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Interaction of O2 with WC(0001)
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Abstract

We report ARUPS, TDS and AUGER data for the interaction of O2 with WC(0001). Depending on the preparation conditions,
the adsorption of O2 leads to different compounds on the surface. Exposure to several millibars of O2 induces the formation of
WO3 with no carbon left on the surface. The tungsten trioxide may be reduced towards WO2 by annealing in an H2 atmosphere.
Less intensive oxygen treatment (some 10−5 mbar) leads, depending on the oxygen pressure and surface temperature, to elemental
tungsten, tungsten oxide and carboxide in the surface region with the elemental tungsten being covered by a thin oxide layer. At
elevated temperatures, oxygen reacts with the carbon and desorbs as CO, as observed via TDS and ARUPS. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction ciates these molecules at temperatures, even below
300 K [12]. It has also been shown to be active

Early transition metal carbides display interes- for hydrogenation and dehydrogenation reactions
ting physical and chemical properties. Their melt- and it decomposes hydrocarbons [13,14]. The
ing points are above 3300 K and their hardness is reactivity is strongly dependent on the surface
very high [1]. Electronic and magnetic properties composition [14–16 ]. There is still an open discus-
such as electrical and thermal conductivity, Hall- sion in literature as to whether the activity of
coefficient, magnetic susceptibility and heat capac- tungsten carbide is related to regular carbide,
ity are metal-like [2]. They also finally exhibit a carbon and/or oxygen impurities or even to tung-
catalytic activity that is similar to that of some sten oxide. However, most studies point towards
noble metals like Pt, Pd, Rh and Ru [3–6 ]. an involvement of oxygen [14–17].
Tungsten carbide, for instance, is used as a catalyst Until now, there have not been many studies
for the recombination reaction of hydrogen and reported on single crystalline tungsten carbide,
oxygen in batteries [7,8]. An overview of available which may be due to the limited availability of
data for transition metal carbides, including thin single crystals. The electronic structure has been
films and powder samples, is given in [9–11]. probed using photoemission by Johansson et al.

WC reacts strongly with NO and CO and disso- [18] and some adsorption data (CO, O2) are
reported in [19,20]. Håkanson and Johansson [19]
presented the first results on the interaction of* Corresponding author. Fax: (+49) 30 84134307;
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They report the formation of WO and chemisorbed ing. The W/C stoichiometry of the sample was
adjusted by annealing in an oxygen atmosphere atoxygen, but no oxycarbides could be identified.

The aim of this work is to develop a detailed T≥1300 K in the case of excess carbon on the
surface or by glowing in an atmosphere of aboutpicture of the WC(0001)–O2 interaction as a func-

tion of preparation temperature and oxygen pres- 10−4 mbar of CH4 if the surface was carbon-
deficient.sure. For our investigations, we employed angular-

resolved photoemission (ARUPS) of the valence The stoichiometry and chemical state of the
carbon in the surface regime were checked withband and the W4f levels, Auger electron spectro-

scopy (AES) and thermal desorption spectro- AES. Carbidic carbon is characterized by an AES
spectrum with two well-defined satellites at kineticscopy (TDS).
energies somewhat less than that of the main peak.
These are missing for graphitic carbon (see Fig. 1).
Prolonged annealing at T#1600 K turned out to2. Experimental
be a suitable method for transforming graphitic
carbon into its carbidic form.The experiments were performed in an UHV

system that is equipped with facilities for sample
preparation, angular-resolved photoemission
spectroscopy (ARUPS), Auger electron spectro- 3. Results and discussion
scopy (AES) and thermal desorption spectroscopy
(TDS), using a differentially pumped quadrupole The interaction of the WC(0001) surface with

oxygen was studied using ARUPS, AES and TDS.mass spectrometer equipped with a so-called
Feulner cup [21]. For the ARUPS experiments, A TDS spectrum (m/e=28) is shown in Fig. 2. In

this spectrum, two strong CO desorption peaks atlight from the TGM3 monochromator at the
BESSY synchrotron radiation center in Berlin T#750 K and T#890 K are observed, clearly

showing that the interaction with oxygen leads towas used.
The sample was attached to two tantalum wires removal of carbon atoms at a higher temperature.

(0.25 mm in thickness) that were spot-welded to
two tungsten rods (1 mm in thickness). These were
plugged into a sapphire block connected to a liquid
nitrogen reservoir so that the sample could be
cooled down to T#90 K. Heating was possible
either by electron impact or by heat radiation from
a filament mounted behind the backside of the
crystal. With this setup, temperatures of more than
2000 K could be reached. The sample temperature
was determined with a W–Re 26%/W–Re 95%
thermocouple spot-welded to one of the tantalum
wires at a point where the latter was in direct
contact with the crystal.

The WC(0001) sample has been cut off from a
tungsten carbide block after orientation with Laue
backscattering. It contained a large amount of
iron that was removed prior to polishing by annea-
ling at T≥2000 K in UHV. Thereafter, the sample

Fig. 1. Auger spectra of WC(0001) with carbidic and graphiticwas polished using standard procedures. The main
carbon on the surface. The graphite-covered surface was pre-

impurity found during preparation was sulfur, pared by annealing the sample at T#1300 K in an atmosphere
which segregated out of the bulk. This was of 10−4 mbar of CH4, whereas the carbidic surface was obtained

after prolonged annealing at T#1600 K in a vacuum.removed by heating at T≥1300 K and/or sputter-
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Oxygen dosing at 1300 K (spectra at the top in
Fig. 3) leads to a loss of all carbon in the surface
region as judged from the corresponding AES
spectrum. This is in line with the TDS spectrum
displayed in Fig. 2, which shows that oxygen reacts
with the carbon of the tungsten carbide and
desorbs as CO at temperatures below 1300 K. The
corresponding valence band spectrum (top of
Fig. 3) points towards an oxide that is neither
WO3 nor WO2 as judged from the strong intensity
between the Fermi level and a binding energy of
about 4 eV, which is not observed for these oxides
[22,24]. Therefore, its composition must be WO

x
with x<2. The shift of the W4f7/2 level points
towards a composition similar to WO, which is
known to form at the chosen oxidation condi-
tions [19,22].

The 4f7/2 spectrum of the surface dosed at
1300 K displays two states that are about 0.7 eV
apart from each other. This corresponds well to

Fig. 2. Thermal desorption spectrum of 100 L of oxygen on the energy separation of the 4f7/2 states of elemen-
WC(0001). Oxygen was admitted at a pressure of 10−7 mbar tal tungsten and WO [22]. Thus, the state at
while the surface was at a temperature of T#80 K. The mass 31.3 eV in this spectrum may be assigned to ele-
spectrometer was set to m/e=28 during the scan.

mental tungsten. Its binding energy agrees well
with the literature value of 31.4 eV [25], giving
additional support to this assignment. ValenceA possible desorption mechanism might be that at

750 K, the surface carbon is reacted away, leading band spectra as displayed in Fig. 4 also indicate
the existence of elemental tungsten. The strongto the first desorption state, and at 890 K, the

remaining oxygen reacts with carbon in the second feature in the spectrum of the W(110) surface at
about 1.5 eV is also found in the spectra of oxygen-and higher layers. As will be discussed below,

oxygen is able to remove carbon from deeper dosed WC(0001), whereas it is not found in the
spectrum of the untreated tungsten carbide sample.layers, thus supporting this explanation.

A set of electron spectroscopic data of O2 on From these results, one might expect that the
adsorption properties of WC surfaces treated withWC(0001) is depicted in Fig. 3. The W4f7/2

spectrum of the clean surface (Fig. 3a, bottom) oxygen at a high temperature should be consider-
ably influenced by elemental tungsten. However,consists of two peaks that we assign to a bulk

(31.6 eV ) and a surface state (31.3 eV ) in this is not the case. Fig. 5 shows photoelectron
data for the adsorption of CO on clean andagreement with the literature data [22,23].

After dosing of 2000 L of O2 at T#80 K, the oxygen-treated WC(0001) [12]. Whereas there are
strong signals of CO molecular levels in theintensity of the surface state decreases strongly,

but surprisingly, it recovers at higher dosing tem- spectrum of CO on clean WC(0001), no intensity
of CO levels is found in the spectrum of CO onperatures. The attenuation of this feature at

31.3 eV upon oxygen dosing is a strong indication WC(0001) dosed with 2000 L of O2 at T#1300 K.
Since elemental tungsten as well as WC(0001)that it is a surface state of the clean WC(0001)

surface quenched by the presence of an adsorbate. adsorb CO at T#150 K, this proves that the
elemental tungsten is not accessible to the COHowever, the peak appearing on the oxygen dosed

surfaces at a higher temperature must have a molecules; it must be situated below the surface.
The formation of elemental tungsten is not toodifferent origin.
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Fig. 3. Spectroscopic data of 2000 L of on WC(0001) as a function of the surface temperature during oxygen dosage. (a) High-
resolution spectra of the W4f7/2 level; (b) valence band ARUPS spectra; (c) AES data. In all cases, the oxygen pressure during dosage
was 10−5 mbar.

Fig. 5. Arups spectra of CO on oxygen-dosed and clean
WC(0001). Oxygen has been admitted at a pressure of
10−5 mbar, whereas carbon monoxide was dosed at a pressure
of 10−7 mbar. The position of the main peak of W(110) as
taken from Fig. 4 is indicated in the figure.

Fig. 4. Comparison of ARUPS spectra of the valence bands of
W(110), WC(0001), and oxygen-dosed WC(0001). The spectra formation of CO. This may lead to a situation as
of the oxygen-dosed surfaces have been taken from Fig. 3b. schematically drawn in Fig. 6 for an oxygen-

treated tungsten carbide surface: Starting from the
surface, the oxygen depletes the surface of carbon,surprising for the surface dosed at 1300 K since

at this temperature, oxidized tungsten may be leaving elemental tungsten behind. The reaction of
oxygen with the elemental tungsten leads to thereduced by carbon, and tungsten carbide may be

reduced by oxygen. Both reactions result in the formation of a thin oxide film. Its limited thickness
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Fig. 6. Schematic drawing of the distribution of carbon and
oxygen in the surface region of tungsten carbide after oxygen
treatment at high temperature.

Fig. 7. Photoelectron spectra of the W4f7/2 level obtained after
gives rise to the relatively intense emission of the treating the WC(0001) surface with different doses of oxygen
4f levels of the elemental tungsten below the oxide at T#1300 K.
as observed in Fig. 3. The thickness of the oxide
film may be estimated from the ratio of the inten-
sities of the 4f levels of the oxide and the metal In that case, the thickness of the oxide layer was

estimated to be only 1 ML. This fits well with the(upper spectrum in Fig. 3a). With I1 being the
intensity of the oxide W 4f level, I2 that of the estimated thickness of the oxide layer on tung-

sten carbide.elemental tungsten below the oxide and l the
electron mean free path length, the thickness D of However, the existence of elemental tungsten on

the WC(0001) surface dosed at temperaturesthe oxide film may be calculated according to
D=l ln[(I1/I2)+1] [26 ]. Data for the electron between 80 and 600 K may not be traced back to

oxidation with CO formation since the first COmean free path length published in [27] give values
between 0.8 and 4 layers for the electron mean free desorption peak is observed at T#750 K (see

Fig. 2). Surfaces dosed at these temperatures arepath length in different materials at Ekin=60 eV.
From this, it follows that the thickness of the oxide composed of tungsten, carbon and oxygen as is

obvious from the corresponding AES spectra infilm should be between about 0.6 and 2.8 layers.
Under the chosen experimental conditions, the Fig. 3. Apart from the 4f7/2 states already identified

in the spectra at the top and the bottom (Wsurface,thickness of the oxide layer does not depend on
the oxygen dose as indicated by the data shown in Wbulk, W and WO), an additional feature at a

binding energy of 32.4 eV appears. In view of theFig. 7. This figure exhibits spectra of the W4f7/2
level taken after treatment with different doses of chemical composition of the surfaces, we identify

this feature as being due to an oxycarbideoxygen at T#1300 K. Obviously, the intensity of
the oxide induced feature is not a function of the (WC

x
O
y
). The actual chemical composition of the

oxycarbide is not evident from our data. As con-oxygen dose, which means that the thickness of
the oxide film is always between 0.6 and 2.8 layers cluded from the binding energy of the 4f7/2 level,

it is different from the oxycarbide observed byunder the chosen experimental conditions.
However, it should be clear that this is not valid Katrib et al. [29]. Since the binding energy

observed in the present case is lower, it is likelyif the oxygen dose is too small.
The formation of a thin oxide layer has also that the oxycarbide contains less oxygen than that

reported in Ref. [29]. A possible reason for thebeen observed for the oxidation of W(110) [28].
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formation of elemental tungsten could be that the with the data published by Himpsel et al. for the
formation of the oxycarbide is accompanied by a oxidation of tungsten [22], they concluded that
consumption of carbon that might lead to the these states should be due to chemisorbed oxygen
formation of elemental tungsten. (0.29 eV ) and WO (0.66 eV ). The origin of this

The 4f7/2 spectrum taken from the surface dosed misinterpretation is most likely that they did not
at 900 K is similar to that taken after dosing at take into account that the binding energies of the
600 K. This is somewhat unexpected since at tem- 4f bulk states of elemental tungsten and tungsten
peratures between 600 and 900 K, CO formation carbide are different. They assigned the state which
starts, as revealed in Fig. 2. Therefore, one would we find at about 31.3 eV to the 4f7/2 surface state
expect that the spectrum taken after dosing the of tungsten carbide even for the oxidized tungsten
surface at 900 K should be similar to that of the carbide. Therefore, they did not recognize the
surface dosed at 1300 K, which is not the case. A formation of elemental tungsten on the surface.
possible explanation might be that at T#900 K, The oxides WO3 and WO2 may only be obtained
the speed of CO formation is not high enough to upon oxidation of the surface at higher pressures.
overcome the diffusion of carbon atoms into the We have applied pressures of about 100 mbar.
surface region. Since it was not possible to anneal the crystal in

The W4f7/2 binding energies as observed in an atmosphere of several millibars of O2 without
Fig. 3a are compiled in Table 1. Håkanson and burning the filament used for heating, we have
Johansson [19] observed oxygen-induced 4f7/2 heated the sample to T#600 K in UHV and
states that were shifted by 0.29 eV and 0.66 eV admitted the oxygen after the heating has been
relative to the position of WC bulk state. This

switched off so that the oxidation occurred while
agrees well with the states that we assigned to WO

the sample cooled down. The spectrum of the 4fand WC
x
O
y
. From a comparison of their data

levels (Fig. 8a, top) shows strongly shifted states
that are characteristic of WO3 [22,23]. In the

Table 1 corresponding AES spectrum (Fig. 8c, top) aBinding energies of the W4f7/2 levels as determined from Fig. 3a
strong oxygen signal shows up, and the ARUPS

WCSurface W WCBulk WO WC
x
O
y spectrum (Fig. 8b, top) is characteristic of a non-

conducting material. Reduction with H2 at
31.31 31.32 31.64 31.98 32.38

T#500 K leads to a less strongly oxidized surface.

Fig. 8. Spectroscopic data of different preparations of WC(0001). (1) Sample heated up to T=600 K in UHV and cooled down in
an atmosphere of 100 mbar of O2. (2) Oxidized surface after treatment with 3000 L of hydrogen (P=10−5 mbar, t=300 s) at T#500 K.
(3) WC(0001) dosed with 2000 L of O2 (P=2×10−5 mbar, t=100 s) at T#600 K. (4) Stoichiometric WC(0001). (a) High-resolution
spectra of the W4f7/2 level. (b) Valence band ARUPS spectra. (c) AES data.
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The W4f levels (Fig. 8a, second spectrum from the Acknowledgements
top) are shifted less as compared to those of
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Bundesministerium für Forschung undWO3 can still be observed. As indicated by the
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with the tungsten carbide single crystal.exhibits weak intensity near to the Fermi edge

[22,23]. The observed shifts of the W4f states with
respect to the energies of the WC bulk states are
listed in Table 2. These values compare well to
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