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The XPS of bulk tungsten carbide, partially oxidized WC surfaces at 373 and 573 K as 
well as tungsten trioxide have been reported. Bulk WC has been prepared from WO3 as a start- 
ing material in a mixture of CH4 (20%) and Ha (80%) at 1150 K for 4 h, while partially oxi- 
dized WC surfaces were prepared by oxygen chemisorption on a clean WC surface at 200 K, 
then the temperatures were raised to 373 and 573 K respectively. The XPS of a freshly prepared 
WC reveals the presence of a small amount of WO3 on the surface and a slightly higher concen- 
tration in the bulk. The oxygen-exposed fresh WC surfaces and surfaces treated at tempera- 
tures higher than 373 K show the presence of WO3 in a considerable quantity depending on the 
length and the treatment temperature. Ar + bombardment of this partially oxidized surface 
reduces WO3 to WO2 and W(0), while WC is partially reduced to W(0). Isomerization reactions 
of alkanes on oxygen-exposed WC surface occurs in reality on a composite surface structure 
containing WC, WO3, WO2 and elemental W(0). 
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1. Introduction 

Recent interest in some transition metal  carbide(s) such as W and Mo as possi- 
ble substitute of  noble metals known for its bifunctional catalytic activity in hydro- 
genolysis and isomerization reactions of  alkanes, has led to several publications 
[1-7] f rom different research laboratories. In the case of bulk tungsten carbide(s), 
it has been observed that  alkane hydrogenolysis reactions are predominant  where 
light hydrocarbon species constitute the major  reaction products for n-hexane at  
623 K [5-7]. The presence of  a relatively small amount  of  WO3 on a freshly pre- 
pared tungsten carbide WC has no apparent  effect on the catalytic properties and 
performances of  this surface. However, the introduction of  oxygen at temperatures 
higher than  373 K on a freshly prepared WC surface alters significantly these prop- 
erties where isomerization reactions are observed associated with a net decrease 
in relative concentrations of  hydrogenolysis reaction products [5-7]. The drastic 
modif icat ion of  the catalytic properties of  this oxygen-exposed WC surface has 
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been attributed mainly to the chemisorbed oxygen species on the surface [6,7] 
and/or WO [6]. The nature and abundance of the isomerization products were 
found to depend on the oxygen-exposure time and temperature [5,6]. In order to 
define the nature of the different species present on the surface of a freshly prepared 
and oxidized WC, we have used the XPS as a surface technique by considering the 
W4f, C ls, O ls and the valence band energy regions. Since catalytic reactions 
occur under reducing conditions due to the use of hydrogen at a relatively high tem- 
perature, we have used argon ion bombardment in situ, as reducing agent in a simi- 
lar way to hydrogen [8] in addition to its sputtering effect. Such Ar + bombard- 
ment would enable to obtain further information concerning the possible presence 
of different tungsten oxide(s) and other species on the surface of an active catalyst 
[9]. For this reason, we have studied in this work the XPS and Ar + bombardment of 
WO3 as a reference sample. 

The XPS and catalytic properties of relatively clean WC and oxygen-exposed 
WC surfaces at different temperatures using different reactants will be published 
separately [ 10]. 

2. Experimental 

Tungsten carbide WC was prepared in the laboratory by subjecting tungsten tri- 
oxide to a mixture of CH4 (20%) and Ha (80%) at 1150 K for 4 h. Excess deposited 
carbon has been removed from the surface by H2 at 1150 K. In order to protect 
the sample surface from contamination upon its transfer from the reaction prepara- 
tion chamber to the XPS instrument, we usually passivate the surface by either car- 
bon or chemisorbed oxygen. X-ray diffraction analysis of a freshly prepared 
sample shows that it is completely composed of WC. On the other hand, elemental 
analysis of this sample (CNRS Analysis Laboratory Vernaison) does not show 
any oxygen within an experimental error of 0.2%. The bulk WC surface area was 
determined at 15 mZ/g. 

The oxidation of the two freshly prepared tungsten carbide samples A and B 
studied in this work was carried out by exposing each to a flux of He gas containing 
oxygen in increasing quantities from 1 to 10% at 200 K first, then 298 K in order 
to avoid the oxidation of the bulk WC. This process is followed by increasing the 
temperature by an increment of 20 K/min up to 373 K for 10 min in the case of 
sample A and to 573 K for 5 min in the case of sample B. 

The XPS spectra were obtained using an ESCA III, VG instrument with A1 K~ 
radiation. All the spectral lines binding energies were reported within an experi- 
mental error of+0.15 eV taking into consideration the differences in the W 4f bind- 
ing energies of the different tungsten oxides, carbide, and the C ls as well as O ls 
in different states [5,8,11,12]. Argon ion bombardment (3 kV, 30 ~tA) was employ- 
ed as a sputtering and reducing agent. 
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3. Results and discussion 

In the following, the XPS and Ar + bombardment of four different samples, 
freshly prepared tungsten carbide WC, tungsten trioxide, oxygen-exposed tungsten 
carbide at 373 and 573 K will be discussed separately. 

3.1. TUNGSTEN CARBIDE WC 

The XPS of a freshly prepared tungsten carbide, shows the presence of two 
well-defined spectral lines at 31.8 and 33.9 eV characteristic of the W4f  spin-orbit 
components in the WC sample of fig. la. Deconvolution of this spectrum reveals 

W4f 
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Binding Energy (eV) 

Fig. 1. The XPS of the W 4f energy region of tungsten carbide WC. (a) Fresh sample, (b) after 5 min 
ofAr  + bombardment, (c) after 25 min ofAr  + bombardment. 
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the presence of a relatively small amount of  WO3 at 35.5 and 37.7 eV. The oxygen 
ls energy region shows the presence of the oxide oxygen at 530.5 eV as well as a 
amount of  chemisorbed oxygen at 532 eV (fig. 2a). The carbide carbon can be 
observed in fig. 2a as a relatively intense line at 282.7 eV as compared to the amor- 
phous deposited carbon on the surface at 284.6 eV. The valence band energy 
region between Ef and 14 eV consists mainly of: the W 5d derived states between Ef 
and 3.5 eV, the C2p and O2p, if any, between 3.5 to 8 eV and the C2s band at 

12.5 eV (fig. 3a). 
Argon ion bombardment of this surface for 5 min results in apparent broaden- 

ing of  the W 4 f  energy region, where relatively small amounts of  WOE at 32.7, 
34.9 eV and elemental W(0) at 31.2, 33.4 eV could be observed after deconvolution 
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Fig.  2. The XPS of  the C ls  and O ls energy region ofWC. (a) Fresh sample, (b) after 5 min o fAr  + 
bombardment, (c) after 25 min ofAr + bombardment. 
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Fig. 3. The XPS of the valence band energy region of WC. (a) Fresh sample, (b) after 5 min of  Ar + 
bombardment, (c) after 25 min ofAr + bombardment. 

of this spectrum (fig. lb). On the basis of the relative intensities of WO3 spectral 
lines before and after Ar + bombardment, where no change has been observed, it is 
apparent that WO3 is present in higher concentration in the bulk as compared to 
the surface. Consequently, some of this oxide has been partly reduced to WO2 and 
W(0) by Ar + bombardment. The possible reduction of  some of  WC to W(0) by 
this ion bombardment is not excluded. It is interesting to note that most of  the che- 
misorbed oxygen and deposited amorphous carbon have been removed after the 
Ar + bombardment for 5 min, as can be observed from the symmetrical spectral 
lines of  C 1 s and O 1 s (fig. 2b). A slight decrease in the relative intensities of  the 
bands at ,-~ 3.5 eV and ~ 12.5 eV characteristics of the C 2p and 2s, and the appear- 
ance of a shoulder at ~ 0.2 eV could be observed in the VB energy region (fig. 3b). 
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Continuous exposure of this surface to Ar + for 25 min results in further increase 
in the relative concentrations of WO3, WO2 and W(0) and a slight decrease of WC 
as can be observed from the W 4f energy region (fig. lc), whilein the valence band 
(fig. 3c) we observe a relative decrease in the C 2p (,,~ 3.5 eV) and C 2s (~ 12.5 eV) 
and an increase in the 0.2 eV shoulder attributed to the W(0) metal and the O 2p 
at 6 eV. Further Ar + bombardment of this surface for 40 and 55 min did not pro- 
duce any significant changes, neither in the relative concentrations nor in the struc- 
tures of the different species present on this surface. It is important to note at this 
point that different experiments were carried out in order to verify that the relative 
increase in the WO3 concentration upon Ar + bombardment of the fresh WC sur- 
face is not due to the residual oxygen in the vacuum chamber of the XPS instrument 
or other source(s), but the sample structure itself. 

On the basis of the above results, it seems that carburization of WO3 as a starting 
material in order to obtain WC is not complete. The relative concentration of WO3 
seems to be higher in the bulk as compared to the surface. Chemisorbed oxygen 
and deposited amorphous carbon can be easily removed by Ar + bombardment. 

3.2. TUNGSTEN TRIOXIDE WO3 

The binding energies of the W4f in WO3 powder at 35.5 and 37.6 eV (fig. 4a) 
are similar to those reported in the literature [12]. Deconvolution of this energy 
region reveals the presence of a relatively small amount of W(V) oxide at 34.3 and 
36.4 eV. Argon ion bombardment of the sample for 30 s results in increased reduc- 
tion of WO3 to W(V) oxide, fig. 4b, in a similar way to what has been observed 
by using H2 as a reducing agent [9]. Further reduction to W(0) and WO2, where 
elemental W(0) is relatively high, could be observed after 5 min of Ar + bombard- 
ment (fig. 4e). A considerable change could also be observed in the appearance of 
new structure in the valence band due to these oxide species. A stable surface struc- 
ture composed of WO3, WO2 and elemental W(0) with almost equal concentra- 
tions has been obtained after long periods (45 min) ofAr + bombardment (fig. 4d). 
These results indicate that bulk WO3 could be reduced by Ar + to elemental W(0) 
after its initial reduction to W(V) then W(IV) oxides. Such reduction mechanism is 
completely different from what we observed in the case of A12(WO4)3, where 
W(VI) oxide is directly reduced in an apparent one single step to W(0) [8]. It is 
interesting to note the absence of W(II) oxide in the reduction process of WO3 by 
Ar + bombardment. 

3.3. OXIDIZED WC AT 373 K FOR 10 MIN 

Deconvolution of the W 4f energy region spectrum of the partially oxidized 
WC sample by its exposure to oxygen and its treatment at 373 K for 10 min as 
explained in the experimental part reveals the presence beside WC as the major sur- 
face constituent, of WO3, WO2 and WO (fig. 5a). The carbon 1 s energy region 
shows the presence of a predominant carbidic carbon at 282.7 eV and a relatively 
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Fig. 4. The XPS of the W 4 f  energy region of  tungsten trioxide WO3. (a) Fresh sample, (b) 
after 30 s of  Ar + bombardment, (c) after 5 rain of Ar + bombardment, (d) after 45 min of Ar + 

bombardment. 

small amount  of  deposited amorphous carbon at 284.7 eV which results from the 
initial carburization process (fig. 6a). On the other hand, the  O ls energy region 
shows the presence of  a strong line at 530.5 eV characteristic of oxidic oxygen and a 
relatively small amount  of  chemisorbed oxygen at ~ 531.8 eV (fig. 5a). Also, it 
can be observed that the relative intensity of the band at ~ 6.5 eV attributed to 
O 2p has been increased as compared to the same VB structure of  a clean WC sur- 
face (fig. 7a). 
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Fig. 5. The XPS of the W 4f energy region of WC + 02 at (a) 373 K, (b) 573 K, (c) after 5 rain of 
Ar + bombardment of (b). 

The above results indicate that the treatment of the oxygen chemisorbed WC sur- 
face at 373 K for 10 min results in the partial oxidation of WC to WO3 and WO2 
as well as WO in minor quantity. In this process most, if not all of the chemisorbed 
oxygen has been converted to the oxidic form. 

3.4. OXIDIZED WC AT 573 K FOR 5 MIN 

The relative intensity of WO3 seems to increase considerably upon the treatment 
of the oxygen chemisorbed WC surface at 573 K for 5 min as compared to 373 K 
in the previous experiment (fig. 5b), Also, we notice the absence of WO species 
while the WOz relative intensity has been slightly increased. It can also be observed 
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Fig. 6. The XPS of the C ls and O ls energy regions o f W C  + 02 at (a) 373 K, (b) 573 K, (c) after 
5 min ofAr + bombardment of(b). 

that the O 1 s energy region (fig. 6b) consists mainly of the oxidic form with negligi- 
ble amount of  chemisorbed oxygen. The C 1 s energy region shows a similar struc- 
ture (fig. 6b) as the previous sample at 373 K. In both samples A and B, amorphous 
carbon seems to be present in a certain amount on the WC surface as part of  the 
carburization procedure. 

Argon ion bombardment for 5 min of  this partially oxidized surface enables to 
reduce some of  the WO3 to WO2 and W(0), while a small amount of WC is reduced 
to W(0) as can be observed from the relative concentrations of  these species in the 
W 4f  energy region (fig. 5c). A considerable change in the valence band energy 
region (fig. 7a), as compared to one prior to Ar + bombardment, shows the appear- 
ance of  a shoulder at ~ 0.2 eV attributed to the W(0) state, while the O 2p intensity 
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Fig. 7. The XPS of  the valence band energy region of WC + 02 at (a) 373 K, (b) 573 K, (c) after 
5 min ofAr + bombardment of(b). 

remains relatively high as compared to a clean WC surface (fig. 3a). Moreover, 
we notice that 5 min of Ar + bombardment of this surface is sufficient to remove all 
the deposited amorphous carbon from the surface (fig. 6c). Similarly, no chemi- 
sorbed oxygen could be observed in the O 1 s energy region (fig. 6c) after this Ar + 
bombardment. 

4. Catalytic  results 

In order to show the catalytic behaviour of a relatively pure WC (10 m2/g) sur- 
face with and without oxygen addition at different temperatures, we have studied 
2-methylpentane as reactant (fig. 8). It could be observed in this figure that a total 
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Fig. 8. Catalytic reactions of  2-methylpentane at 623 K on pure and partially oxidized WC surfaces. 

conversion of 2-methylpentane to methane has been obtained in the case of a rela- 
tively pure WC surface. However, the addition of oxygen at 200 K in the order of 
a monolayer results in a considerable decrease in the conversion reaction asso- 
ciated with the appearance of 3-methylpentane as a result of the isomerization reac- 
tion. The addition of more oxygen (2 monolayers) at higher temperature results in 
isomerization reactions with 3-methylpentane as the major product and n-hexane 
and 2, 3-dimethylpentane in relatively small amount. 

Since the catalytic reaction takes place under hydrogen at 623 K, we expect 
that some of WO3 formed upon the oxidation of WC will be reduced to lower oxida- 
tion states of tungsten. 

An extensive work covering the characterization as well as the catalytic results 
of these systems using different reactants will be published shortly [10]. 

5. Conclusion 

Carburization of tungsten trioxide following the procedure mentioned in this 
work results almost in its complete conversion to the carbidic WC form. The pres- 
ence of a very small amount of WO3 on the WC surface and slightly higher in the 
bulk apparently has no pronounced effect on the extensive hydrogenolysis catalytic 
reactions ofhexanes, on this WC surface. 

Argon ion bombardment used as reducing agent results in the reduction of 
WO3 incorporated in the WC structure to WO2 and elemental W(0). The relative 
concentration of W(0) was found to depend on the time of the sample exposure to 
argon ions. 

Chemisorbed oxygen at 200 K on a freshly prepared WC followed by treatment 
of this surface at temperatures higher than 373 K for 10 min resulted in the partial 
formation of WO3 and small amounts of WO2 and WO. The relative concentra- 
tions of WO3 and WO2 have been increased upon the treatment of a different che- 
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misorbed oxygen on a clean WC surface at 573 K for 5 min. No W(II) oxide has 
been observed in this case. Argon ion bombardment of this surface results in partial 
reduction of WO3 and WO2 as well as of WC to W(0). It is interesting to note that 
almost all the chemisorbed oxygen in both samples A and B has been either con- 
verted to the W oxide form or left the surface in an carbon oxide form. These results 
suggest that the isomerization products of hexanes observed on oxygen-exposed 
tungsten carbides can be attributed to a multi-site surface composed of WC, 
WO3, WO2 and W(0) species. 
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