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Vanadium carbides were synthesized by the temperature-
programmed carburization of vanadium oxide precursors (V2O5)
with pure CH4 or a mixture of 49.9% CH4 in H2. It was found that
the structural properties of these materials were strong functions of
the heating rate and space velocity employed. The vanadium car-
bides with high surface areas could be prepared using high space
velocities or low heating rates. The vanadium carbides proved to be
active NH3 decomposition catalysts. Since the activity varied with
changes in the surface area and particle size, ammonia decomposi-
tion over the vanadium carbides appeared to be structure-sensitive.
This response was considered to be due to variations in the sur-
face stoichiometry with particle size. In general, the activities of the
vanadium carbides were about 2 times less than those of Mo2C cata-
lyst while vanadium carbides had higher activities by a factor of 1 or
2 than those of Pt/C catalyst. The difference in activities of the vana-
dium and molybdenum carbides might be related to the degree of
electron transfer between metals and carbon. A similarity between
the catalytic behaviors of vanadium carbides and platinum metal
appeared to be due to the similar electronic and magnetic properties
of these materials. c© 1999 Academic Press
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INTRODUCTION

Although previous investigations have reported that
there are remarkable similarities between the catalytic
properties of tungsten carbides and platinum-group metals
for hydrocarbon conversion reactions including dehydro-
genation (1–3), isomerization (3–5), and hydrogenolysis (2,
3, 5), not many studies have, thus far, been published using
other early transition metal carbides. Moreover, there are
very few investigations that were particularly focused on the
reasons for the presence of similarities between the catalytic
properties of these materials and platinum-group metals. It
was considered that these catalytic similarities between the
tungsten carbides and platinum metal were associated with
the electronic properties of these materials. Additionally,
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the catalytic and electronic properties of tungsten carbides
were reported to be related to the carbon stoichiometry in
the metal lattice and near the surface (6–8).

Ross and Stonehart (9) reported that nonstoichiometric
carbides were active for the dehydrogenation of cyclohex-
ane and hydrogenation of propene, implying that there are
relationships between the catalyst stoichiometry and activ-
ity. A similar relationship has been reported by Choi (10) for
the molybdenum nitride catalysts. Using a series of molyb-
denum nitrides, the catalytic properties of these materials
were found to be related to the electronic properties at the
near surface (10). For pyridine hydrodenitrogenation, the
most active catalyst had the surface compositional N/Mo
of 1.0 with the largest particle size. While there is some in-
formation available concerning the structure-function re-
lationships for tungsten and molybdenum carbides, the de-
tailed relationships between the structure, stoichiometry,
and catalytic properties of other early transition metal car-
bides have not yet been systematically presented. There-
fore, a detailed understanding of these properties of early
transition metal carbides is of practical importance for de-
signing a new generation of catalysts which might replace
the expensive platinum-group metals that are currently
used in commercial processes.

In the present study, the structural, compositional, and
catalytic properties of a series of vanadium carbides will be
described. The possible relationships between these prop-
erties of vanadium carbides will also be discussed, and
these properties will be compared to those of other tran-
sition metal carbides and nitrides, and platinum catalyst.
For this purpose, the vanadium carbides were prepared
by the temperature-programmed carburization (TPC) of
vanadium oxide precursors (V2O5) with pure CH4 or a mix-
ture of 49.9% CH4 in H2. Characterization techniques in-
cluding X-ray diffraction (XRD), BET total surface area
measurements, and chemisorption were employed to eval-
uate the structural and sorptive properties of these mate-
rials. The catalytic properties for NH3 decomposition were
also evaluated. Finally, the electronic properties of vana-
dium carbides have been elucidated using X-ray photoelec-
tron spectroscopy (XPS). For reference, the vanadium ox-
ide precursors (V2O5) were also used for XPS studies.
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EXPERIMENTAL

The vanadium carbides were synthesized using a
temperature-programmed reaction of V2O5 (99.95%,
Junsei Chemical Co., Ltd.) with pure CH4 or a mixture
of 49.9% CH4 in H2 (Taedug Gas Co.). It was necessary
to use different heating rates and molar hourly space ve-
locities in order to obtain the final products with different
structural and compositional properties. Therefore, for the
preparation of vanadium carbides, two heating rates of 120
and 240 K/h, and two CH4 molar hourly space velocities
of 20.4 and 10.2 h−1 were used. Here, in this study the mo-
lar hourly space velocity was defined as the reactive gas
molar flow rate (CH4) divided by the molar amount of pre-
cursor (V2O5). Table 1 shows a summary of the synthesis
conditions and BET surface areas of the vanadium carbides.
For the synthesis of carbides, the reaction temperature was
quickly increased from room temperature to 763 K in 1 h.
The temperature was then increased from 763 to 1323 K
at 120 and 240 K/h and held at 1323 K for 1 h. These syn-
thesis conditions are similar to those employed previously
to prepare vanadium carbides (11). After synthesis was fin-
ished, the final product was quenched to room temperature
and passivated in a mixture of 0.5% O2 in He (Taedug Gas
Co.) flowing at 20 cm3/min to prevent bulk oxidation. This
passivation was continued for 2 h. After passivation, the

TABLE 1

Effect of Synthesis Conditions on BET Surface Areas
of Vanadium Carbides

Space velocity Surface area
(h−1)b (m2/g)c

Catalyst Heating rate
code (K/h)a H2/CH4 Total CH4 Fresh Usedd

VaC-1 240 1.004 20.4 10.2 7.8 10.3
9.4e —

VaC-2 120 1.004 20.4 10.2 10.7 9.3
VaC-3 240 0 20.4 20.4 7.1 —
VaC-4 120 0 20.4 20.4 6.1 —
VaC-5 240 1.004 10.2 5.1 7.2 5.0

7.5 f —
VaC-6 120 1.004 10.2 5.1 8.5 8.4
VaC-7 240 0 10.2 10.2 4.2 —
VaC-8 120 0 10.2 10.2 8.4 —
VaC-9 101 1.004 61.2 30.6 31.4 —
V2O5 — — — — 3.9 —
VCg 0.030 5 67,000 13,400 60 —

a Heating rates indicate the linear temperature increases from 763 to
1323 K.

b Ratio of molar flow rate of gas to moles of precursor.
c Measured after pretreatment in H2 flow at 673 K for 3 h.
d Used for NH3 decomposition.
e Measured after H treatment at 673 K for 6 h.
2
f Measured after H2 treatment at 673 K for 4 h.
g Kapoor and Oyama, who used a precursor of V2O5 with 19 m2/g (see

Ref. (43)).
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product was removed from the reactor for subsequent ana-
lysis.

The BET surface areas were measured by the flow
method using a Quantasorb Model Chembet 3000 sorp-
tion analyzer. The standard pretreatment consisted of heat-
ing the sample in H2 (99.99%, Taedug Gas Co.) flowing
(20 cm3/min) at 673 K for 3 h in order to remove the pas-
sivation layer and other impurities. The temperatures and
times were varied for selected samples to evaluate the ef-
fects of the pretreatment conditions on the surface area.
The amount of nitrogen removed from the flowing gas mix-
ture (30.1% N2 in He, Taedug Gas Co.) and physisorbed
on the surface was determined using a thermal conductiv-
ity detector. Accurately measured pulses (±2%) of purified
N2 (99.998%, Taedug Gas Co.) were used to calibrate the
amount of adsorbed N2. The average size of particles at the
surface, dp, was estimated using the equation dp = 6/Sgρ,
where Sg is the BET surface area and ρ is the density of the
primary bulk phase (ρ = 3.36 and 5.64 g/cm3 for V2O5 and
V8C7, respectively).

Using the same Quantasorb sorption analyzer, oxy-
gen chemisorption uptakes were measured by the pulsed
method. Oxygen chemisorption proved to be a useful
method to determine the number of active sites in Mo car-
bide and nitride hydrotreating catalysts (12, 13). The pre-
treatment conditions were basically the same as those used
to determine the BET surface areas. After pretreatment,
the catalysts were purged with flowing He at room temper-
ature. Calibrated volumes of 10.1% O2 in He (Taedug Gas
Co.) were then injected into the He carrier gas entering the
catalyst bed. The amount of oxygen adsorbed was easily
calculated from the number of pulses and the peak areas.

The bulk structures and compositions of the materi-
als were evaluated using a computer controlled Rigaku
Rotaflex DMAX-B rotating anode X-ray diffractometer
with a CuKα radiation source and a Perkin–Elmer 2400
CHN analyzer with an autosampler, respectively.

For catalytic activity measurements, roughly 0.2 g of cata-
lyst was loaded over a plug of glass wool packed into the
reaction zone of a 9 mm O.D. pyrex glass flow reactor. A
chromel-alumel (K type) thermocouple was used to mon-
itor the temperature. The catalyst was heated in H2 from
room temperature to 673 K at a rate of 120 K/h, held at
673 K for at least 14 h, and then cooled to the reaction
temperature. After reduction, NH3 (99.995%) was passed
over the catalyst at atmospheric pressure with the same
inlet space velocity based on the bed volume of 7500 h−1

for NH3 decomposition reaction. The activities were mea-
sured at temperatures between 633 and 843 K. All of these
measurements were in agreement with an estimated experi-
mental error of ±10%. External mass transport limitations

were absent under the present reaction conditions since
negligible changes in the reaction rate were observed with
the variation of reactant flow rate. The catalytic properties
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of vanadium carbides were compared to those of VN, Mo2N,
Mo2C, and 0.5 wt% Pt/C (Engelhard) that were pretreated
under similar conditions. The reactor effluent was analyzed
using an on-line Donam gas chromatograph (DS 6200)
equipped with both flame ionization and thermal conduc-
tivity detectors. The products were separated using Porapak
Q packed columns (80/100, 8′ × 1/8′′, CRS) connected to a
gas chromatography detector.

The XPS was carried out using a VG ESCA LAB 220 I
spectrometer using the MgKα X-ray source. The XPS spec-
tra of the samples were collected before and after Ar ion
sputtering at 3 kV for 1 h. For some selected samples, dif-
ferent Ar ion sputtering conditions were used to determine
the influence of sputtering on the electronic structure of
the samples. Vacuum in the test chamber during the col-
lection of spectra was typically less than 4 × 10−9 Torr. The
spectrometer energies were calibrated using the Au 4f1/2

peak at 84.0 eV and the Cu 2p3/2 peak at 932.6 eV. Gaussian
and/or Lorentzian peaks were deconvoluted using a nonlin-
ear least-squares algorithm. The atomic compositions were
estimated based on comparisons of the integrated peak ar-
eas normalized by the atomic sensitivity factors. Errors in
the composition were expected to be ±15% (14).

RESULTS

Sorption Analysis

Table 1 shows the BET surface areas of the vanadium car-
bides ranging from 4.2 to 31.4 m2/g. It is clear that the surface
areas depended on the synthesis conditions employed. In-
creasing space velocity resulted in the increase of surface ar-
eas of these materials; however, increasing the heating rate
caused vanadium carbides to have low surface areas. For
the relationship between space velocity and surface area,
it was previously reported that high space velocities were
necessary for the synthesis of high surface area carbides
and nitrides (12, 13). For Mo carbides synthesized using
Mo oxide (MoO3) (12), the increase in surface area using
high space velocities may be due to the removal of H2O
vapor from the reaction interface. Increasing the heating
rate resulted in decrease in the surface areas of vanadium
carbides. The reason for this is not yet clear. Nonetheless,
Choi et al. [13] reported that this factor may influence the
product selectivity of the solid-state reactions, and thereby,
the surface areas may be changed with heating rate.

The effect of H2 pretreatment condition on the surface
areas of vanadium carbides is also shown in Table 1. The
surface areas increased up to by 21% with increasing the
treatment time from 3 to 4 or 6 h. It appears that this be-
havior was due to pore opening caused by the progressive
conversion of the oxycarbide passivation layer into either

the denser vanadium carbide or vanadium metal. Another
reason might be ascribed to the removal of impurities (C
and O) on the surface by H2 treatment. For the synthesis of
IL CHOI

vanadium carbides, the higher synthesis temperature used
may expedite the formation of amorphous or graphitic car-
bon through the methane decomposition reaction. There-
fore, the high surface area vanadium carbides may not be
easily synthesized due to continual deposition of polymeric
carbon on the product surface. However, it is possible to
increase the surface area by removing polymeric carbon
via H2 treatment at high temperature. In this study, the
pretreatment temperature of 673 K was used, which could
possibly remove the polymeric carbon on the surface of
vanadium carbides. This was confirmed by the findings that
methane was produced during hydrogen treatment and the
graphitic carbons were observed by XPS. The surface areas
of fresh and used vanadium carbides for ammonia decom-
position can also be seen in Table 1. Pretreatment condi-
tions for used samples were the same as those for fresh
samples. In general, the surface areas of the used vanadium
carbides decreased except for VaC-1.

According to the V–C phase diagram, the vanadium car-
bides between x = 0.5 and 1 in VCx are thermodynamically
stable below 1900 K. Under our synthesis conditions, the
crystalline phase of all the materials prepared in this study
was observed to be one single phase of V8C7 using X-ray
diffraction analysis (Fig. 1). V8C7 is simple cubic, while V2O5

is orthorhombic. During the carburization of V2O5 to V8C7,
the specific volume (per gram of V) was decreased by 61%,
resulting in the evolution of cracks and the exposure of sig-
nificant amounts of internal surface area. One of the reasons
for the increase in surface area is the increased shortest
metal–metal distance of vanadium metal (2.62 → 4.16 Å)
as a result of carbide formation. The insertion of carbon in
the interstitial spaces of vanadium metal expands the metal
lattice, resulting in an increase in the metal–metal bond dis-
tance. The increase in the metal–metal distance causes the
variation in structure, leading to the creation of the final
products with higher surface area.

Table 2 shows the oxygen chemisorptive properties of
vanadium carbides measured at room temperature. A
FIG. 1. Representative XRD patterns of vanadium oxide (V2O5) and
vanadium carbide (V8C7).
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TABLE 2

Oxygen Chemisorptive Properties of Vanadium and Other Metal Carbides

Catalyst Surface area Oxygen uptake Oxygen capacity×10−13 Surface coverage
code (m2/g) (µmol O2/g)a (molecules O/cm2) (%) References

VaC-1 7.8 1.09 1.68 1.5 Present study
VaC-2 10.7 2 2.25 2.1 Present study
VaC-2 10.7 1.77b 1.99 1.9 Present study
VaC-3 7.1 0.72 1.22 1.1 Present study
VaC-4 6.1 1.15 2.26 2.1 Present study
VaC-5 7.2 0.80 1.34 1.2 Present study
VaC-6 8.5 0.97 1.37 1.3 Present study
VaC-7 4.2 0.79 2.25 2.1 Present study
VaC-8 8.4 0.47 0.67 0.6 Present study
VaC-9 31.4 3.1 1.14 1.0 Present study
Mo2C 7 9 16 14.7 (12)
W2C 37.3 2.9 0.94 0.9 (23)

W2C 38.7 2.7 0.84 0.8 (23)

r
a Measured at room temperature after 3 h hydrogen
b Measured after 2 h hydrogen reduction.

nearly linear relationship between the oxygen uptake and
the BET surface area was observed for the vanadium car-
bides. The average oxygen capacity was measured to be
1.81 × 1013 O/cm2. Using an assumed surface vanadium
number density (1.09 × 1015 V/cm2), the average oxygen
uptake was equivalent to ∼2% surface coverage by atomic
oxygen. The values for vanadium carbides, while compara-
ble to those for tungsten carbides, are significantly lower
than those for molybdenum carbides. The low uptake val-
ues of vanadium carbides in the current study might be at-
tributed to the surface blockage by polymeric carbon and/or
residual oxygen at surface. This is supported by the obser-
vation that the oxygen uptake increased with increasing the
pretreatment period, as shown in Table 2.

Catalytic Properties

The vanadium carbides have proved to be active for NH3

decomposition. The freshly prepared vanadium carbides
pical ammonia conversion versus time on stream over
e at 653 K.
eduction.

exhibit the highest initial conversion, but then lose activity
gradually over time (Fig. 2). The reaction rates decreased
to the steady-state activities during the first 40 min on
stream and remained constant for several hours on stream.
Figures 3 and 4 show the catalytic behaviors of vanadium
carbides for NH3 decomposition as a function of the reac-
tion temperature and the particle size, respectively. Arrhe-
nius plots of the activities (Fig. 3) and the activity–particle
size plots (Fig. 4) over vanadium carbides exhibit that the
activities increased with decreasing the surface area. A simi-
lar relationship between activities and the surface areas was
also observed for Mo carbides using pyridine hydrodenitro-
genation (12).

Table 3 shows the comparison of the catalytic proper-
ties of the vanadium carbides with those of other materials.
The catalytic reaction rate expressed on a gram basis was
calculated using consumed, decomposed NH3 moles and
catalyst weight at steady state. Subsequently, areal rate and
FIG. 3. Arrhenius plots of the NH3 decomposition activities over
vanadium carbides.
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FIG. 4. Activities as a function of the particle sizes over vanadium
carbides.

steady-state catalytic activity were estimated by dividing
reaction rate by surface area and oxygen uptake, respecti-
vely. Even though vanadium carbides generally exhibited
the lower reaction rates on a per gram basis, the activi-
ties for vanadium carbides bracketed those determined for
the vanadium nitrides, molybdenum carbides, and platinum
catalysts. On an oxygen uptake basis, the activities of the
vanadium carbides were superior to that of vanadium ni-
tride. These activity differences might be due to the elec-
tronic and structural differences of vanadium carbide and
nitride prepared by the addition of carbon and nitrogen into
vanadium lattice, respectively. A similar activity difference

could be found for Mo carbides and nitrides in pyridine hy-
drodenitrogenation (12, 15). The activities of the vanadium
carbides we

Table 4.
The V 2p spectra typically consisted of two envelopes.

t peaks are
re about 2 times less than those of Mo carbide

TABLE 3

Catalytic Properties of Vanadium Carbides and Other Materials for NH3 Decomposition

Catalyst Particle size Reaction rate Areal rate Activity 1Eact

code (nm) (µmol/g/s)a (µmol/m2/s) (1/s) (kcal/mol) References

VaC-1 137 3.40 0.44 3.12 34 Present study
VaC-2 99 7.98 0.75 3.99 36 Present study
VaC-3 150 1.28 0.18 1.78 33 Present study
VaC-4 175 12.9 2.11 11.2 38 Present study
VaC-5 148 0.96 0.13 1.20 37 Present study
VaC-6 125 3.81 0.45 3.93 32 Present study
VaC-7 256 10.19 2.43 12.9 35 Present study
VaC-8 127 1.74 0.21 3.70 39 Present study
VaC-9 34 1.55 0.05 0.50 30 Present study
VNb — 5.1 0.20 0.18 33 (17)
Mo2Nb — — 4.04 — 35 (16)
Mo2C — 24.6 3.23 28.3 36 Present study

−4

The relative intensities of spin–orbit double
Pt/C — 0.74 6 ×
a Measured at ∼101 kPa and 843 K.
b Measured at ∼101 kPa and 800 K.
IL CHOI

catalyst, while vanadium carbides had activities that were
higher by a factor of 1 or 2 than those of Pt/C catalyst. How-
ever, the areal rates of all vanadium carbides are lower
than those of Mo nitride catalyst. The ammonia decom-
position activation energies for all the vanadium carbides
were similar with an average value of 35 kcal/mole, suggest-
ing that ammonia decomposition over vanadium carbides
proceeded via a common mechanism. However, these val-
ues are higher than those of platinum catalyst, indicating
that the reaction rates over vanadium carbides were more
temperature- sensitive. The activation energies of the vana-
dium carbide catalysts were similar to those reported in the
literature for ammonia decomposition reaction (16, 17).

XPS Spectra

The typical survey of XPS spectra for the vanadium car-
bides is shown in Fig. 5. After Ar ion sputtering for 30 min,
the species of V 2p, C 1s, O 1s could be clearly seen in the
survey. To a first approximation, it can be seen that the peak
size of O 1s between 530 and 532 eV is fairly large. This
result indicates that the sputtering time of 30 min may not
be sufficient for cleaning the surfaces of vanadium carbide.
Since constant amounts (as expressed in area) of core levels
of V 2p, C 1s, and O 1s were obtained after 1 h sputtering,
a prolonged time of 1 h in Ar sputtering was used for the
vanadium carbides used in this study. One might expect
that this sputtering pretreatment would influence primarily
on the light elements such as C and O, and have a relatively
small effect on the heavy metal of vanadium. As will be
discussed later, this can clearly be seen by the results in
10 0.07 24 Present study
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FIG. 5. A typical survey of XPS spectra for the vanadium carbide
showing the core levels of V 2p, C 1s, and O 1s.

given by the ratio of their respective degeneracies, and
the intensity ratio for the V 2p3/2–V 2p1/2 doublet should
be I(2p3/2)/I(2p1/2) = 2/1. A splitting energy of ∼7.7 eV
was expected for the V 2p3/2–V 2p1/2 doublet. The bind-
ing energies of V 2p were shifted to lower ones (517.3 →
516.1 → 513.2 eV) as the carburization proceeded from ox-
ides (V5+ → V4+ → Vδ+). The distribution of vanadium ox-
idation states for vanadium carbides was estimated by the
deconvolution of vanadium 2p spectra (Fig. 6). Peaks A, B,
and C in Fig. 6 indicate the deconvoluted vanadium 2p3/2
species of V2O5, VO2, and VCx, respectively. A species with tween vanadium and carbon is 1.3 electrons per vanadium

a V 2p3/2 binding energy of 513.2 ± 0.2 eV was newly iden-
tified by the deconvolution of V 2p spectra (Table 4). The

TABLE 4

XPS Binding Energies (eV) of V 2p3/2, C 1s, and O 1s Core Levels for Vanadium Carbides and Oxides

V 2p3/2 C 1s O 1s

Catalyst Vδ+ V4+ V5+ C1 C2 C3 O1 O2 Olatt.

codea (VCx)b (VO2) (V2O5) (carbidic) (free) (ads) (VO2) (V2O5) (lattice)

VaC-1 513.2(36)c 516.1(27) 517.3(37) 282.5(10) 284.3 285.8 530.2 530.9 532.1(31)
VaC-1s1 513.1(57) 516.2(18) 517.2(25) 282.4(14) 284.4 285.6 530.1 530.8 532.3(40)
VaC-1s2 513.2(76) 516.1(11) 517.3(13) 282.5(18) 284.3 285.8 530.2 530.9 532.1(42)
VaC-2 513.2(21) 516.1(44) 517.3(35) 282.5(7) 284.3 285.8 530.2 530.9 532.1(19)
VaC-2s2 513.3(50) 516.0(27) 517.2(23) 282.6(12) 284.4 285.7 530.1 530.8 532.2(47)
VaC-5 513.2(78) 516.2(14) 517.3(8) 282.6(13) 284.4 285.7 530.2 530.9 532.3(23)
VaC-5s2 513.2(81) 515.9(10) 517.1(9) 282.6(17) 284.5 285.6 530.3 530.8 532.1(46)
VaC-7 513.2(22) 516.1(23) 517.3(55) 282.5(4) 284.3 285.8 530.2 530.8 532.2(8)
VaC-7s1 513.1(34) 516.0(20) 517.1(46) 282.4(8) 284.4 285.6 530.1 530.9 532.2(24)
VaC-7s2 513.2(64) 516.1(14) 517.3(22) 282.5(15) 284.3 285.8 530.2 530.8 532.1(26)
VaC-9 513.3(42) 515.9(30) 517.2(28) 282.6(11) 284.5 285.6 530.2 530.9 532.3(12)
VaC-9s2 513.2(71) 516.1(13) 517.3(16) 282.5(16) 284.3 285.8 530.3 530.9 532.1(64)
V2O5 — 516.1(19) 517.3(81) — 284.3 285.8 530.3 530.9 532.1(12)
V2O5-s2 — 516.1(50) 517.3(50) — 284.3 285.8 530.3 530.9 532.1(19)

in vanadium carbides, and suggests an actual ionic contribu-
tion to the bonding of vanadium carbides. Although there
a The s1 and s2 indicate Ar sputtering time of 30 min and 1 h, respectivel
b 0 < δ < 4 in oxidation number.
c Area percentage is given in parentheses.
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FIG. 6. The deconvoluted XPS spectrum of V 2p energy region for
vanadium carbides. Peaks (A), (B), and (C) are due to V2O5, VO2, and
V8C7, respectively.

binding energy of this species is midway between those as-
signed to V4+ (516.0 ± 0.2 eV) and V0 (511.9 ± 0.2 eV), and
is about 1.3 eV higher than that for metallic V0. This species,
then, was temporarily denoted as Vδ+, where 0 < δ < 4.
However, using V oxides the oxidation number was esti-
mated by plotting the V 2p3/2 binding energies against the
oxidation number (Fig. 7). The binding energy assignments
for V0, V4+, and V5+ states suggested that the binding en-
ergy of 513.2 eV might be due to V1.3+. This value indi-
cates that the absolute magnitude of charge transfer be-
y.
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FIG. 7. Plot of V 2p3/2 binding energies versus the oxidation number.

is no reliable standard for the binding energy of V1.3+, a
similar V1.2+ state has previously been suggested to exist
for vanadium carbide films (18). It is noteworthy that with
increasing Ar ion sputtering time, the area percentage of
Vδ+ is increased while those of V4+ and V5+ are decreased
(Table 4). These results indicate that at the surface, the car-
bides are exposed as the oxide portions are decreased. This
is supported by the calculation for the relative intensity of
VVCx/VVOt, as shown in Table 5. The relative intensity of
VVCx/VVOt is increased with increasing the sputtering time
for vanadium carbides.

The binding energies of C 1s in the vanadium carbides are
shown in Table 4. Figure 8 shows the C 1s spectra consisting
of three deconvoluted components. The peak A in Fig. 8 in-
dicates the C 1s peak with a binding energy of 285.6 ± 0.2 eV,
which is associated with adsorbates on the surface such as

TABLE 5

Atomic Ratios and Relative Intensities of V 2p3/2, C 1s, and O 1s
Core Levels for Vanadium Carbides

Atomic ratioa Relative intensityb

Catalyst
code C1/Vδ+ c C1/Vt O1+2/Vt VVCx/VVOt C1/Ct Olatt./O1+2

VaC-1 1.54 0.56 1.99 0.56 0.10 0.45
VaC-1s1 1.07 0.35 1.70 1.33 0.14 0.67
VaC-1s2 0.76 0.22 1.36 3.17 0.18 0.72
VaC-2 1.22 0.29 2.16 0.27 0.07 0.23
VaC-2s2 0.79 0.30 1.83 1.00 0.12 0.89
VaC-5 0.99 0.78 0.80 3.71 0.13 0.30
VaC-5s2 0.96 0.76 0.72 4.26 0.17 0.85
VaC-7 0.12 0.08 1.28 0.28 0.04 0.09
VaC-7s1 0.10 0.06 1.17 0.52 0.08 0.32
VaC-7s2 0.10 0.05 1.18 1.78 0.15 0.35
VaC-9 1.32 0.87 2.42 0.72 0.11 0.14
VaC-9s2 1.19 0.73 1.11 2.45 0.16 1.78

a The C1, Vt, and O1+2 indicate the carbidic carbon, total vanadium, and

total oxygen (O1 + O2), respectively.

b The VOt and Ct represent the total amount of vanadium oxides (VO2

and V2O5) and the total carbon amount (Ct = C1 + C2 + C3), respectively.
c 0 < δ < 4 in oxidation number.
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CO, CO2, and hydrocarbons. The carbon peak with a bind-
ing energy of 284.3 ± 0.2 eV corresponds to the free carbon
contaminated on the surface of carbides (peak B in Fig. 8),
suggesting that this free carbon is graphite-like. The peak
C in Fig. 8 shows the carbidic carbon with 282.4 ± 0.2 eV,
which is ascribed to the photoelectrons ejected from the car-
bon in vanadium carbide lattice. Thus, these carbidic carbon
peaks were increased with increasing the sputtering time,
as shown in Table 4. This can also be seen by the increase
in the relative intensity of C1/Ct in Table 5.

Table 4 also shows the O 1s energy region for vanadium
carbides with the sputtering time. Peaks attributable to
V4+, V5+, and chemisorbed or lattice oxygen can be iden-
tified with three different binding energies of 530.1 ± 0.2,
530.8 ± 0.2, and 532.1 ± 0.2 eV, respectively. Vanadium car-
bides used in this study had the same or very similar O 1s
binding energies. Although the oxygen species is not yet
well-assigned, it is generally agreed that peaks at ∼530 eV
are due to oxides and the peak at ∼532 eV is attributed to
oxygen species dissolved in the metal or to adsorbed oxy-
gen. The relative intensity of the lattice oxygen inserted or
dissolved into the vanadium carbides to the oxygen in vana-
dium oxides (VO2 and V2O5) increased significantly after
ion sputtering (Table 5), showing that there is a relationship
between a relative intensity and a surface area of vanadium
carbides. These results indicate that the oxygen extent in-
serted in high surface area vanadium carbide is larger than
that in the low surface area carbide.

Atomic Ratios

Table 5 summarizes the XPS results, showing atomic ra-
tios (C/V, O/V) and relative intensities of V 2p3/2, C 1s,
and O 1s core levels for vanadium carbides. The C/V ratios
were calculated using the V 2p3/2 and C 1s peak areas, while
the O/V ratios were estimated using the V 2p3/2 and O 1s
peak areas. Quantitative relationships between C and V
(C/V atomic ratio) were derived from calculation of peak
area ratios of the respective states in the deconvoluted V
2p3/2 spectra (Fig. 6). These areas were normalized using
the atomic sensitivity factors. The atomic sensitivity factors
for the V 2p3/2, C 1s, and O 1s peaks were 1.3, 0.25, and 0.66,
respectively (14). Errors in the composition were expected
to be less than ±15%.

There are two different expressions for carbon–vana-
dium atomic ratios, C1/Vδ+ and C1/Vt where C1 and Vt indi-
cate the carbidic carbon and the total vanadium, respecti-
vely. With increasing the sputtering time, the ratios of
C1/Vδ+ and C1/Vt generally decreased. This behavior was
also observed for the atomic ratios of oxygen to vanadium,
as shown in Table 5. These results again indicate that the
effect of sputtering was larger on the light elements of C

and O than on the heavy V metal. Similar results were also
found for Mo 3p3/2, N 1s, and O 1s in the molybdenum ni-
trides (19, 20).
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a
FIG. 8. The deconvoluted XPS spectrum of C 1s energy region for van
as CO, CO2, and hydrocarbons. Peaks (B) and (C) indicate the free carbon

From the peak deconvolution of V 2p3/2 the binding ener-
gies for C 1s and Vδ+ 2p3/2 were 282.4 ± 0.2 and 513.2 ±
0.2 eV, respectively. With reference energies for C 1s and
V 2p, the shifts in the binding energy of the C 1s and V 2p
levels were unambiguously estimated. Taking reference en-
ergies of 511.9 eV for V 2p and 284.4 eV for C 1s, the V 2p
peak tended to shift to higher energies while the C 1s
peak shifted to lower energies. This result indicated that
electron charge was transfered from the V 3d states to the
C 2p states. The direction of charge transfer from vanadium
to carbon was previously confirmed by the estimation of
positive oxidation state of vanadium in the current study.
Accordingly, it was considered that an ionic character of
bonding was induced in the V–C lattice while the cova-
lency of the V–C bonding has been reduced (21, 22). The
expected binding energy separation between elemental V
and adsorbed carbon is 227.5 eV. This result suggested that
after carbiding, the increase of 3.3 eV in binding energy sep-
aration between the Vδ+ 2p3/2 and C 1s peaks, and the bind-
ing energy separation of ∼229.5 eV between V0 and C 1s,
were attributed to the formation of vanadium carbides.

DISCUSSION

In the present study, the experimental data for NH3 de-
composition over vanadium carbide catalysts show that
catalytic activities of vanadium carbides are similar or su-
perior to those of platinum metal and other metal com-

pounds. It is generally known that early transition metal
carbides and nitrides exhibit catalytic properties similar to
those of platinum-group metals (Group 8–10 metals in gen-
dium carbides. Peak (A) is associated with adsorbates on the surface such
and the carbidic carbon, respectively.

eral) (23, 24). By mixing early transition metals (Mo and W)
with carbon or nitrogen, the surface reactivity of the host
metals could be tempered, thereby causing their catalytic
behaviors to resemble those of platinum-group metals (4,
25). For instance, the Mo metal was initially inactive for
ethane hydrogenolysis but became catalytically active dur-
ing carburization of the bulk metal (26). Levy and Boudart
(4) reported the resemblance of WC to Pt using both the
formation of water by hydrogen and oxygen at room tem-
perature and the isomerization of 2,2-dimethylpropane to
2-methylbutane, but showing no catalytic behavior over W
metal. Likewise, it was reported that vanadium films were
not very active in ammonia decomposition but became ac-
tivated after bulk nitridation (27). Therefore, from these
previous results it appears that nitridation or carburiza-
tion of the bulk metals might have caused catalytically inert
parent metals to possess the catalytic behaviors similar to
those of platinum-group metals. Notwithstanding that the
early transition metal carbides and nitrides show catalytic
properties similar to those of platinum-group metals, there
is very little known concerning both the relationships be-
tween structural, stoichiometric, and catalytic properties of
these materials, particularly for vanadium carbides, and the
reasons that the catalytic similarities existed between these
materials and platinum-group metals. Accordingly, these
possible correlations and similarities for vanadium carbides
are discussed in the following segments in more detail.

Relationship between Structure and Catalytic Function
Since the vanadium carbides exhibited the catalytic activ-
ity for NH3 decomposition, the results indicated that there
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is a relationship between the surface area and the reaction
rates normalized by the surface area and oxygen uptake.
The plot of vanadium carbide activities as a function of
particle size shows that the activity decreased nearly lin-
early with increasing the surface area (Fig. 4). Therefore, it
was concluded that NH3 decomposition over the vanadium
carbides was structure-sensitive. The ammonia decomposi-
tion has typically been found to be structure-sensitive over
tungsten metal (28) and molybdenum nitrides (29). Lee
et al. (29) reported that the ammonia decomposition rate
of δ-MoN was greater than that of β-Mo16N7 or γ -Mo2N,
indicating the structure sensitivity for NH3 decomposition
on Mo nitrides. A similar result was observed for pyridine
hydrodenitrogenation (HDN) over Mo carbides. Choi et al.
(12) reported that the pyridine HDN activities over Mo
carbides, which have different surface compositions but the
same bulk composition, increased with decreasing the sur-
face area. They concluded that the pyridine HDN over the
Mo carbides was a structure-sensitive reaction. There are
some examples of published structure-sensitive reactions
over transition metal nitrides and carbides in Table 6.

For structure-sensitive reactions, the reaction rates ex-
pressed as turnover frequencies usually increase or de-
crease linerarly with increasing the particle size, or vary
convexly within the range of given particle sizes. At this
time, variations in the reaction rates are again associated
with the various crystallographic planes exposed at the cata-
lyst surface. It is generally known that the structure sen-
sitivity is typically manifested for metal particles smaller
than ∼10 nm (30). The reason for this is that within this
range of particle size, the crystallographic planes or struc-
tures of metals are readily alterable as a function of parti-
cle size. However, for interstitial compounds like transition
metal carbides and nitrides, the variation in the structure
of materials could be possibly made within somewhat dif-
ferent ranges of particle size. In fact, for transition metal
carbides and nitrides, the metal–metal atom distance may
be increased when the nonmetal atoms such as carbon or

nitrogen enter the interstices between the metal atoms (31).
For vanad
in vanadiu

Here, the larger average bulk composition for V8C7 was
polymeric
vanadium
ium carbides, the shortest metal–metal distance
m metals (2.62 Å) has increased by 60% due to

TABLE 6

Published Structure-Sensitive Reactions over Transition Metal Nitride and Carbide Catalysts

Catalysts Reaction type Particle sizes (nm)a Phases present Reference

Mo nitrides NH3 synthesis 3, 12, 63 Mo2N (FCC) (44)
Mo nitrides Pyridine hydrodenitrogenation 5, 15, 27, 53, 160 Mo2N (FCC) (15)
Mo carbides Butane hydrogenolysis 3, 5, 11, 32 MoCx (HCP) (45)
W carbides Butane dehydrogenation 10, 35, 55, 96 WCx (HEX) (32)

considered to be due primarily to the presence of
carbon produced during the carburization of
Mo carbides Pyridine hydrodenitrogenation
V nitrides NH3 decomposition

a Measured for all the unsupported materials.
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vanadium carbide formation (4.16 Å). Subsequently, the
physical, chemical, and electronic properties of the host
metals can significantly be altered. For catalysts like metal
carbides and nitrides, it is also believed that there are some
differences between the activities of materials with differ-
ent composition and structures that can coexist.

Given the observed variations in activity with the surface
area, the near surface C/V stoichiometry was a fuction of
the particle size, even for the relatively large particles in
the metal carbides. Table 6 also shows the variations of the
particle size of early transition metal carbides and nitrides
for structure-sensitive reactions within a wide range. For
example, it was reported that the significant variations in the
near surface compositions and structures were observed for
Mo nitrides with the particle sizes between 5.5 and 159.6 nm
(19). All of these Mo nitrides were found to have the same
bulk structure (γ -Mo2N, fcc) with N/Mo = 0.5. However,
the structure in the near surface was body-centered with
different N/Mo ratios ranging from 0.48 to 1.3. In the same
manner, for the structure sensitivity over vanadium carbides
the different surface composition with particle size should
also be considered, as demonstrated later in this study.

Relationship between Surface Composition
and Catalytic Function

It is important to find out whether there is a correlation
between the surface composition and the catalytic pro-
perties of vanadium carbides or not. Since catalysis is a
surface phenomena, the surface properties should also be
considered in entirely understanding the catalytic function
of materials. Therefore, using XPS the electronic structures
and the surface compositions were obtained for both the
vanadium carbide catalysts in this study and the vanadium
oxides for reference. While the surface stochiometries of
C/V for vanadium carbides are in the range of 0.1 and 1.19
after 1 h sputtering, the average bulk composition of C/V
obtained from a CHN analyzer was found to be ∼1.75.
58, 66, 74, 405 Mo2C (HCP) (12)
89, 101, 126, 145 VN (FCC) (46)
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oxide. Hence, these results indicate that for vanadium car-
bides, the properties of surface are different from those of
bulk. Compared to the bulk composition, the smaller com-
positions suggest the carbon-deficient vanadium carbides
while the larger values indicate the vanadium carbides
containing excess carbon atoms located on other sites than
lattice carbons in the cubic structure, such as interstitial
or substitutional of vanadium atoms. These excess carbon
atoms have a different bonding from V–C one in the cubic
structure.

One might have questions concerning the reason for the
observation that the surface properties for vanadium car-
bides were different from the bulk ones. In fact, it is not
unusual to observe the compositional difference between
the surface and the bulk in the early transition metal ni-
trides and carbides (19, 32). Choi et al. (15) found that
using XPS, the surface compositions of N/Mo for molyb-
denum nitrides varied ranging from 0.48 to 1.3 while all
the molybdenum nitrides had the same bulk composi-
tion of N/Mo = 0.5. They also observed that the structure
in the near surface of molybdenum nitrides was body-
centered, while the structure in the bulk was face-centered.
Hakansson et al. (33) reported that using the vanadium car-
bide film with the fcc (100) crystal face, the carbon atoms in
the bulk interstitial sites would be bonded to six metal atoms
while those on the topmost surface layer would be coordi-
nated to at most five metal atoms. However, for the vana-
dium carbides with the fcc (111) configuration, the surface
would be terminated by vanadium atoms, with sequential
layers of carbon and vanadium toward the bulk structure
(34, 35). It was also reported that the C 1s energy level of the
surface carbide is shifted from the bulk carbides for (100)-
and (111)-terminated VC surfaces (33), and this shift is
probably related to structural differences. Since these low-
index surfaces of (100) and (111) are the most symmetric
faces of fcc crystal, the similar structural difference is also
expected to exist for other vanadium carbides with differ-
ent crystal faces, for example, the polycrystalline vanadium
carbides in the present study.

It was found that the variations in the surface proper-
ties of vanadium carbides correlated well with significant
changes in the catalytic properties. Figure 9 shows the cata-
lytic activities and the particle sizes as a function of surface
stoichiometry (C/V), suggesting an almost linear relation-
ship between the activities and the particle sizes, and the
C/V values. These results indicate that the most active cata-
lyst was carbon-deficient at surface and had a large particle
size. Chen et al. (36) reported that using a VC/V(110) film,
the fractions of decomposition of 1,3-butadiene, isobutene,
and 1-butene decreased with increasing the C/V ratio. It was
suggested that using HREELS, the interaction between the

C==C bond of adsorbate and the substrate is much weaker
on the carbide-modified surface. Some similar results have
been previously reported for tungsten carbide catalysts (2,
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FIG. 9. The activities and the particle sizes as a function of the ratio
of carbon atom/vanadium metal over vanadium carbides.

6, 7). Leclercq et al. (2) reported that WC and W2C were
active for cyclohexane dehydrogenation, and the most ac-
tive catalyst was slightly carbon-deficient at the surface. It is
well known that the properties of transition metal carbides
depend on the amount of carbon present in the interstitial
sites of the host metal lattice (6). Therefore, it is anticipated
that the stoichiometry near the surface also affects the cata-
lytic function. Ko and Madix (7) reported that the amount
of carbon at the surface of W(100)–(5 × 1)C markedly af-
fected the product distributions during the decomposition
of acetaldehyde and ethanol.

Similarity between Structures of Vanadium Carbides
and Platinum-Group Metals

As mentioned earlier, it is generally known that the early
transition metal carbides and nitrides show catalytic prop-
erties similar to those of platinum-group metals. In the case
of vanadium carbides, the catalytic properties can be gen-
erally described as similar to those of Pt-group metals, al-
though the vanadium carbides may have a much higher ac-
tivity for the activation of N–H bonds. Nevertheless, there
are some questions to be addressed regarding why these
materials contain those kinds of properties. One possible
explanation is that the surface electronic structure of vana-
dium carbides is similar to that of platinum-group metals.
As already discussed in this study, there is a strong interac-
tion between metal 3d states of vanadium and 2p states of
carbon as a result of the formation of vanadium carbides.
This study, thereby, suggested that the electron charge in
vanadium carbides was transfered from the V 3d states
to the C 2p states, resulting in the change of density of
states at the Fermi level, N(EF), the energy below which

all the electronic states are filled up and above which they
are empty. It is generally known that the electronic struc-
ture of early transition metal carbides is similar to that of
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platinum-group metals (Ru, Os, Rh, Pd, Pt) (37). The the-
oretical and experimental calculations showed that the val-
ues of N(EF) for vanadium carbide were decreased by about
34 and 66%, respectively (38). These results suggest that the
electronic structure of vanadium carbides became similar to
that of platinum. Subsequently, it was assumed that the vari-
ation in the density of states might have caused vanadium
carbides to contain the platinum-like catalytic behaviors in
this study. A similar result has been observed by Chen et al.
(37), showing that there was a resemblance between the sur-
face reactivities of carbon-modified V(110) and platinum-
group metals. They also reported that using dehydrogena-
tion of isobutane, the vanadium carbide showed a better
catalytic performance compared to vanadium metal, and
exhibited the similar surface properties to that of platinum
metal. They suggested that this similarity between vana-
dium carbides and platinum metal was due to the combined
effects of (1) a charge donation from vanadium to carbon
and (2) the narrowing of d-bands of vanadium as a result
of vanadium carbide formation.

There are also some previous reports that show a similar-
ity between the surface reactivities of other transition metal
carbides and platinum-group metals, and thereby these
catalytic behaviors were ascribed to semblance in the
electronic structures of metal carbides and platinum-group
metals (4, 38, 39). Levy and Boudart (4) reported that
compared to tungsten metal, the catalytic activities of WC
increased because the electron was donated from carbon
to W metal. They also proposed that this electron transfer
resulted in the production of electronic structure similar to
that of Pt. Nakazawa et al. (39) showed that the coalition
of C 2p with W 5d and W 6s bands increases the density of
states near Fermi level, producing the platinum-like behav-
ior of WC. One more similar result was reported by Gao
and Qin (3), showing the charge transfer from tungsten to
carbon and the platinum-like behavior of WC. Thus far, the
direction of charge transfer between carbon and tungsten
has been one of the most controversial issues in the tungsten
carbides. Nevertheless, it is obvious that the density of states
at the Fermi level has been changed as a result of metal car-
bide formation, which becomes similar to that of platinum
metal.

Although there is a similarity between the electronic
structures of early transition metal carbides and platinum-
group metals, this explanation may not be sufficient for
platinum-like catalytic behaviors of metal carbides. The rea-
son for this is that some other transition metal such as Nb
also has the density of states at Fermi level similar to that of
platinum, but exhibit very little or no catalytic activities to-
ward Pt-catalyzed reactions. While these transition metals
do not demonstrate the exchange enhancement of the mag-

netic susceptibility, the platinum-group metals show strong
susceptibility enhancement. Based on this difference an-
other important condition for high catalytic activity might
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be related to the magnetic properties of metals. Therefore,
the relationship between the magnetic susceptibilities and
catalytic properties of these materials should be the object
of further studies.

Comparison between Catalytic Properties of Vanadium
Carbides, Platinum, and Other Compounds

It is also important to compare the catalytic activities of
vanadium carbides with those of platinum, vanadium ni-
tride, and molybdenum carbide in terms of the electronic
structure. On an oxygen uptake basis, the vanadium car-
bides were about 1 to 2 orders of magnitude more active
than platinum catalyst. It was considered that the high ac-
tivity of vanadium carbides was due to the broadening of
the unfilled portion of the vanadium d-band as a result of
carbide formation. Houston et al. (40) measured the den-
sity of states of the unfilled portion in the conduction bands
of W, WC, and Pt, showing that the unfilled portion of the
d-band of WC became broader than that of both W and Pt.
Since it is generally believed that vanadium carbides have
an electronic structure similar to that of tungsten carbides
(23), one might expect a similar variation in the unfilled
portion of the d-band of vanadium carbides. Subsequently,
it appears that a broadening of the unfilled portion of the
d-band would give vanadium carbides an opportunity to
be better electron acceptors than both the host vanadium
metals and the platinum-group metals. Because the reac-
tion conditions used in this study were similar to those of
Oyama (17) for vanadium nitrides, the kinetics of NH3 de-
composition could be described by two irreversible steps,
the adsorption of ammonia and the desorption of dinitro-
gen (called the Tamaru mechanism). Therefore, since the
activation of the N–H bond involves first the offering of
bonding electrons to the unfilled portion of metal substrate
(41), these vanadium carbides might be much more effi-
cient catalysts than the platinum metal in the N–H bond
activation, as shown in the present study.

Another comparison is that the activities of all the vana-
dium carbides are generally lower than those of molyb-
denum carbides. This difference in activities might be re-
lated to the degree of electron transfer between metals and
carbon. According to comparative investigations of a se-
ries of early transition metal carbides, nitrides, and oxides
(42), the magnitude of charge transfer should follow an or-
der exhibiting Pauling’s electronegativity scale, suggesting
a larger degree of charge transfer in the vanadium carbides
than that in the molybdenum carbide. This is supported by
the results of Samsonov et al. (1), demonstrating that Group
VIB, VB, and IVB carbides were active for ethylbenzene
dehydrogenation. They also reported that the Group VIB

carbides were more active than the Group IVB and VB
carbides. In the same manner, one might expect a smaller
degree of charge transfer of the vanadium carbides than that
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in the vanadium nitrides since carbon is less electronega-
tive than nitrogen. This is consistent with the observation of
this study that the the vanadium carbides were more active
than the vanadium nitrides.

CONCLUSIONS

The properties of a series of vanadium carbides pre-
pared using vanadium oxides (V2O5) by the temperature-
programmed carburization depended significantly upon the
synthesis conditions. Among them, the space velocity and
heating rates were the most influential preparative param-
eters . The vanadium carbides with high surface areas were
prepared using the higher space velocities. There was a
nearly linear relationship between the O2 uptake and the
BET surface area for these materials.

The vanadium carbides were catalytically active for NH3

decomposition. The ammonia decomposition activities nor-
malized by the surface area and oxygen uptake varied with
changes in the surface area and particle size, suggesting that
NH3 decomposition over the vanadium carbides appeared
to be structure-sensitive. This response was considered to be
due to variations in the surface stoichiometry with particle
size. Using XPS, it was found that the activities and par-
ticle size decreased with increasing the surface stoichiom-
etry (C/V) of vanadium carbides. These results suggested
that the most active catalyst was carbon-deficient and had a
large particle size. The activities of the vanadium carbides
were about 2 times less than those of Mo2C catalyst while
vanadium carbides had higher activities by a factor of 1
or 2 than those of Pt/C catalyst. The difference in activi-
ties of the vanadium and molybdenum carbides might be
related to the degree of electron transfer between metals
and carbon. A similarity between the catalytic behaviors of
vanadium carbides and platinum metal appeared to be due
to the similar electronic and magnetic properties of these
materials. Nevertheless, on a per oxygen uptake basis the
vanadium carbides might be much more efficient catalysts
than the platinum metal in the N–H bond activation. The
high activity of vanadium carbides was considered to be
attributed to the broadening of the unfilled portion of the
vanadium d-band as a result of carbide formation.

ACKNOWLEDGMENTS

This work was financially supported by Nondirected Research Fund
of Korea Research Foundation, 1997 (under the project name of Shinjin
Kyosu with the project no. 1997-003-E00390). The author thanks M.-K.
Jung and Young-Jin So for their assistance in obtaining the catalytic activ-
ities and XPS data for the vanadium carbides, respectively.

REFERENCES
1. Samsonov, G. V., Bulankova, T. G., Khodak, P. A., Preshedromirskaya,
E. M., Sinelnikova, V. S., and Sleptsov, V. M., Kinet. Katal. 10, 863
(1969).
DECOMPOSITION CATALYSTS 115

2. Leclercq, L., Provost, M., Pastor, H., and Leclercq, G., J. Catal. 117,
384 (1989).

3. Gao, Z., and Qin, D. Y., Chinese J. Chem. 3, 207 (1990).
4. Levy, R. B., and Boudart, M., Science 181, 547 (1973).
5. Ribeiro, F. H., Dalla Betta, R. A., Boudart, M., Baumgartner, J., and

Iglesia, E., J. Catal. 130, 86 (1991).
6. Toth, L. E., “Transition Metal Carbides and Nitrides,” Academic Press,

New York, 1971.
7. Ko, E. J., and Madix, R. J., J. Catal. 73, 161 (1982).
8. Kharlamov, A. L., Krivitskii, V. P., and Lemershko, N. D., React. Kinet.

Catal. Lett. 17, 63 (1981).
9. Ross, P. N., and Stonehart, P., J. Catal. 48, 42 (1977).

10. Choi, J.-G., Ph.D. dissertation, The University of Michigan, 1992.
11. Oyama, S. T., Schlatter, J. C., Metcalfe, J. E., and Lambert, J. M., Jr.,

Ind. Eng. Chem. Res. 27, 1639 (1988).
12. Choi, J.-G., Brenner, J. R., and Thompson, L. T., J.Catal. 154, 33

(1995).
13. Choi, J.-G., Curl, R. L., and Thompson, L. T., J. Catal. 146, 218 (1994).
14. Briggs, D., and Seah, M. P., “Practical Surface Analysis by Auger and

X-ray Photoelectron Spectroscopy.” Wiley, New York, 1983.
15. Choi, J.-G., Brenner, J. R., Colling, C. W., Demczyk, B. G., Dunning,

J. L., and Thompson, L. T., Catal. Today 15, 201 (1992).
16. Wise, R. S., and Markel, E. J., J. Catal. 145, 335 (1994).
17. Oyama, S. T., J. Catal. 133, 358 (1992).
18. Chen, J. G., Kim, C. M., Fruhberger, B., DeVries, B. D., and Touvelle,

M. S., Surf. Sci. 321, 145 (1994).
19. Demczyk, B. G., Choi, J.-G., and Thompson, L. T., Appl. Surf. Sci. 78,

63 (1994).
20. Choi, J.-G., Choi, D., and Thompson, L. T., Appl. Surf. Sci. 108, 103

(1997).
21. Pauling, L., “The Nature of the Chemical Bond,” 3rd ed. Cornell Univ.

Press, Ithaca, NY, 1960.
22. Choi, J.-G., and Thompson, L. T., Appl. Surf. Sci. 93, 143 (1996).
23. Oyama, S. T., and Haller, G. L., in “Catalysis; Specialist Periodical

Reports,” Vol. 5, p. 333. Roy. Soc. Chem., London, 1982.
24. Leclercq, L., in “Surface Properties and Catalysis by Non-Metals”

(J. P. Bonnelle, B. Delmon, and E. Derouane, Eds.), p. 433. Reidel,
Dordrecht, 1983.

25. Boudart, M., Oyama, S. T., and Leclercq, L., in “Proceedings, 7th
International Congress on Catalysis, Tokyo, 1980” (T. Seiyama and K.
Tanabe, Eds.), p. 578. Elsevier, Amsterdam, 1981.

26. Sinfelt, J. H., and Yates, D. J. C., Nature Phys. Sci. 229, 27 (1971).
27. Logan, S. R., and Kembell, C., Trans. Faraday Soc. 56, 144 (1960).
28. McAllister, J., and Hansen, R. S., J. Chem. Phys. 59, 414 (1973).
29. Lee, H. J., Choi, J.-G., Colling, C. W., Mudholkar, M. S., and Thompson,

L. T., Appl. Surf. Sci. 89, 121 (1995).
30. Boudart, M., and Djega-Mariadassou, G., “Kinetics of Heterogeneous

Catalytic Reactions.” Princeton Univ. Press, Princeton, NJ, 1984.
31. Hagg, G., Z. Phys. Chem. 12, 33 (1931).
32. Curry, K. E., Ph.D. dissertation, The University of Michigan, 1995.
33. Hakansson, K. L., Johansson, Hammar, M., and Gothelid, M., Phys.

Rev. B 47, 10769 (1993).
34. Oshima, C., Aono, M., Tanaka, T., Kawai, Zaima, S., and Shibata, Y.,

Surf. Sci. 102, 312 (1981).
35. Aono, M., Oshima, C., Zaima, S., Otani, S., and Ishizawa, Y., J. Appl.

Phys. 20, L829 (1981).
36. Chen, J. G., Fruhberger, Weisel, M. D., Baumgartner, J. E., and

DeVries, B., in “The Chemistry of Transition Metal Carbides and
Nitrides.” Blackie Academic and Professional, New York, 1996.

37. Chen, J. G., Weisel, M. D., Liu, Z.-M., and White, J. M., J. Am. Chem.
Soc. 115, 8875 (1993).
38. Gubanov, V. A., Ivanovsky, A. L., and Zhukov, V. P., “Electronic Struc-
ture of Refractory Carbides and Nitrides.” Cambridge Univ. Press,
Cambridge, UK, 1994.

39. Nakazawa, M., and Okamoto, H., Appl. Surf. Sci. 24, 75 (1985).



    
116 JEONG-GI

40. Houston, J. E., Laramore, G. E., and Park, R. L., Science 185, 258
(1974).

41. Blomberg, M. R. A., Siegbahn, P. E. M., and Svensson, M., J. Am.
Chem. Soc. 114, 6095 (1992).

42. Ramqvist, L., Ekstig, B., Kallne, E., Noreland, E., and Manne, R.,

J. Phys. Chem. Solids 30, 1849 (1969).

43. Kapoor, R., and Oyama, S. T., J. Solid State Chem. 120, 320
(1995).
L CHOI

44. Volpe, L., Oyama, S. T., and Boudart, M., in “Preparation of Catalysts
III” (G. Poncelet, P. Grange, and P. A. Jacobs, Eds.), p. 147. Elsevier,
New York, 1983.

45. Lee, J. S., Locatelli, S., Oyama, S. T., and Boudart, M., J. Catal. 125,
157 (1990).
46. Choi, J.-G., Jung, M.-K., Choi, S., Park, T.-K., Kuk, I.-H., Yoo, J.-H.,
Park, H. S., Lee, H.-S., Ahn, D.-H., and Chung, H., Bull. Chem. Soc.
Jpn. 70, 1 (1997).


	INTRODUCTION
	EXPERIMENTAL
	TABLE 1

	RESULTS
	FIG. 1.
	TABLE 2
	FIG. 2.
	FIG. 3.
	FIG. 4.
	TABLE 3
	FIG. 5.
	TABLE 4
	FIG. 6.
	FIG. 7.
	TABLE 5
	FIG. 8.

	DISCUSSION
	TABLE 6
	FIG. 9.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

