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A 50% increase in the surface area of an unsupported Mo2C catalyst, prepared by temperature-pro-
grammed reduction of a MoO3 precursor using CH4/H2, is reported following treatment in 5 M NaOH
at 363 K for 2–12 h. The treated catalyst showed an increase in pores of size <3 nm and an increase in
activity for the dehydrogenation of 1,2,3,4-tetrahydrocarbazole and the hydrogenation of CO, compared
to the un-treated Mo2C.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction Alkali-treatment is a well known post-treatment technique
Molybdenum carbide is known to have catalytic properties simi-
lar to those of noble metals. Consequently, there is a significant inter-
est in Mo2C as a catalyst for a wide range of reactions, including
hydrogenation [1,2], dehydrogenation [3–6], synthesis gas conver-
sion [7,8], hydrocarbon isomerization [9], water–gas-shift [10] and
hydrogen production from methanol and ethanol [11]. Several meth-
ods have been developed for the synthesis of Mo2C, including the
most often used temperature-programmed reduction (TPR) of oxide
precursors using CH4 or CH4/H2 mixtures [12]. Other approaches
have also been reported such as TPR using butane [13], carbothermal
hydrogen reduction [14], the pyrolysis of metal precursors [15], solu-
tion reactions [16], and photochemically promoted formation of car-
bide from metallic molybdenum and graphite [17].

The goal of almost all these synthesis methods is to enhance the
catalyst surface area and hence increase the activity of Mo2C cata-
lysts. However, some of the known preparation methods are sub-
ject to limitations associated with cost and convenience.
Furthermore, the surface area of the Mo2C produced by tempera-
ture-programmed reduction of oxide precursors is greatly influ-
enced by preparation conditions. The temperature ramp rate, the
flow rate and composition of the reducing gas (CH4, C2H6, H2),
and the precursor, all impact the product surface area and conse-
quently, reported surface areas of unsupported Mo2C vary widely
[1–14,18–20]. An alternative, simple method of producing high
surface area Mo2C would be of significant benefit.
ll rights reserved.

: +1 604 822 6003.
).
used in zeolite synthesis, which introduces mesopore and macro-
pore structure to the zeolite pore system [21–25]. The alkali-trea-
ted zeolites show higher catalytic activity and increased surface
area compared to un-treated zeolites. Although this technique
has been used to prepare high surface area zeolites [21–25] it
has not been applied to Mo2C catalysts.

In the present study, we report a simple post-treatment of Mo2C
using a hot alkali solution that enhances the Mo2C surface area
while retaining the structural integrity of the Mo2C. The obtained
high surface area Mo2C has been used as a catalyst for the dehydro-
genation of 1,2,3,4-tetrahydrocarbazole (THCZ) and the hydroge-
nation of CO. THCZ is a candidate heteroaromatic compound for
hydrogen storage. Hydrogen is released through catalytic dehydro-
genation at low temperature (6423 K), using platinum group metal
catalysts (Pd, Pt, Rh and Ru) [26–28]. Because of the cost of the
platinum group metals, metal carbides are possible alternatives
for this reaction. Metal carbides have also been shown to be active
in several CO hydrogenation reactions aimed at producing higher
hydrocarbons [18] and alcohols [29–31] and consequently we have
tested the prepared Mo2C for syngas conversion as well.
2. Experimental

2.1. Catalyst preparation

Unsupported Mo2C was synthesized by temperature-pro-
grammed reduction of an oxide precursor. Approximately 3 g of
MoO3 (MoO3, +99.5%, Sigma–Aldrich) was placed in a quartz
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Table 1
Properties of the unsupported Mo2C catalysts.

Property Mo2C Alkali-treated Mo2Ca

2 h AT-2 6 h AT-6 12 h AT-12

N2 adsorption–desorption
SBET (m2/g) 29.4 ± 1.1b 44.5 47.3 ± 3.1b 40.0
St-micro (m2/g) 0.06 ± 0.05 0.05 4.8 ± 2.5 10.4
St-ext (m2/g) 29.9 ± 1.9 44.4 42.5 ± 0.6 29.6
Vp (cm3/g) 0.031 ± 0.005 0.043 0.036 ± 0.001 0.030
dp (nm) 4.19 ± 0.5 3.82 3.01 ± 0.12 2.98

XRD analysis
dc (1 0 1) (nm) 13.6 13.0 13.1 13.9
dc (1 0 0) (nm) 15.2 14.5 15.2 14.6
a (Å) 3.005 3.005 3.009 3.012
c (Å) 4.742 4.782 4.764 4.746

a Mo2C treated in 5 M NaOH for the time period shown.
b Standard deviation from three repeat measurements.
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tubular reactor and heated at a rate of 5 K/min from room temper-
ature to 573 K, followed by heating at a rate of 1 K/min from 573 K
to 948 K in 100 ml(STP)/min of CH4/H2 (1:4 vol). The final temper-
ature was held for 2 h in the same CH4/H2 flow. The sample was
then rapidly cooled to room temperature in a 80 ml(STP)/min flow
of H2. The sample was passivated by exposure to a mixture of 1% O2

in He at a flow rate of 133 ml(STP)/min for 4 h before being re-
moved from the reactor.

Approximately 3 g of the passivated Mo2C was placed in 90 ml
of a 5 M NaOH solution and stirred for 2, 6 and 12 h at 363 K. The
mixture was subsequently cooled in an ice bath. The liquid and so-
lid were separated by centrifuging at 12,000 rpm for 20 min at
288 K. The solid was washed with de-ionized water until the wash-
ings showed a neutral pH. The catalyst was then dried at room
temperature and activated in H2 (5–10 ml(STP)/min) at 573 K for
2 h before being used for reaction. The catalysts are designated
AT-2, AT-6 and AT-12 to identify the duration of the alkali-treat-
ment in each case.

2.2. Characterization

The passivated catalysts were characterized by powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dis-
persive X-ray analysis (EDX), N2-adsorption/desorption at 77 K and
thermogravimetric analysis. Prior to N2 adsorption, the samples
were degassed at 423 K in 30 mol% N2/He (15 ml(STP)/min) for
2 h to remove moisture. All other analyses were carried out on
the passivated samples without further treatment. The XRD analy-
sis was performed using a Siemens D500 Cu Ka X-ray source of
wavelength (k) 1.54 Å. The scan rate was 2� per min for a range
of 5–80� to confirm the structure of Mo2C, and 0.5� per min for
the range of 32–42� to estimate the crystallite size (dc) of the
Mo2C using the Scherrer equation, dc = Kk/bcos h, where the con-
stant K was taken to be 0.9, k is the wavelength of radiation, b is
the peak width in radians and h is the angle of diffraction. N2-
adsorption/desorption isotherms were recorded at 77 K using a
Micromeritics ASAP 2020 analyzer. The total surface area was cal-
culated according to the BET isotherm, and the micropore volume,
the mesopore volume, and external surface area were evaluated by
the t-plot method. The pore size was reported as the average pore
diameter. SEM/EDX analysis was performed using a Hitachi S-
3000 N electron microscope operated with a 150 kV electron beam
acceleration voltage. Thermogravimetric analysis of the catalysts
was done using a TGA-50 thermogravimetric analyzer (Shimadzu,
Japan). About 5–10 mg of the catalyst was loaded into an alumina
crucible and heated to 1000 K at a rate of 5 K/min in an air atmo-
sphere (flow rate = 15 ml(STP)/min). The weight gain and loss were
quantified and differential TGA (DTG) was accomplished using
standard TGA software.

2.3. Catalyst activity

Dehydrogenation of 1,2,3,4-tetrahydrocarbazole (THCZ) was
performed at 423 K using a solution of 2.0 g THCZ dissolved in
30 ml mesitylene. The solution was loaded into a 50 ml glass flask
reactor. The 1.0 g alkali-treated Mo2C was added to the solution
after activation in hydrogen. The reactor was sealed, stirred,
purged in a flow of He (100 ml(STP)/min) and heated to 423 K.
The He was used as a carrier gas for continuous removal of the pro-
duced hydrogen and the exit gas composition was continuously
monitored using a quadrupole mass spectrometer. Catalyst activity
was determined by the production of H2 and confirmed by periodic
liquid analysis using a gas chromatograph (Shimadzu GC14A) with
a flame ionization detector and an ATTM-5 25 M � 0.53 mm capil-
lary column. Product identities were also confirmed by a Shimadzu
QP-2010S GC/MS using a Restek RTX5 30 M � 0.25 mm capillary
column. The absence of internal and external mass transfer effects
on the reaction was confirmed experimentally and by theoretical
analysis [32].

The activity of the Mo2C catalysts for synthesis gas conversion
was also measured using a laboratory fixed-bed micro reactor
(o.d. = 9.53 mm and i.d. = 6.35 mm, copper lined stainless steel
tube). The catalyst particles were placed on a packed bed of quartz
wool inside the reactor and held in place by a bed of quartz beads.
The catalyst bed depth was 5–7 cm and calculation showed that
this configuration ensured plug-flow through the reactor. Synthe-
sis gas (H2:CO = 1) was reacted at 573 K, a pressure of 8.3 MPa
and a GHSV = 3960 h�1. A high temperature back pressure regula-
tor was used to control the reactor pressure. The reaction products
were analyzed using an in-line gas chromatograph (GC). Light
gases (CO, CO2 and C1–C4 hydrocarbons) were separated using a
5 m temperature-programmed Porapak Q 80/100 packed column
and quantified with a thermal conductivity detector. The alcohols,
aldehydes, ketones, carboxylic acids and C5 + hydrocarbons were
separated using a 30 m temperature-programmed EC™-wax capil-
lary column (i.d. = 0.53 mm and film thickness 1.20 lm) and quan-
tified using a flame ionization detector. GC/MS analysis was also
completed periodically to confirm the identity of the reactor prod-
ucts. Analysis of several repeat experiments showed the conver-
sion and selectivity data to be within ±10% of the reported
values. Calculation of the internal and external heat and mass
transfer rates, and application of the Mears and Weisz–Prater crite-
ria, confirmed that at the conditions of the experiments, the reactor
operated free of significant heat and mass transfer resistances.
3. Results and discussion

3.1. Mo2C properties

The properties of the Mo2C and the alkali-treated Mo2C, re-
ported in Table 1, show that several changes occurred to the
Mo2C after alkali-treatment. Compared to the un-treated Mo2C,
the alkali-treated Mo2C showed a significant increase in surface
area, an increase in the micropore area and a decrease in the aver-
age pore size of the Mo2C. The BET surface area of the alkali-treated
Mo2C increased from 29 m2/g to 40–47 m2/g, an increase of about
50%. The N2 adsorption and desorption isotherms of the Mo2C and
the alkali-treated Mo2C (Fig. 1) showed increased hysteresis effects
with increased time of the alkali-treatment. Fig. 2 presents the
pore size distribution of the Mo2C and the alkali-treated Mo2C.
Clearly, the alkali-treatment increased the fraction of pores
<3 nm in size and decreased the average pore size (dp) of the
Mo2C treated with NaOH for 2 and 6 h. After 12 h, Fig. 2 shows that
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a significant increase in pores of size 20–30 nm had also occurred.
The data of Table 1 shows that as the alkali-treatment time in-
creased, the micropore area also increased. These results suggest
that the alkali-treatment initially removed material from the
Mo2C to generate new pores of <3 nm in diameter, resulting in a
decrease in the average pore size. With increased treatment time
(12 h) the removal of material from larger pores also occurred.
These observations are quite different to changes observed in zeo-
lites treated with alkali. Typically with zeolites, the microporosity
decreases and the meso- and macroporosity increases, leading to
an increase in the average pore size of the alkali-treated zeolite
compared to the un-treated zeolite [21–25].

Fig. 3 shows the XRD patterns of the Mo2C and the alkali-treated
Mo2C. The eight peaks at 2h equal to 34.48, 37.96, 39.52, 52.28,
61.76, 69.56, 74.80, and 75.72 can be indexed to hexagonal
Mo2C(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2), and
(2 0 1). There were no differences between the peaks before and
after alkali-treatment, indicating that the crystal structure of the
Mo2C was not changed by the alkali-treatment. The Mo2C crystal-
lite size was calculated from the Scherrer equation and the results,
summarized in Table 1, suggest that no significant change in crys-
tallite size occurred after alkali-treatment of the Mo2C either. The
lattice parameters of the catalysts were also calculated using the
Bragg equation and the results are listed in Table 1. According to
the JCPDS card No. 11-0680, the lattice parameters of Mo2C are
a = 3.006 Å and c = 4.733 Å and the results obtained in the present
work (Table 1) are in good agreement with these values. Hence we
conclude that the crystal structure of the Mo2C was not affected by
alkali-treatment. Also, the SEM micrographs of Fig. 4 show that the
Mo2C and the alkali-treated Mo2C had very similar macro-mor-
phology. The materials consisted of platelet-like grains, <5 lm in
size, and the alkali-treatment had no discernable effect on this
Mo2C morphology.

Fig. 5 shows the differential TGA curves of the Mo2C and the 2 h
alkali-treated Mo2C. Both samples had very similar characteristics,
with two main peaks generated as the Mo2C was oxidized to MoO2

and then MoO3. The total weight gain in both cases was 95% of the
expected gain for pure Mo2C conversion to MoO3, confirming that
the bulk of the material was phase pure Mo2C. These results indi-
cate that the new pores of <3 nm diameter generated by alkali-
treatment were a consequence of Mo2C dissolution, rather than
simply due to the selective removal of excess carbon or other
impurity from the pores of the catalyst.

3.2. THCZ dehydrogenation

Since THCZ is a solid powder at ambient conditions with high
boiling point (598 K) and melting point (391 K), the dehydrogena-
tion reaction was carried out in the liquid phase by dissolving the
THCZ in mesitylene. Over supported Pd catalysts, the reaction was
zero-order in substrate (THCZ) concentration, and the catalysts
showed 100% selectivity to the desired carbazole product. How-
ever, it was shown from experiment that product inhibition slowed
the rate of reaction and 81% conversion was obtained after about
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27 h at 101 kPa and 413 K. The initial rate of THCZ dehydrogena-
tion at these conditions was 10 mM g�1

cat min�1 [26,27].
The dehydrogenation activity of Mo2C and the 2 h alkali-treated

Mo2C was determined at 423 K. The data for the two catalysts pre-
sented in Table 2, show an initial THCZ dehydrogenation rate of
0.014 and 0:048 mM g�1

cat min�1, respectively. The alkali-treated
Mo2C had about 3�’s the initial activity of the un-treated Mo2C
Table 2
THCZ dehydrogenation activity measured in a batch reactor at 101 kPa and 423 K over
unsupported Mo2C catalysts.

Catalyst Reaction
temperature (K)

Initial rate

(mM g�1
cat min�1)a

H2 produced/gcat

(mmol/gcat)a

Mo2C 423 0.014 0.056
AT-2 Mo2C 423 0.048 0.184

a After 30 min reaction.
for THCZ conversion. The H2 produced in the first 30 min of reac-
tion was similarly higher on the alkali-treated catalyst. The activity
(on a mass basis) of both Mo2C catalysts was approximately two
orders of magnitude lower than that reported for supported Pd cat-
alysts used for the dehydrogenation reaction.

3.3. CO hydrogenation reaction

Several Mo compounds have also been investigated for synthe-
sis gas conversion. MoS2, Mo2O3 and Mo2C show high selectivity
towards liquid oxygenates, especially ethanol, when doped with
alkali earth metals. In addition, the Mo2C has high CO2 yield rather
than water, a consequence of high water–gas-shift activity [10].
For example, the rate of CO consumption over Mo2C with low sur-
face area (approximately 5 m2/g) at 573 K and 8.0 MPa with a
H2:CO ratio 1:1, was approximately 0.4 mmol gcat�1 min�1 based
on a reported CO conversion of 58% at a GHSV of 2000 h�1 [29].
In the present work, Mo2C and the 2 h alkali-treated Mo2C were
tested for synthesis gas conversion at 573 K and 8.0 MPa with a
H2:CO ratio 1:1 and a GHSV of 3960 h�1. The initial catalyst activ-
ities (after a 2 h stabilization period) are reported in Table 3. The
data show that alkali-treated Mo2C increased the CO consumption
rate by about 10% compared to the un-treated Mo2C. The data
show higher CO consumption rates than that reported by Xiang
et al. [29–31] on both the Mo2C and the alkali-treated Mo2C. High
CH4 and CO2 selectivities were also obtained on the two catalysts
of the present study. Typically, Mo2C catalysts are promoted with
Table 3
Syngas conversion on Mo2C and alkali-treated Mo2C. Reaction conditions: pressur-
e = 8.2 MPa, temperature = 573 K, CO:H2 = 1 and GHSV = 3960 h�1.

Catalyst Initial CO consumption rate

(mmol g�1
cat min�1)a

Initial product selectivitya

CO2 CH4 C2 + alcohols
and HC’s

C atom%

Mo2C 2.06 48.6 26.0 25.4
AT-2 Mo2C 2.24 51.7 20.9 27.5

a Measured 2 h after the start of the experiment.
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alkali metal to reduce selectivity to CH4 so the high selectivity ob-
tained in the present work was not unexpected. The alkali-treated
catalysts had been thoroughly washed prior to use and EDX con-
firmed that the Mo2C was Na-free. The product distribution also
showed enhanced water–gas-shift activity on the alkali-treated
sample compared to the un-treated Mo2C. Fig. 6 shows the change
in CO consumption rate and the product selectivity obtained over a
period of approximately 10 h. The product selectivities remained
relatively constant during the experiments, whereas the alkali-
treated catalyst showed some deactivation, possibly because of
carbon deposition. A loss in activity in the first 2 h of reaction
may also explain why the differences in the CO consumption rates
between the un-treated and alkali-treated Mo2C were not as great
as observed for the THCZ dehydrogenation reaction.

4. Conclusion

The surface area of an unsupported Mo2C catalyst was increased
by a simple alkali-treatment of the Mo2C that had been prepared
by temperature-programmed reaction of a MoO3 precursor. The al-
kali-treatment increased the catalyst surface area by 50%, primarily
through the creation of new pores of size <3 nm. The alkali-treat-
ment did not change the Mo2C morphology nor the catalyst com-
position. The alkali-treated Mo2C showed enhanced activity for
the dehydrogenation of THCZ and for CO hydrogenation, compared
to the un-treated Mo2C.
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