JOURNAL OF CATALYSIS 103, 30-36 (1987)

The Effect of Surface Composition on the Chemisorption of
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Polymeric carbon and oxygen were detected at the surface of tungsten carbide powders by Auger
electron spectroscopy and electron spin resonance. Chemisorption of dihydrogen is suppressed by
polymeric carbon but enhanced by surface oxygen as some of the latter reacts in the presence of

water with hydrogen spilling over from the tungsten carbide parts of the surface.

Press, Inc.

INTRODUCTION

Tungsten carbide, WC, cxhibits plati-
num-like catalytic behavior for some sur-
face and catalytic reactions (/). Although
cxtensive investigations of the last decade
have contributed 1o a better understanding
of the bonding and the electronic properties
of transition metal carbides (2), the reasons
for the platinum-like behavior WC are still
unknown. But in a general sort of way, Le-
clercq et al. (3) reasoned that by dissolving
a nonmetallic element, e.g., carbon, in a
metal of group 6B (tungsten or molybde-
num), that chemisorbs molecules too
strongly, the surface reactivity of the host
metal could be tempered by increasing the
electronic density per metal atom of the
host. Thus the resulting carbides might cat-
alyze certain reactions because of their abil-
ity to bind many organic and inorganic
molecules strongly enough but not too
strongly. This heuristic idea has been sup-
ported by the low pressure study of Ko and
Madix, who observed that carbon adlayers
on Mo(100) and W(100) single crystal sur-
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faces not only suppressed the dissociation
of CO and H, at room temperature but also
modified the rate and selectivity of some
surface reactions taking place on the clean
metals (4-7).

It is very difficult to prepare tungsten car-
bide surfaces with ideal stoichiometry.
Ross and Stonehart (8, 9) determined the
surface composition of WC by Auger elec-
tron spectroscopy (AES) and X-ray photo-
electron spectroscopy (XPS). In addition to
tungsten and carbon, oxygen and other ele-
ments were also detected. They studied hy-
drogen chemisorption and electrocatalytic
H, oxidation on several WC samples and
concluded that the active sites of WC were
composed of either carbon-deficient tung-
sten or of oxygen-substituted carbide.
However, Kojima et al. reported that their
WC was active in the hydrogenation of eth-
ylene only after evacuation above 1270 K
which removed the surface oxygen and ox-
ide as revealed by XPS (/0). Investigations
of Ko and Madix on single crystals of tung-
sten and molybdenum revealed that carbon,
oxygen, and sulfur adatoms reduced the
ability of surfaces to chemisorb H, and CO
(4, 6). The importance of surface composi-
tion was underscored by studies (//, /2)
that showed that the steady-state rate of
ammonia synthesis on various molybde-
num powders is reached only after uptake
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of one or two monolayers of surface nitro-
gen.

Thus, in discussing the surface reactivity
and catalytic activity of carbides, the sur-
face cleanliness and composition should be
defined. Deviations from stoichiometry in-
volve excess carbon in the form of poly-
meric (‘‘graphitic’’) overlayers, oxygen,
and excess tungsten (carbon deficiency).
The present study deals with hydrogen che-
misorption by several WC samples, the sur-
face composition of which was examined
by AES and electron spin resonance (ESR).

EXPERIMENTAL

Five kinds of WC powder were obtained
from different sources. A commercially
available WC was obtained from Sylvania
Company (SYL). Other samples were pre-
pared at AEG Telefunken, the National Bu-
reau of Standards (NBS), and Pratt and
Whitney Aircraft (PWA). A final one
(CMR) was synthesized by a reaction be-
tween tungsten hexachloride vapor and bu-
tane at a pressure of 1.3 kPa on a tungsten
filament at 1613 K. Specific surface areas
were measured with dinitrogen by the usual
BET method. Crystal structures were ob-
tained by X-ray diffraction.

For ESR spectra at room temperature, a
Varian E 3 type spectrometer was used
with a 100-kHz field modulation. The mag-
netic field was calibrated by DPPH powder
and also by a standard solution of peroxyl-
amine disulfate.

For AES studies, a Varian AES spec-
trometer with a four-grid analyzer was used
to examine powders that were pressed on a
molybdenum screen. A 2-keV, 120-A elec-
tron beam was used as the excitation
source. The spectrum was recorded at
room temperature for a sample which had
been previously evacuated at 423 K. Dihy-
drogen and dioxygen were purified and ad-
sorbed in a system that has been described
previously (/3). The initial pressure was
fixed at 20 kPa. Prior to some of the hydro-
gen adsorption runs, water was pread-
sorbed. The water had been degassed as de-

scribed elsewhere (/4). The water vapor at
a pressure corresponding to its vapor pres-
sure saturated at room temperature was in-
troduced onto a WC sample which had
been previously evacuated at 423 K for 1 h,
The amount of the water vapor was con-
trolled by changing the gas volume. The
water was adsorbed irreversibly at room
temperature on the sample up to an amount
of at least 50 umol g~'. Indeed, with such
amounts of adsorbed water, there was no
significant difference on the rate of subse-
quent hydrogen adsorption with or without
prior evacuation for 0.5 at room tempera-
ture of the water covered samples. After
one measurement of hydrogen adsorption
rate, the WC was exposed to 20 kPa dioxy-
gen at room temperature overnight and the
above procedure was repeated for another
measurement. The above cycle of runs was
repeated to ascertain whether changes in
amounts or rates of adsorption took place.
None could be detected.

RESULTS

Table I shows the values of hydrogen up-
take and crystal structures. Hydrogen up-
take was measured at room temperature by
noting the pressure change after a 15 h ex-
posure to dihydrogen. Before these mea-
surements, the samples had been exposed
to air at room temperature and then were
evacuated at 423 K for 1 h. In order to in-
vestigate surface composition, ESR and
AES studies were carried out. As shown in
Fig. 1, all of the samples gave ESR sym-
metric singlet signals with g-value between
2.002 and 2.003 and widths between 5 and 7
G. The line shape and parameters indicated
that the signals could be assigned to radi-
cals associated with carbonaceous com-
pounds similar to carbon black (/5). The
radicals seem to be mainly at the surface
since the signal intensities decreased by
contact with air at room temperature to
about two-thirds of those measured under
vacuum. In what follows, the carbon asso-
ciated with this signal will be called poly-
meric carbon to differentiate it from the
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TABLE 1

Characteristics of Tungsten Carbide Samples

WC  Surface Hydrogen Crystal structure
area uptake?
(m? g (umol m~2) Crystal Lattice
system constant
ay (pm) ¢y (pm)
AEG 6.3 5.0 Hexagonal 290.1 288.4
NBS 0.8 4.5 Hexagonal 290.5 283.6
SYL 3.3 1.3 — — —
PWA 5.5 0.4 Hexagonal 290.1 283.0
CMR 15 0.1 Cubic — —_

7 The sample was preexposed to dioxygen and then evacuated at

423 K for 1 h.

carbidic carbon associated with the carbide
structure. We believe that the adjective
polymeric is preferable to the other com-
monly used one: graphitic. Quantitative
analysis was not attempted in this study.
However, it is obvious that the CMR sam-
ple contains a large amount of polymeric
carbon.

g value Width/G

Amplification
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10x104
2N
2,002, 55 e
N~
2002, 50 6.2x105
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Fi1G. 1. ESR spectra of tungsten carbide samples in

vacuo.

The AES signals of the WC samples are
shown in Fig. 2. As also reported by Ross
and Stonehart, not only tungsten and car-
bon peaks but also sulfur and oxygen peaks
were observed. The most interesting fea-
ture of the spectra is the line shape of the
carbon KLL transitions in the vicinity of
270 eV. We can clearly divide the samples
into two groups by the lineshape. Samples
from AEG, NBS, and SYL gave a triplet
signal, while PWA and CMR gave a singlet
signal. Many AES studies of metal carbides
agree that carbidic carbon gives a charac-
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FiG. 2. AES signals of tungsten carbide samples.
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4 c
b a+h
WoC —- V-1 1.0 0.45
Graphite 0.15 0.13
AEG 0.34 0.23
NBS 0.23 0.32
SYL 0.22 0.19
PWA 0.15 0.10

CMR - -

F1G. 3. Shape parameters of carbon KLL transition.

teristic triplet signal similar to that of the
former materials (AEG, NBS, SYL), while
it is well known that polymeric or graphitic
carbon gives a singlet signal like that of the
latter materials (PWA, CMR) (16).

A relative contribution of polymeric and
carbidic carbons to carbon KLL transition
can be estimated by examining the detailed
variation of peak shape (/7, 18). Figure 3
defines shape parameters with the ratios of
al/b and c¢/(a + b) and lists corresponding
values for WC samples. The spectra and
shape parameters for standard graphite and
W,C are also shown. Despite a characteris-
tic triplet signal for active samples (AEG,
NBS, and SYL), the values of shape pa-
rameters are much less than those of W,C
standard, indicating that a mixture of poly-
meric and carbidic carbon exists. On the
other hand, the peak shape of PWA and
CMR samples and the value of shape pa-
rameter for PWA sample are very close to
those of graphite standard. Also NsNgNg -
transition of W (9) at 163 eV are much more
diffuse than for active samples. These indi-
cate that multilayers of polymeric carbon
are covering most of the surface. A very
clear qualitative correlation exists between
the hydrogen uptake and the proximity of
shape parameters to those of W,C stan-
dard. A similar correlation is also seen be-
tween the hydrogen uptake and itensity of
W Auger peaks.

With respect to oxygen as revealed by
AES, a triplet signal due to oxygen was
found for all samples and the signal was
very stable. Dihydrogen treatment at room
temperature and a pressure of 20 kPa, fol-
lowed by an evacuation at 423 K, caused
little change in the oxygen peak of AEG. In
addition, dihydrogen treatment at 573 K
hardly affected hydrogen uptake. These
results suggest that the majority of the oxy-
gen existed as an oxide layer on the sur-
face. It has been observed previously that
X-ray amorphous surface oxide could be
formed on WC by contact with atmospheric
dioxygen (19). 1t is therefore interesting to
examine the role of surface oxgyen for the
reactivity of WC. Again, hydrogen chemi-
sorption was carried out at room tempera-
ture using AEG and SYL. This time various
amounts of water were introduced into the
system as described in the previous sec-
tion. As shown in Fig. 4, it is obvious that
the adsorption rates depended greatly on
the amount of preadsorbed water. With an
increase in the amount of preadsorbed wa-
ter, the rate went up remarkably. However,
the amounts of hydrogen uptake at equilib-
rium were constant. The value for AEG
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F1G. 4. The effect of water on hydrogen adsorption
by AEG-WC: (1) exposed to H,O (2.67 kPa) after
evacuation; (2) evacuated at 423 K, exposed to O,, but
not to H,O and evacuated at room temperature. Evac-
uation temperature (K) and H,0 adsorbed (umol g™1):
(0) 296, >50; (A) 423, 0; () 423, 5; (V) 423, 10; (O)
423, 25; (O) 423, >50; (@) —, 50.
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means 2.0 X 10Y atom cm™2. This is ap-
proximately twice the value for platinum.
Hydrogen chemisorption on SYL gave the
same result, i.e., the rate increased after
preadsorption of water and the equilibrium
amount of hydrogen uptake was constant,
although the value was lower than that of
AEG. It has been reported that water could
accelerate the reduction of tungsten triox-
ide WOs to tungsten bronze at room tem-
perature in the presence of platinum mixed
with WOs;, and it has been concluded that
hydrogen spillover took place from plati-
num metal to WO; (/4, 20). Our present
result can be explained in the same way.
Thus, tungsten oxide may have existed in
the surface region and reacted with hydro-
gen spilling over WC at room temperature,
at rates increased by water vapor.

The data on oxygen adsorption are
shown in Fig. 5. Before the measurements,
hydrogen was preadsorbed at room temper-
ature to equilibrium with adequate amounts
of water. The amount of oxygen uptake by
the AEG sample after the evacuation at
room temperature was 50 umol g7l
Clearly, the preadsorbed water had less ef-
fect on the rate of adsorption of oxygen
than on that of hydrogen. From the differ-
ence of equilibrium uptake, it seems that
one-third of the preadsorbed hydrogen was
desorbed by evacuation at 423 K.

DISCUSSION

It is clear that both PWA and CMR sam-
ples are covered with polymeric carbon.
There was no significant difference in line
shape between the carbon KLL transition
signals of PWA and CMR samples in Fig. 2,
showing that the bonding character of car-
bon in both samples is similar. From the
ESR measurements, the spin density in the
CMR sample could be estimated to be ten
times larger than that in the PWA sample.
The origin of spins in carbon black is be-
lieved to be unpaired electrons stabilized in
condensed aromatic rings (2/). This com-
pound could be the source of the carbon
signal in the AES spectra of CMR. It is well
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F1G. 5. The effect of water on oxygen adsorption by
AEG-WC. (O) Exposed to H;, then evacuated at room
temperature; (A) exposed to H,, then evacuated at 423
K: (©) exposed to H,, then evacuated at 423 K. and
exposed to H,O (2.67 kPa), then evacuated at room
temperature.

known that a graphitization of the con-
densed aromatic rings of charred carbon
black causes a decrease in ESR signal. The
PWA sample could be covered with par-
tially graphitized polymeric carbon. Since
the bonding character of carbon in the con-
densed aromatic ring and graphite is the
same, it is natural that both samples were
almost identical in the line shape of their
AES signals.

A clear qualitative correlation exists be-
tween the hydrogen uptake and the carbon
species, The tungsten carbide with poly-
meric carbon on the surface was essentially
inactive in hydrogen adsorption at room
temperature. The primary factor control-
ling the apparent reactivity with respect to
dihydrogen is therefore surface contamina-
tion by polymeric carbon.

The hydrogen uptake of SYL was about
one-third of that for AEG and NBS. In Fig.
2, the oxygen peak of SYL is seen to be
much larger than that of AEG and NBS. An
explanation for this may be that SYL was
provided after it had been milled for 24 h to
get a fine powder. The process is likely to
cause surface oxidation. The suspected ox-
ide layer, in addition to polymeric carbon,
may have decreased the hydrogen uptake
shown in Table 1.
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As mentioned in the previous section,
preadsorbed water increases the rate of hy-
drogen adsorption by accelerating hydro-
gen spillover from WC sites to the neigh-
boring tungsten oxide, forming a tungsten
bronze H,WO;. After the hydrogen adsorp-
tion reached equilibrium in the presence of
water, the AEG sample was evacuated at
423 K to remove most of the water. The
sample, however, would still have con-
tained the hydrogen in the tungsten bronze
as well as the residual hydrogen which was
not desorbed during the evacuation. The
AEG sample was then exposed to dioxygen
(but not to water), and finally evacuated at
room temperature. Hydrogen adsorption
was then measured again (black circles in
Fig. 4). Although the AEG sample was not
exposed to water, a large increase in the
rate and equilibrium amount of hydrogen
adsorption was observed relative to the ini-
tial hydrogen adsorption without water.
Therefore, water must have been produced
when the sample was exposed to dioxygen
before hydrogen adsorption. It appears that
adsorbed hydrogen on WC and the hy-
drogen in the tungsten bronze reacted
with dioxygen. Comparison between the
amounts of oxgyen uptake and of pread-
sorbed hydrogen shows that the reaction
between these species proceeds stoi-
chiometrically. These resulis show that all
the hydrogen which was adsorbed could
contribute to make water by reacting with
dioxygen.

It is clear from Fig. 4 that the hydrogen in
the tungsten bronze might account for a
large fraction of the total hydrogen uptake
by the AEG sample in the presence of wa-
ter. Approximately 70% of the total hydro-
gen could be due to spilled-over hydrogen.
If the composition of tungsten bronze was
Hy3sWO; (20), rough calculation indicates
that nearly 10% of the tungsten was oxi-
dized. Chemical analysis of the AEG sam-
ple agrees with the above estimate. In the
case of the SYL sample, although the AES
surface oxygen concentration was higher
than that of the AEG sample, chemical

analysis showed that the total oxygen con-
tent of SYL was about half that of AEG.
Therefore, only very thin surface layers of
SYL were oxidized, which could result in
less hydrogen uptake than by AEG, since
the contribution of spillover hydrogen
should be less on a heavily surface-oxidized
sample.

As mentioned, a considerable part of pre-
adsorbed hydrogen may have existed as
tungsten bronze, which itself is stable in air
at room temperature. However, in the pres-
ence of WC, the hydrogen in tungsten
bronze easily reacted with dioxygen at
room temperature. Thus, reversed hydro-
gen spillover from tungsten to WC seems to
occur during oxygen adsorption. The pre-
adsorbed water had less effect on the oxy-
gen adsorption rate than that on the hydro-
gen adsorption. This could be explained as
follows. During oxygen adsorption, hydro-
gen from the tungsten bronze located close
to WC reacted with dioxygen to produce
water which accelerated the reversed spill-
over. On the other hand, during hydrogen
adsorption, the amount of preadsorbed ox-
ygen was probably very small. Thus, water
was not produced in enough quantities to
accelerate the hydrogen spillover from WC
to tungsten oxide. Therefore, the difference
in the oxygen adsorption rates with and
without water was small as compared to
that observed for hydrogen adsorption.

CONCLUSIONS

The reactivity at room temperature of
WC surfaces toward dihydrogen is de-
creased by polymeric carbon evidenced by
AES and ESR. Surface oxygen, bound to
tungsten, reacts with hydrogen spilling over
from WC sites capable of dissociating dihy-
drogen. This explains previous observa-
tions on hydrogen adsorbed on WC (/). Hy-
drogen spillover is accelerated by water
vapor, as in the well-understood case of Pt/
WO; mixtures. This study reinforces earlier
conclusions that the surface reactivity of
tungsten carbide powders is dominated by
the nonstoichiometry of their surfaces. Ex-
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cess of carbon blocks reactive WC sites.
Excess of tungsten reacts with oxygen irre-
versibly. Although the surface tungsten ox-
ide can be reduced at room temperature
with dihydrogen, the latter seems to be pro-
vided by water accelerated spillover from
WC sites needed to split dihydrogen.
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