counter electrode was a graphite 
rod. The current-potential characteristics 
were recorded galvanostatically, with the 
elcctrodc potential corrected for the ohmic 
rcsistancc of the elt~ctrolytc by the current- 
interruption method (17). No hystcrcsis 
was obscrvcd in the I-V characteristics. 
The performance of some of the electrodes 
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n. Clharacterizatiotr of the B~~lli I’ropcrtics 

An ind(ts of th(> diffwclnt prc~pnr:btions of 
t,h(t unsupport,cld carbidrs and th(l rcwlting 
bulk composition and surfwxh :w:\s aw 
given in Table 1. The X-ray diffrnction 
chnractwistics of thwe po\\-dcrs :w giwn 
in Fig. 1, along with the spwtrn for the 
pure ph:ws WC and (Y-W~C (18). Th(w 
wcr‘c significant diffcwnccs in th(‘ crystal 
structure of the t,ungstcn carbid(i d(xpc>nding 
on whcthrr the yellow or n-hitcx modification 
of the tungstcln acid hydrate: K:LS uwd. 
C:wburization of t#hc yellow\- form yic4dc:d 
csscantially t,h(l idal cwbido lattiw (com- 
paring Fig. l-l and 1-G). and of the white 
forms yic4d(d a distort,cld lattice: \vit(h the 
[llO], [OOg], [OOS], LZOZ] wflc~ctions 
diflusc. The distorted lntt~iw appeared t,o b(L 
correh~tc~d jvith a carbon lat,ticc deficicw:, 
in t,hc bulk stoichiomctry, :IS Tzlblc 1 
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indicatw, and this carbon d(tficicbncy was 
appawntly c~nhanccd by t#hr addition of 
SH,Cl t,o the tungstic acid hydratcb. 

Tho supported WC and IV& catalysts 
produwd X-ray diffrnct,ion pnttJorns idwti- 
al t#o t’hat of tho puw mat&d. Tho trnns- 
ntission cJ&ron microgrnphs of tho t#wo 
materials arc shown in Fig. 2, from which 
the average crystallite size (&.) was cal- 
cul:Ltcd to be 275 and 3S.5 A, respectively. 
For the purposes of normalizing the kinetic 
pnr:kmet,crs for these catalysts, :L surface 
:ww was cnlrul:Ltcd 3s S = 6” (pcJl,). 

6. l~lcctrocatnlytic Acti&!/ for Hz Oxidation 
i/C Acid 

A wricbs of c~spwimc~nts was conductc>d to 
dotcwninc~ diffusion cff&s in the ~lcc- 
trodw fnbric:lt,cd from the t’ungstcn cnrbida 
powders. Diffusion c#rcts in c+ctrodcs with 
the ‘%iy(+ gclom(4ry havcl bwn ,zndywd 
prwiously (19-22). The “liquid film” gas 
diffusion limiting curwnt (20) is more than 
an 0rdc.r of magnitude grcatclr than tho 
curwnt, dwsiti(W mcasurcd hwc, and ionic 
diffusion in the clrctrolytc~ is rapid com- 
pawd to diffusion of dissolved gas (22). 
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FIG. 1. X-Ray diffraction (CuKa) spectra of 
different preparations of high surface area WC. 
Intensity normalized by the most int,ense reflection 
in each sample. (1) 7P; (2) 22P; (3) 41P; (4) 70P; 
(5) 84P; (6) ASTM standard for (u-WC; (7) ASTM 
st*andard for or-W&. 

For clcctrodcs in which gas diffusion 
effects are absent, the current density at 
fixed electrode potential (7) should increase 
linearly with catalyst loading, and at 
sufficiently high loading approach the 
loading-independent region of mixed diffu- 
sion and activation control. The activation 
energy R(d In i/dl/T),, in the region of 
mixed control is one-half the activation 
cncrgy in the loading-dependent, kinetic- 
ally controlled region. Figure 3a shows the 
optimization of the PTFE content for a 
WC powder with a BET surface arca of 
8 m2/g, and Figure 3b shows the corrc- 
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 kcal/molc rather than 8 kcal/mole 
as at the optimum, indicating diffusion 

effects are predominant. Greater than 30 
w/o PTFE resulted in incompletely wetted 
catalyst (confirmed indcpendcntly by 
double-layer capacity measurements). Elcc- 
trodcs containing less than 15 mg/cm2 
tungsten carbide with 30 w/o PTFE thcre- 
fort appeared to be free of gas diffusion 
eff ccts and diff ercnces in current-potential 
characteristics of the electrodes could be 
attributed directly to differences in catn- 
lytic properties. 

The steady-state current,-potential char- 
acteristics of some of the carbide powders 
arc 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- 
Telefunkcn are also included in Tables 1 
and 2 (labeled AEG) for comparison. This 
powder had been used in the previous 
studies of Levy and Boudart (13) and Ross 
et al. (14, 15). The current densities have 
been normalized by the BET surface area 
of the powder. The activation cncrgy for 
Hz oxidation, defined as - R(c? In ;/al/Y’),, 
was the same for all the carbides tcstcd (S 
kcal/molc). Some activity mcasuremcnts 
were also carried out at much lower tem- 
pcraturcs in H2S04 for purposes of com- 
parison with previously reported activities 
for WC. Figure 5 shows an Arrhcnius plot 
for the activity of tungsten carbide with 
the idcal structure synthesized by fusion of 
the elements, and shows that (a) the 
activity is the same in NJ’04 as in H2S04; 
(b) the activity level is the same (within 
factor of 2) as that reported by others 
(23-25) for stoichiomctric WC using non- 
porous (hot pressed or highly sintercd) 
electrodes. The st’ability of the various 
preparations towards polarization greater 
than 0.35 V varied considerably. Prcpnra- 
tions 7P, 22P, 391’1, and 75P all suffered 
irreversible activity loss at potentials anodic 
of 0.35 V (RHE), whereas all other prepara- 
tions wcrc either unaffected or improved 
slightly. None of the tungsten carbide 
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electrodes was poisoned by any carbon 
monoxide present in the Hz, i.c., pcrform- 
ante levels on CO/H2 mixtures wrc 
identical to iY2/H2 mixtures. 

Oxidatiolr 

Sclcctcd preparations wcw cxposcd to a 
mild gas-phase oxidation trcatmcnt. Such 
a trcatmcnt has been claimed in a German 
patent, (18) as enhancing the activity of 
tungsten carbide, with the opt~imum “acti- 
vation” produced by flowing 02 over the 
catalyst for 30 min at 350°C. The rcsponsc 
of samples 71 and 701’ to oxidation in 
flowing O2 at 350°C is shown in Fig. 6. The 
results of 30 min oxidation t~rcatment~ on t’hc 
other samples is shown in Table 2. Only 
tungsten carbide prepared via the white 
modification of tungstic acid hydrat’c re- 
spondcd positively to this “activation” 
treatment. Carbide prepared by carburi- 
zation of the yellow modification of tungstic 
acid or by fusion of the clcmcnts was 
advcrscly affected by this oxidation treat- 
ment. Ditungstcn carbide (W&) prepared 
by fusion of the clemcnts was complctcly 
dcnctivatcd by the oxidation trratmcnt. 

d. Characterization of the Carbide Surface by 
AES and XPS 

AES was used to obtain a quantitative 
mcasurc of the surface composition of the 
carbide po\vdcrs in order to relate (i) tho 
surface composition to t’hc method of 
propnration ; (ii) changes in surface com- 
position to the activation t’roat’ment. XI’S 
was uwd to distinguish diffcrcnt chrmical 
states of t,hc tungxt’cn, carbon and oxygen 
atoms in the surface Inycrs. 

All Auger spectra wrc recorded in the 
derivat’ive mode. In t’he dorivat’ive spcc- 
trum, the relative conccInt,rat,ion of an 
clement is proportional to the peak-to-peak 
height at the cncrgy of a single Auger 
transition. Calculation of the surface com- 
position followed the m&hod of Palmbcrg 

TABLE 2 

Catalyt,ic Activit,y of Various Preparations 
of Tungsten Carbide 

Sample No. Specific current density 
(FjhO.05 V (RHE), mA/& 

Init,i:d Af t,er gas-phase 
act,ivat,ion 

7P 
22P 
41P-1 
41P-2 
7OP 
84P 
1G3 
AEG 
39Pl 
7SP (W2C) 

16 - 

18 0 
145 - 

140 - 

50 113 
255 No change 
220 No change 
370 - 

105 25 
26 Polarized 

et al. (26) and was bused on sensitivity 
factors detcrmincd for the pure clcmcnt’s. 
The Auger t’ransitions selected for composi- 
tion analysis were: for carbon, the KLL 
transition at 270 cV; for oxygen, the KLL 
transition at 505 cV; for W, the N5N6N6,, 
[assignment of Chung and Jenkins (m)] 
at 163 cV. The analysis of the surface 
composition was complicat~cd by the con- 
tamination of all the samples on cxposurc 
to air, and significant changes in lineshapes 
of the family of Auger transitions at 240- 
275 cV. Figure 7 shows t’he Auger spcct’ra 
for the outer surface of a nonporous 
tungsten carbide (WC) rod, t’he in VCLCUO 
cleaved surfaw, and t’hc depth-profiling 
(simultaneous ion sputtering and spcbctro- 
scopic analysis) of the outer surface. Ion 
sputtwing rcvealcd a wry thin layer, loss 
than a monolayer, of carbon in (~xccss of the 
bulk stoichiomctry duo to cxposurc: of the 
rod to air. That the L’XCCSS carbon was most 
probably due to contamination was indi- 
cated by thr observation of similar carbon 
levels on pure metals such as l’t, Rh, and 
Au. There is a significant diffcrcnce in the 
fine structure of the carbon KLL Auger 
transition bctwecn carbon in graphite and 
carbon in the metal carbides. This was 
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FIG. 2. Transmission electron micrograph of WC and WrC cryst,allites on a carbou black 
support: (A) dark field of WC (sample 39Pl); (U) IV& (sample 75P). 

observed previously by several invcsti- 
gators (28-30). This diffcrcncc in fine 
structure may be used to determine the 
presence of free carbon (i.e., noncarbide) 
on the surface of tungsten carbide. No 
significant differences could bc observed in 
the fine structure of the carbon KLL 
transitions of WC and W& cleaved in 
vacua. The rclativc sensitivity factors dcter- 
mine for the pure clcmcnts rcsultcd in a 

calculated composition for these clwvcd 
surfaces id(>ntical (+t3 a/o) to the known 
stoichiometry. Figure 7 also shows that 
cxt’cnsivc low energy ion sputtering (0.5-l 
keV, S5 PA) did not alter the W/C ratio 
in the pure WC phase. 

The calculated surface compositions of 
the unt’reatcd catalysts, shown in Table 3, 
indicated a large difference in surface 
carbon content bctwwn t’ho most cata- 



lytically active wmplcs, SW, 165, AEC, 
and the least act.ivc samples, 71’ and 701’. 
That the : large cxccss of surfltcc carbon was 
in the fl arm of free carbon was cvidonced 
by the ( rliffcrcnccs in fine atruct#urc of the 
cnrbon i riLL t,ransitions (Fig. S). The frw 
carbon 1 ,vas rapidly ion sputt,crcd from the 
surface, with the ion sputtering stopped 
when th c relative intcnsitics of the carbon 
KLL tl xnsitions at 250, 2523, and 265 

E~,~<CT~I()ChTAI,YTIC ACTIVITY OF TITN(;PTISN C:.kIll3II~E 

cqualcd those for the clan, stoich iometric 
WC surface (Fig. Sd). Since the sa,mplcs 
wcrc porous powders, it was not possible 
to cstimntc the depth of the cxcc 3s layer 
from the sputtering rutc of cnrbo In dctcr- 
mined using thin film techniques (31). If 
it is ussumod that the free carbon cwcrs a 
surface having the stoichiometr> r of the 
bulk carbide, then the carbon thick :ness can 
bc cstimnted from the ratio of the : intcnsi- 
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FM. 3. Variat,ion of performance of a PTFE- 
bonded high surface area (8 mz/g) WC electrode. 
Current density at 0.15 V (RHE) as a fun&on of 
(a) PTFE content, fixed loading of 15 mg/cm2; (b) 
WC loading, fixed PTFE content of 30 w/o. 

tics of the W 164 CV Auger electrons bcforc 
(I) and afttar (IO) removal using the 
analysis of Seah (32), 

2, = 0.74p& log,(l,/l) 

where ~~60~ is the attenuation length of an 
160 eV clcctron in carbon. Using an attcnun- 
tion length of 6 d (33), the free carbon 
layer on samples 71’ and 701’ is cstimatcd 
to be 7.5 A, or approximately 2-3 mono- 
layers. There was a slight cxccss of carbon 
rclst’ivc to the bulk stoichiomctry on even 
the most catalytically active preparations, 
S4P, 165 and AEG. We feel this slight 
excess is contamination of the samples by 
prolonged cxposurc to air, resulting in 
weakly adsorbed carbonaceous species, and 
by the process of pressing the powders into 
the Al substrates for mount’ing in the 
spectrometer. 

Activation of preparations 7P and 701 
produced similar changes in t’hc surface 
composition, with the W/C ratio being 
substantially increased in both, but the 
oxygen lcvcl much higher in the cast of 7P. 
Depth-profiling (Fig. 9) revealed sub- 
stantial differences in the atomic distribu- 
tion of the surface layers. In 7OP, 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 pcnctratcd much docap(sr 
into the surface, with the outermost, lnycrs 
&ill containing an excess of carbon 
(C/W > 1). The fine structure of the 
carbon KLL transitions of 7P-activat]cd 
showed cvidcncc of free carbon, whcrcas 
7OP-activated did not. The oxidation at the 
surface of these two carbon covered carbides 
is clearly different. In the cast of the bulk 
st,oichiomctric carbide, oxidation into the 
bulk takes place simultaneously with oxida- 
tion of the free carbon. In the carbon 
dcficicnt carbide, oxidation of free carbon 
and only the out’crmost surface layer 
occurs. 

XPS was used to examine possible diffcr- 
enccs in the chemical states of the surface 
atoms in the different preparations. The 
carbon 1s binding energy (BE) in WC is 
shifted from the BE in graphite by - 1.8 cV, 
the W 4f BE in WC is shifted -0.3 cV rela- 
tive to W metal, and in WO, (W6+) is 
shifted to +4.5 CV relative to tungsten 
metal (34). These chemical shifts make it 
possible to distinguish, in principle, free 

OoL 0.05 I 0.10 I 0.15 , 0.20 1 0.25 I 0 

ELECTRODE POTENTIAL (V, RHE) 

J I.31 

FIG. 4. Hydrogen oxidation polarization curves for 
preparations of high surface area tungsten carbides: 
(1) AEG; (2) 41Pl; (3) 39Pl; (4) 70P; (5) 7P: (6) 
75P (W&). 98 w/o HaPOa; 177%; 1 atm Hz. 
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carbon from carbide carbon, oxidized tung- 
sten from carbide tungsten from free t’ung- 
stcn (metal). In practice, the relat’ive ratio 
of free carbon to carbide carbon could not 
be made with certainty due to a problem of 
carbon contamination or1 the sample i&t/e 
the McPherson spectrometer. Evm after 
pumping the sample chamber to UHV cm- 

ditions of 5 X lo-lo Torr, a sample clcancd 
by ion bombardment quickly bccamc con- 
taminatcd with carbon although this con- 

tamination could be reduced by USC: of very 
short counting times (10 min). The carbon 
1s spectra nevcrthelcss showed the same 
relative distributions of free carbon t’o 
carbide carbon us was obscrvcd in the KLL 
Auger spectra. Comparison of spcctrn for 
7OI’ with S4P (Fig. lob and c) show a much 
larger total surface concentration for carbon 
in 701’, most of this cxccss being free 
(noncarbide) carbon. Nearly all t#hc frw 
carbon on S4P was contamination from the 
vacuum system of t’hc McPherson spcc- 
trometcr, as concluded by a comparison of 
the height of the 284.3 OV peak in S4P with 
the carbon contamination peak on a WOs 
powder sample (Fig. 10:~). Carbon 1s 

+!n.t+ ! ’ ’ 2.8 3.0 3.2 3.4 
l/T - 103 i”K) 

FIG. 5. Arrhennius plot of catalytic activity (1 
atm H,) of stoichiometric (39Pl) WC for dat,a of 
this study for concentrated HaPOh (O), for H&04 
(v) compared to previously report,ed results in 
H&04: (0) Barasel et al. (24), (0) RLund et al. (4), 
(0) Sokolsky et al. (25). 

TIME (MINI OF AIR OXIDATION 

FIG. 6. Effect of oxidativc activation of WC 
preparations (0) 7P and (0) 70P on elect,rode 
performance. !)8 w/o HJ’O4; 182%; I at,m H,. 

spectra for 71’ wrc nearly ident’ical to t’hat 
for 701’, and the S4P, 165 and AEG spcct’ra 
wcw :a11 pruct’ically identical. Thtl W 4f 
spectra indicatrd that major diffcwncas 
existed in the chemical &ate of the surface 
W at,orns in t,he diffcrcnt carbide prcpara- 
tions. The spectra of the most act’ivc 
carbides (S41’, 165, AEG) all indicated a 
significant fraction (30-40%) of the tung- 
sten atoms w(w in the +G vnlc~ux~ stat,c 
nft,cr prc’paration and prolonged cxposuro 
to air, while the Icast active (71’, 701’) 
forms contain essentially no W+, as shown 
by the spectra in Fig. 11. Tungsten carbide 
(WC) prcpawd by fusion of the elcmcnts 
in an inort atmosphcrc~, and removal from 
thr furnace cold, did oxidize in air at room 
tcmpc~raturc to form lCL20% Wyc;+. W2C 
fonrwd a much larger amount, of W”+ than 
WC (Fig. 11~). Following the oxidation 
activation brwtmcbnt of 71’ and 701-‘, 
nearly all the free carbon was removed 
from th(b surface, with 25% of the W atoms 
conwrtcd t’o WB+, in cwh CQSP. The oxida- 
tiw activation trcntmcnt had no discernible 
effect on th(a spcct’ru of S-11>, 165, or AEG, 
but WC prcparcd by fusion of the elcnwnts 
\vas convcrtcd to mow than 50% WI;+. 
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FIG. 7. Auger electron spectra of (a) ext,ernal 
surface of a nonporous tungsten carbide (WC) rod; 
(b) the in vucuo cleaved surface; (c) external surface 
exposed by ion sput,tering: (1) C, (2) W, (3) 0. 2 V 
(p-p), lock-in amplifier time constant OFF. Ion 
beam at 1 keV, 8.5 PA. 

I)ISCUSSION 

The fine structure in t,hc carbon KLL 
Auger transition spcct.ra of “clem” tung- 
st’cn carbide is rc~lntod dirwtly to the 
nature of the mc%al-carbon bonding in the 
rcfrrctory metal carbides. A modrl systcbm 
for bonding in thcw carbides is TIC for 
which reliable band calculations have been 
mado (35) and used by Itnrnquist ($6) to 
intwprct the X-ray absorption and photo- 
emission data. 

The valor~!c band photoemission spcctrn 
of TIC showtd a corc-likc state 11 cV b&w 
the Fermi lcvcl (Ep) supwirnpowd on t,hc 
tail of t’hc valence band ccntcrcd 3 cV 
below EF. Using the band c:Jculations 
Rnmquist assigned thcsc lcvcls to the C2s 
and C2pTi3d states with the 1tttt.w closest 
to the Fermi lwcl. This assignment of 
levels indicate t,herc is little or no sp 
hydridization of the carbon atom in TIC. 
If thcsc two clcctronic states arc denoted 
V, and Vz, rcspect~ively, using the K Icvc~l 
of carbon in TIC ($6) at (Ep - 2Sl.S) the 
Auger transitions KV11’1, KV,V2, KV,V, 
would bc cxpclctcd at approximntcly 260, 
26S, and 275 CV (uncorrcctcd for work 
function). Expcrimcntally, the fine struc- 

turc of the carbon Auger t’ransition in 
Tic (30) indicated transitions at 270, 2ti2, 
and 254 (IV, in close agrccmc~nt \vit,h th(: 
wpcctc~d vduw for :L lvork function of 
-5 c>V. Although the mot&carbon bonding 
in WC has not bwn cstablishcd with the 
same wrtainty us in TIC, t’hc photocmission 
spcct,ra of WC (34, S?‘) indieat,cs the W-C 
bonding is quulitatiwly similar to the 
T-C bonding. The C2s state occurs as :I 
cow-like state 12 cV below fi’:p, with tho 
C2p-W&l band wnt’crcld at (fip - 3) cV. 
Using the K 1~~~1 obwrvcd for carbon in 
WC (Fig. 10) the cbxpcctc>d Auger transi- 
tions would t#h(,n occur at 259, 26S, and 
277 cV, which ugrws nith the rclativc 
posit,ions of peaks in the obscrvcd spectra, 
(Fig. S). Tho firw st8ructurc ikt 270-272 OV 
obwrvcd in WC Augor spectra (;md not in 
TIC) probably r&cts t’hc st’ructurc seen 
in the p-d band :lt 1.8 and 3.4 cV below 
h’:F (37). The two sharp Auger transitions 
obsorwd bt%wwn 245-270 cV for TIC and 
WC arc not obscrvcd in graphite or carbon 
black. Hydridization of the carbon 2s and 
211 Icvc~ls to form the sp bonding orbitals 
charact,cristic in th(w rnatc&ls results in a 
broad (25 (IV) flat’ band and an Augw 

270 
(b.1 

I 

200 220 240 260 280 300 
KINETIC ENERGY feV) KINETIC ENERGY kV) 

FIG. 8. Fine struct,ure of carbon KLL Auger 
electron spectra in (a) stress-annealed graphite; (b) 
7P; (c) 84P; (d) in U~CUO cleaved WC rod. 2 V 
(p-p), lock-in amplifier time constant 10 ms. 



sis, is a funcdoll of c~l(drotl(~ potwtid with 
tlicl gSc~ncm1 fornl, 

\\-h(w Ii is :L chrnlical kin& tmn, 1~‘” is 
th(l quilibriunl potmtid for the half-cdl 
rcxction (in this c:w mro) mtl ~(Is’ - I?,,) 
is :L function rqmswtiug the dwtro- 
clioniid driviirg forw. The w:tctj form of 
thwh fundons will tlqwlrcl on the> nlwha- 

zc-in I 
284 282 280 218 

BINDING ENERGY by) 

FIG. 10. X-Ray photoemission spectra from C 
(Is) for (n) W~:S; (I)) WC preparation 84P; (c) WC 
prepar:ttion 701’. (1) Position of C (18) in graphite, 
(2) in WC. Hindirrg energy is referenc*ed t,o C (Is) 
contnminnl ion line al. 284.3 cV. 
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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 W2C prepared by fusion of the 
elements. (1) Position of W(4f) level in oxide-free 
tungst,en metal; (2) in WOI. Binding energy is 
referenced to C (1s) contamination line at 284.3 eV. 

nism for the reaction. In clcctrocatslysis, 
WC arc interested in isolating the chemical 
kin&c term since this term rcflccOs the 
catalytic factor in the reaction rate. A 
qualitative comparison of catalytic activity 
of diffcrcnt catalysts can be obtained by 
comparing i (or v) at a fixed potential h’, 
but the comparison will always contain 
some cff cct of p(E) if the mechanism differs 
bctwccn catalysts. This effect can bc 
minimized by choosing (E - h’,) 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- 
propriatc potential, and WC: 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 easily 
be computed from the specific current 
density and Eq. (1). As an example of this, 
the most active tungsten carbide catalyst 

exhibited a specific current density of 370 
mA/m2 corresponding to a hydrogen con- 
sumption rate: (turnover numbor) of 0.093 
(molcculcs/surface atom-set). The spcwific 
current dcnsitics that are tabulated in 
Table 3, thcrcforc, arc a quantitative 
measure of the relative catalytic ac- 
tivity of the diffcrcnt t,ungstcn carbide 
prcpurations. 

The clcctrocatalytic activities of the 
freshly prepared catalysts whose surface 
compositions by AES wcrc approximately 
stoichiomctric cxcccdcd that of catalysts 
whose surfaces cont,aincd an excess of 
carbon (free) by mow than an ordor of 
magnitude. It is clear that some WC 
proparaGon conditions result in the dcposi- 
tion of free carbon on the surface of t’hc 
carbide, the free carbon bring inactive for 
Hz oxidation. On the basis of clcctro- 
chemical charging curves Palankcr et al. 
(39) postulated that carburization of tung- 
stcn by CO at 700-500°C resulted in a 
deposit of carbon black on the tungsten 
carbide surface, whrreas carburization at 
1000°C yicldcd a clean stoichiomctric sur- 
fact. In a previous study (15), WC showed 
by AES that this hypothesis is correct for 
the carburization of CO at tungsten mctnl 
prc-reduced in HZ. The rosults of the prcscnt 
study clearly show that carburization of 
tungstic acid hydrate by CO at 700°C also 
leads to the deposition of free carbon on 
the carbide surface, but at 900°C this 
deposition is much less (comparing samples 
7P to 41P-1). The addition of 10 w/o 
NH,Cl to the tungstic acid hydrate ap- 
pcarcd to inhibit this deposition almost 
entirely (70P vs 84P). One explanation of 
this effect both of tcmpcrat,urc and NH&l 
on the carbon formation problem is depicted 
in Fig. 12. The principle chemical reactions 
taking place in carburization are reduction 
of WOs to W by CO or carbon, deposition 
of carbon by catalytic decomposition of 
CO, and dissolution of carbon into W. 
Figure 12 depicts the events at an inter- 
mediate stage of curburization of a WO, 
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crystallite (on the order of a 100-300 A) 
with a WC outer surface and a Wlro, core. 
CO is decomposed to carbon catalytically 
at WC or W but not at the free carbon 
surfaw, carbon and oxygen counter-diffuse: 
through the WC mantle, t#hr carbon rE- 
acting wit#h tungst’en m&l, the oxygcin 
reacting at the frw carbon boundary or 
with gas phase CO to form C& The rnt,io 
of clcsn WC surface (1 - 8) to carbon 
covered (0) WC surface will, thwcforc, 
bc proportional to the ratio of the diffu- 
sivity of carbon in WC to the rate constant 
for carbon deposition. Since the tcmpcra- 
turc coefficient (ED) for carbon diffusion 
through the carbide phase [e.g., Williams 
(40) reported Eb > 90 kcnl/molc for C in 
TIC, TaC, NbC] is much larger than the 
activation cw:rgy (41) for catalytic dissocia- 
tion of CO rL0 kcal/molc on Fe], the ratio 
of the clean to carbon covcrcd surface will 
increase with increasing temperature. The 
cffcct of NHhCl may bc explained in terms 
of this model if it is assumed that chlorine 
relcascd when the NH&l drcomposcs 
adsorbs strongly on the surface of the 
tungstic acid crystallite and remains ad- 
sorbed an the outer surface of the crystallite 
during carburization. The adsorbrd Cl- 
might be cxpcctcd to poison the CO dis- 
proportionation reaction, similar to the 
effect chlorine treatmchnt has for carbon 
dnposition on aluminns. This would lower 
thr ratio of D/k,, and, t8hcrcforr, the ratio 
of clean to carbon covcrod WC surfaces. 

One of the effects of the gas-phase acti- 
vat’ion trcatmcnt was to remove the surface 
cxccss free carbon via oxidat’ion to CO,. 
This was reflcctcd directly by both the 
AES and XI’S results. It seems likely that 
t’hc clcctrochcmical activation (2s) trcat- 
mcnt of WC by anodic 1 V pulses has a 
corresponding effect of oxidation of any 
froc surface carbon. The XI’S spectra 
showed that the oxidation process does not 
nccrssarily stop when the surface free 
carbon is removed, but continues to rcmovc 
carbon from t,hc carbide and oxidize the 

,-CATALYTIC SURFACE 
J FOR CARBON OfPOSITION 

CARBON CARBON 
DEPOSITION c kc II-81 DIFFUSION a 0 8 

RATE RATE 

AT STEAOY-STATE, (9) s $ * exP[- IE,- Ecl/RT] 

FIG. 12. Idealized model for the carhurixation 
of tungstic acid (or WOS) by carbon monoxide. 

tungsten atoms to W”+. The stability of 
the clean or oxidat’ivcly clcancd carbide 
surfucc towards further oxidation dcpcndcd 
on the bulk stoichiomctry of the carbide. 
Depth-profiling by AES indicated that 
prolongcld exposure of the bulk stoichio- 
metric monocarbidcs (7P, 41P, 39P) to O2 
at 3.iO”C produced oxidation of tho bulk 
struct’urc and nearly comphltc oxidation of 
thr surfaw to WOs. In the cast of the bulk 
carbon dcficiclnt carbide (7OP), cxposurc to 
()2 at 350°C produws an equilibrium 
surface that is a mixture of a tungsten 
oxide (25 a/o W”+) and tungstw carbide 
(75 a/o W”). In the case of the carbide 
pwparations S41’, 165, AEG, this cqui- 
librium is apparctnt’ly already prcscnt as the 
oxidation trc~atmcnt had lit#tlc cffoct on 
cit8hw the AES or XI’S spectra or on cat,a- 
lytic activity. AES indicated a significant 
amount’ of oxggcbn is prwcnt both at the 
surface and in the bulk of th(w latter 
pwparations. It is wrll known that transi- 
tion-metal carbides, particularly the Group 
IV-VI m&al carbides, can dissolve con- 
sidrrablc oxygen by substitution for carbon 
(42). Comparison of t’hc ionic radius of 
oxygen anions (1.45 A) and the covallcnt 
radius of t’he oxygen atom (O.GG ii) with 
the covalent radius of carbon in WC 
(0.77 k) indicatcls that, oxygen substitutcld 
for carbon in WC is in a covalent bonding 
statch. Dissolut’ion of oxygc~n into tho carbide 
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lowers t’hc act,ivit,g of bot,h the m&l and 
carbon atom and rcduccs the oxidation rate 
of the carbide. It s(~ms probablct that the 
carbon vacancies of pr(lparations S4I’, 165, 
and AEG are fill(ld by oxygen, nnd that the 
prcscncc of this lattice oxygen stabilizes the 
surrounding carbide lat,ticc towards oxida- 
tion to WOa and CO,. A more definitive 
picture of the crystallography of these 
oxvgcn rich, carbon dcfcient 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 
proscnt investigation. Evc>n in the absence 
of a dcfnit’ivc analysis, the known chcmis- 
try of the Group VI m&l carbides and 
the direct observation by AES of the 
r&tivc amounts of W, C, and 0 indicate 
oxygen dissolution by substitut,ion for 
carbon in the prcbparations. 

The dissolution of oxygen into the carbide 
was clrarly dcpc>ndcnt on the prcparntion 
method. Only when the lvhitc modification 
of tungstic acid hydrate was used as a 
starting m&riul did significant oxygen 
substitut’ion occur, and this was optimized 
by using the high surface arca amorphous 
form combined physically with T\‘H,Cl. 
Svata and Zabransky (8, 9) had rclportcd 
the same observation and attributed the re- 
sulting carbide struct,urc to the defect struc- 
ture of the white modification. The defect 
structure was postulated as creating a 
defect tungsten structure on reduction that 
is rcflcctcd in the carbide structure. The 
X-ray diffraction pattclrns of the carbon 
deficient preparations do show distortion 
along sclcctcd crystallographic plams, prin- 
cipally the [002] and [llO] planes. The 
[002] plane is the plane containing only 
carbon atoms, the [l lo] plane contains 
W and C atoms in a 2: 1 ratio. Th(> major 
crystallographic pl:mcs containing pri- 
marily 51; atoms (e.g., [OOl], [loo], [loll, 
[Ill]) showed no change in position or 
intensity. The lattices of the carbon dcfi- 
cicnt carbides do appear to have distorted 
carbon positions, due either to carbon 

vucancios or to oxygen substitution. WON 
the carbidr st,ructurct is rolatc~d to the d(bf(Lct 
structure: of the tungstic acid is uncl(xar. 
Oxygcxn substitution in the transition metal 
carbides occurs readily wh(>n the lattice is 
not fully saturated with carbon (42). 
Bochm and I’ohl (t;) found that carburiza- 
tion of W metal by CO procccdcd via WZC 
as an intc~rmediat~e state. One might expect’, 
thcrcforc, in tclrms of the carburizution 
model of Fig. 12, at the boundary bctwccn 
the WOs corr and the WC shell t#hcrc is an 
intcrmcdiatc state like W2C whcrc oxygen 
substitution from WOS may occur. Why 
this substitut’ion is specific to a particular 
modification of tungstic acid and c:nhancc>d 
by NH&l has not been determined. The 
electrocatalytic activity of a carbon covered 
bulk substoichiometric carbide (701’) fol- 
lowing g:ts-phase activation was much 
greater than that of the bulk stoichiometric 
carbide (71’) following gas-phase activation. 
XI’S indicated that both preparat’ions after 
activation had a similar fraction of the 
surface as an oxide (-25y0 WF+). The ac- 
tivation of t,ungsten 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 cattalytic activity per BET unit arca 
for clcctrochcmical oxidat,ion of hydrogen 
in acid of the carbon dcficicnt, oxygen- 
containing carbides was obsttrvcd to be 
significantly (about a factor of 3) greater 
than the activity of the stoichiomctric 
(both surface and bulk) carbide. Svata and 
Zabransky (8) used preparation proccdurcs 
that according to our work would have 
produced t’hc stoichiomctric WC and the 
carbon dcficicnt carbide and rqortcd a 
factor of 2 difference in activity bctw-cen 
thcsc prcparntions. Thorc arc numerous 
reports in the clcctrochcmical literature of 
an enhanccmctnt in the hydrogen activit’y 
of WC prcparod by fusion of the clcmcnts 
(thus a clean and not carbon covcrcd 
surface) produced by anodization, usually 
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in the prcwncc: of n reducing ugcat in the howwr, stnbht to mow anodic potentials 
clcctrolyto, e.g., HZ or hydrazinc (10, If ). (to +O.(i V) but pure W,C is much lws 
Thus, while the diffrroncw in activity arc st:iblc towwds osidatio~~ than ov(a stoichio- 
not, largcl in an absolute wnw, thry have metric \VC. Th(l oxygen substitution for 
bwn obwrvrd rc~pcntc~dly by numwous carbon with th(b m-0 covalent, bond, and 
cbxpclrimclntcrs and t’hcrc can 1~~ litt’lc doubt not t,hr carbon d(lficicacy it&f, produced 
that they arc’ rwl and significant. This t.h(l st:~biliz:~tion of th(l carbide surfnw. 
conclusion loads naturally to thr considwn- This obsrrvation folio\\-s :I gclrwral twnd 
tion of the t,ruc natSuw of th(l nct.iw surface of th(> transition mcM carbidw that the 
or the actiw sites of the tungsten cnrbid(l oxycarbid(t is oft’cxn :L more useful m:ltcGl 
surface for hydrogw chomisorption and undw osidizing condit,ions that the pure 
oxidation. The active surface contains c:wbidc> (42). In the :~bwnw of cXlcctrolytcl, 
oxyg(ln atoms in nddit,ion to tungstcw :md i.cl., in thtl gas-ph:w, tungsten mc+ll is one 
carbon. Thr oxygm atoms aw in two of the most1 :~ctiw mc%nls for hydrogcw 
diffrrcnt ch(lmic:ll bonding statSw, :L co- dissoci:\tion, at, least as actiw as 1% (44). 
valent state and an nnionic (W-) st,atcb. Sinw hydrogc,n dissociation is the rate 
The tungsten atoms :w also in t8wo valmct: clc%c~rmining stq) in t’h(l c~l(~ctroch(~mic:\l 
stntcs, lVfi+ 2nd R”, t’h(b 1nt~t.w with some: oxidnt8ion of hydrogca on l’t in acid, one 
dcgrw of posit,ivc chargcl (J(i). The U- MWA suspect that in th(b nbscnw of intw- 
anions arc probably asso&tcd \vit,h the f(wnco from th(, c~loctrolgt~o surface tung- 
JVTR+ ions and corrwponds to some portion st)cw atoms in th(i ‘im(+:Lllic” (z(w what’) 
of t,h(b surface prcwnt ns WOp clusters. The stat{: \\ould b(l sitcls For hydrogw dissocia- 
wro what st:itje of t’ungstcxn rcprcwnts t’ion. From th(l c,lc,~troch(snical corrosion 
covah~nt~ bonding of tungsten to carbon and b&vior of JYC compared to tungsten 
oxygcln nt80ms. JVc> propow t,hat the bonding m&l, it’ is :lpp:wnt~ that JY-C bonding 
of tungstca to t,hc oxygcln in th(> carbon stabilizes the tungstw atoms towards 
lattice positions is wry similar to the R-C oxid:Ltion by the acid clwt,rolytcr and 
bonding, i.c>., primarily WT,tl-CEp with some produws n surfaw cont8:bining :L significant 
(0.3~) chargcl transfw from tungsten to conwntration of “ni(+allic” tungsten atoms. 
oxygen. In olcctrolytc~ solution at, hydrogca According to Sturms (42), and as the 
:mo& potc~nti:lls, O-O. 1 V (1X HE), surfaw c~loct,roch(~nlic:11 b(,havior of the oxyg(a 
W+ is rcduwd to th(l quilibrium W5+ substituted carbide indicntcd, oxygc’n sub- 
oxidation stat(h (4Y), but this surface dot’s stitution for carbon stjabilizcs both the 
not chrmisorb hydrogca and is a poor tungsten and carbon atoms and lowers tho 
cat’nlyst for the hydrogctn cilwtrod(b rcwtion. activity of wch towards oxidation. Since 
The stoirhiortlc~t,ric Q’C surfaw is stable tho oxidat~ion of 1VC ill acid prow& via 
in acid c4&rolytcl at nnodic potc~ntials of t,hc attack of H,O molecules from the 
O-0.3 V, but at grwtc,r than +0.3 V swwc c~lwtrolgtc (&), w-0 covalwt bonding 
oxidation takes 1~1:~~ (10). Th(> cnt:dyticnlly probably rc~ducw tho intc>raction of HsO 
wtiw c:wbou dthficiart c:wbid(~ surfaw is, \vith the surfaw O-\VW site. Thcl adsorbed 



58 ROSS AND 

Hz molecules can now compete more cffec- 
tively with H& for the active “metallic” 
site, and the rate of H, oxidation might, 
therefore, be expected to be faster at the 
O-W-C sites than the C-M-C sites. 

Comparison of Active WC with other Electro- 
catalysts 

It is of both practical and fundamental 
inter& to compare the catalytic activity 
of the most active form of tungsten carbide 
to that of other mat’crials. Table 4 lists the 
catalytic activities for hydrogen molecule 
oxidation in acids at 25°C for several 
materials relative to that for Pt. The 
activit’y levels are valid only for small 
(<50 mV) anodic overvoltages. The refer- 
cncc absolute activity level for Pt is an 
cxchungc current density of 3 X 10e2 
A/cm2 (44), corresponding to a turnover 
number for Hz consumption at equilibrium 
of 75 (molecules/surface atom-see). The 
most active forms of WC arc more active 
than Au or any of the metals which do not 
chcmisorb hydrogen, e.g., Cu, Ag, Al, Hg, 
etc. [see Trasatti (4S)], but is significantly 
less active than the I’t group metals, c.g., 
Pt, Ir, I’d, Rh, and Ru. This grouping of 
activity lcvcls suggests that either tung- 
sten carbide does not catalyze Hz 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 activit’y 
for the oxidation of impure hydrogen, 
particularly CO/H2 mixtures. With only 
2% CO, even at lGO”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 tcmpcra- 
turcs tungsten carbide may have economic 
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advantages over 1% and the I’t group 
metals. 
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