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Abstract

Mo, C prepared by the reduction and reaction of MoO3 with carbon Norit and with multiwall carbon nanotube was found to be an effective
catalyst for the decomposition of methanol to give Hy and CO. On 5% Mo, C/Norit catalyst, complete conversion of methanol was attained at
temperatures as low as ~623 K. An important feature of this catalyst is its high thermal stability; the percentages of Hy (~65%) and CO (24—
26%) were practically constant at 573-723 K. The selectivity of hydrogen at 573-723 K was >85%. Formaldehyde also was detected, in amounts
decreasing with Mo, C loading and also with temperature. Other minor products were CH, and CO3. On 5% Mo, C/Norit, the conversion of
methanol and the production of Hy decreased by only a few percentage points even after 17 h at 723 K. Mo, C produced on multiwall carbon
nanotube also proved active for the decomposition of methanol. Adding water to methanol somewhat decreased the CO content and increased the

Hj content in the products.
© 2007 Published by Elsevier Inc.
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1. Introduction

Significant efforts are underway to find an effective catalytic
process for the production of hydrogen with possibly less con-
tamination. One of the oldest known reactions is the water—gas
shift reaction [1,2], which, due to the presence of CO cannot be
used directly for the production of pure H, used in fuel cells.
The decomposition of methane free of CO would seem to be an
attractive reaction [3—10]. Unfortunately, the deposition of car-
bon on the catalyst surface blocks this reaction, and the removal
of carbon makes this approach to H; production too compli-
cated.

Recently, attention has turned to using methanol and ethanol
as row materials. Their decomposition and reformation on
supported transitional metals are very promising processes.
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Nonetheless, taking into account the wide application of Pt met-
als in automobile exhaust catalysis and their high price, efforts
are also being made toward replacing them with more effective
and less expensive materials.

Recently, we found that Mo,C combined with ZSM-5 is
a very active catalyst and promoter in the aromatization not
only of C1—Cg hydrocarbons [11-13], but also ethanol [14,15]
and methanol [16]. But the direction of the ethanol reaction
changed, when carbon was applied as a support. Mo, C prepared
on Norit and multiwall carbon nanotubes (CNTs) was found to
be an efficient catalyst for the decomposition of ethanol [17,18].
The remarkable feature of the Mo,C on both Norit and multi-
wall CNTs is its very high stability. The conversion of ethanol
decreased from ~100% only to ~90% after 75 h at 723 K.
Another significant feature is that Mo, C catalyzes mainly the
dehydrogenation of ethanol, promoting rupture of C—H bond,
and it is not so active in the cleavage of C—C bond to produce
methane and CO. As a result, adding water to ethanol has little
effect on product distribution and the formation of hydrogen,
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although Mo, C catalyzes both the water—gas shift reaction and
methane reforming [19,20].

In the present work, we examined the catalytic effect of
Mo;C on the decomposition and reforming of methanol us-
ing the same carbon supports as in the study of the reaction of
ethanol. Methanol is probably the best source of hydrogen due
to the high hydrogen/carbon ratio and the absence of a C-C
bond; consequently, we investigated the steam reforming of
methanol on various catalysts [21-45]. The copper-based cat-
alysts seem the most promising, although they have the draw-
back of poor thermal stability at high temperatures. We know
of just one previous report (published as the present paper was
being prepared) regarding the application of supported Mo,C
in the steam reforming of methanol [46]. There, it was reported
that Mo, C supported by ZrO, and Al»Oj3 is superior to an un-
supported catalyst. The yield of hydrogen on 30% Mo, C/ZrO;
ranged between 50-55% at 673 K, and slowly decreased only
after 10 h.

2. Experimental
2.1. Methods

Catalytic reaction was carried out at 1 atm of pressure in a
fixed-bed, continuous-flow reactor consisting of a quartz tube
(8 mm i.d.) at a temperature range of 523-723 K [46,47]. The
flow rate was generally 40 ml/min. The carrier gas was Ar,
which was bubbled through the methanol at 300 K: its content
was ~15%. A ~0.3-g catalyst sample was used, consisting of
small (1-2 mm) fragments. Reaction products were analyzed
with two gas chromatographs: an HP 5890 equipped with PO-
RAPAQ Q + S packed column and an HP 4890 equipped with
PORAPAQ Q + S and a 30-m-long HP-PLOT Al,O3 column.
Product analysis was carried out using flame ionization and
thermal conductivity detectors. In the study of the reaction of
methanol-water mixture of different composition, the reactants
were introduced into an evaporator with the help of an infu-
sion pump (Medicor Assistor PCI; flow rate, 1.0 ml liquid/h).
The evaporator was the flushed with Ar (flow, 36 ml/min).
Methanol or methanol-water containing the Ar flow entered the
reactor through an externally heated tube avoiding condensa-
tion. Each compound was calibrated separately. In most cases,
the conversion of methanol was calculated taking into account
the amount consumed; in certain cases, it was also determined
based on the H and C contents of the reactant and products.

Hydrogen and different product selectivities were defined as
XH, X

Yxing U Y xing

where x; and xy, are the molar fractions of product (i) and Hp,
respectively, and n; is half of the number of hydrogen atoms
(in the calculation of Sy,) of the number of carbon atoms (in
the calculation of S;) in each molecule of product (i ). The yield
of Hy was calculated in the traditional way (selectivity x con-
version). To establish the efficiency of the catalyst in terms
of hydrogen production, the percentage of the H, formed per
hydrogen content of the methanol decomposed also was deter-
mined; this value is designated Hj eff.

SH,

Table 1
Some characteristic data for Moy C/Norit catalysts
Sample Surface External Micropore CO uptake
area surface area A pon Volume 2at300K
2 2
(m=/g) (m~/g) m2/g) (ml/g) (HmOl/gcar)
Norit (purified) 859.0 278.5 580.5 0.302 -
1% Moy C/Norit ~ 942.7 317.1 625.6 0.326 12.4
5% Mo,y C/Norit ~ 956.0 418.3 537.7 0.281 26.1
10% Moo C/Norit  807.7 3384 469.2 0.246 39.4

FTIR spectra of adsorbed gases were recorded with a Biorad
(Digilab Div. FTS 155) instrument with a wave number accu-
racy of 4 cm~!. All of the spectra presented herein are differ-
ence spectra. The background is the spectrum of the pretreated
sample before the adsorption of reactants. Thermal desorption
measurements (TPD) were carried out in the catalytic reactor.
The Mo, C/Norit sample was treated with CoHsOH/Ar gas mix-
ture at 348 K for 30 min. Then the sample was flushed with Ar
for 30 min at 348 K and heated gradually in argon (5 K/min),
and the desorbing products were analyzed by gas chromatog-
raphy. The amount of surface carbonaceous deposit formed
in the catalytic experiments was determined by temperature-
programmed reaction (TPR). After the catalytic experiment,
the sample was flushed with Ar at the reaction temperature
and cooled to 300-373 K. The sample was heated at a rate of
5 K/min in Hy flow, and the hydrocarbons thus formed were
analyzed.

Characterization of pure and Mo, C-containing support was
carried out using a Micromeritics Gemini apparatus; the main
data are given in Table 1. The dispersion of Mo,C/Norit was
determined on in situ-prepared samples by CO pulses in the
reactor after the catalysts were cooled in Ar flow to ~323 K.
XP spectra were obtained with a Kratos XSAM 800 instrument
using nonmonochromatic AlK, radiation (hv = 1486.6 eV)
and a 180° hemispherical analyzer at a base pressure of 1 x
10~? mbar. Binding energies were referenced to the Fermi level
of the forming Mo,C except at the initial stage of the experi-
ments. For this state, the C 1s binding energy of carbon Norit
(285.1 eV) was accepted as the reference.

2.2. Materials

Multiwall CNTs and activated carbon Norit (ROW 0.8-mm
pellets) were used as supports. The surface area of CNT is
170 m? /g, and that of Norit is 859 m?/g. The preparation and
purification of CNTs has been described elsewhere [47]. Car-
bon Norit was purchased from ALFA AESAR. It was purified
by treating it with HCl (~10%) for 12 h at room tempera-
ture. After this treatment, metal impurities were <0.02% as
determined by ICP-AES. The starting compound for Mo, C was
MoO3/C, prepared by impregnation of carbon into solution con-
taining the appropriate amount of ammonium heptamolybdate
to yield 1, 5, and 10 wt% of Mo,C. The dried suspension was
calcined in air at 673 K for 3 h. Instead of the carburization of
MoO3, we used a recently developed method [48,49] in which
MoOj3 on carbon support was heated in the catalytic reactor in
H; flow up to 973 K with a temperature ramp of 5 K/min.
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Fig. 1. FTIR spectra following the adsorption of methanol on 5% Mo, C/SiO; at 300 K and after subsequent degassing at different temperatures.

Table 2

Characteristic absorption bands following the adsorption of methanol at 300-373 K

Mode Gas CH3;0H CoHy CH3;0H CH3;0H
phase Mo, C/ZSM-5 Mo, C/ZSM-5 Mo, C(100) 5% Mo, C/SiOo
CH3;0H [16] [16] [50] present study

YOH 3681

vasCH3 3000 (2996) 2958 2920 2936 (2997) 2957

2934

vas(CHp)

vsCH3 2844 2856 2852 2859, 2830

vaCHp 1441

8a2sCH3 1477 1472, 1465 1477 1464

8sCH3 1455 1404 1441 1150 1438, 1425

yaCH3 1379

CHj-wag (s)

vCC 1021

vCO 1033

XPS measurements reported previously [17,18] demonstrated
that Mo, C formation was complete at 973 K, when the charac-
teristic binding energies of Mo 3d3/; and Mo 3ds/, of 227.8 and
232.1 eV were attained. Methanol (99.7% purity) was obtained
from Spektrum-3D.

3. Results
3.1. Infrared and thermal desorption measurements

Because Mo, C prepared on Norit is not transparent, we per-
formed FTIR measurements on the 5% Mo,C/SiO, sample.
Fig. 1 shows the IR spectra registered after the adsorption of
methanol at 300 K for 15 min and subsequent heating of the
sample to higher temperature under continuous evacuation. The
following spectral changes could be observed at 300 K: a neg-
ative feature at 3746 cm~! and the appearance of bands at
2997, 2959, 2934, 2859, 2830, and 1464 cm~! and very weak
bands at 1483 and 1421 cm™!. The absorption bands appeared

at 300 K, as shown in Table 2, which also presents the charac-
teristic IR features of adsorbed methanol for comparison. The
heat treatment of adsorbed layer caused a gradual attenuation
of absorption bands without any significant shift in their po-
sition. We observed only the development of a weak band at
1940 cm~! above 373 K (not shown in the spectra), which grew
with increasing temperature. We found the same features in the
presence of 2 or 10% Mo, C. After annealing the adsorbed layer
to 673 K, the weak absorption features at 2934 and 2830 cm™!
disappeared.

TPD spectra for various products after adsorption of metha-
nol on 5% Mo, C/Norit at 323 K are displayed in Fig. 2. The
major desorbing products were Hy (7, = 473 and 748 K) and
CH30H (T, = 398 K). In addition, the desorption of small
amounts of several other compounds—CO and CO; (T, =
498 K), methane (7, = 498 and 673 K) and ethane (7, =
488 K)—were measured, and tiny amounts of ethylene were de-
tected above 400 K.
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Fig. 2. TPD spectra following ethanol adsorption on 5% Mo, C/Norit at 300 K.

3.2. Catalytic studies

3.2.1. Decomposition of methanol on Mo, C/C Norit

The experiments began using the 1% Mo, C/Norit sample.
The decomposition of methanol on this catalyst was noted
at above 500 K, and a conversion of ~80% was attained at
~773 K. It is important to mention that same conversion val-
ues were calculated on the consumption of methanol as well as
on the basis of the H and C contents of the methanol introduced
and products formed. The rate of evolution of hydrogen in-
creased gradually with increasing temperature, reaching ~49%
at 523 K and 65% at 723 K. The selectivity of H; also in-
creased with increasing temperature, reaching a constant value
of ~90% at 723 K. For the C-containing compounds, at lower
temperatures (523-573 K), the major product was formalde-
hyde; its percentage decreased from ~50% at 523 K to O at
723 K. At the same time, CO formation increased gradually,
reaching 30% at 723 K. At this temperature the ratio of H,/CO
approached 2. Small amounts of other compounds, including
CO,, CHy, and C>—C3 hydrocarbons, appeared only at and
above 573 K. The product distribution as a function of tem-
perature is presented in Fig. 3A.

When the Mo,C content was increased to 5%, the reac-
tion started at a lower temperature (473 K), and total methanol
conversion was achieved at ~623 K (Fig. 3B). An interesting
feature is the disappearance of formaldehyde at 623 K, with
selectivity of H, exceeding 80% even at 573 K. Only slight
changes were observed in the formation of minor products.
A further increase in the Mo;C content to 10% did not lead
to a more effective catalyst (Fig. 3C). Moreover, the charac-
teristic data for H, and CO formation were somewhat lower
compared with those found in previous samples. This was com-
pensated for by the slight increase in the percentages of CO,
and CHy4. The effect of Mo,C loading on the product distribu-

tion at 573 and 723 K is displayed in Fig. 4. The yields of H»
production are given in Table 3. As can be seen, around 90% of
the hydrogen content of decomposed methanol was converted
into gaseous hydrogen on the 1 and 5% Mo, C/Norit catalysts.

In subsequent experiments, we examined the reaction of
methanol in time on stream at 723 K. The results are presented
in Fig. 5. The conversion of methanol slowly decayed for 1%
Mo, C/Norit, but remained ~100% on 5 and 10% Mo, C/Norit
for several hours of reaction. In the case of 5% Mo, C/Norit,
we followed the reaction for 17 h and experienced a slight
deterioration of the catalyst only after ~10 h (Fig. 5B). The
percentages and selectivities of H, and CO remained practi-
cally constant, but the percentages of minor products CH4 and
CO;, increased slightly (Figs. 5B and 5C).

Results obtained in the study of the space velocity at 623 K
are shown in Fig. 6A. In this experiment, the amount of the
catalyst was decreased to 100 mg. Under these experimental
conditions, the conversion was only ~58% at the lowest con-
tact time and approached ~100% at 0.5 gs/cm>. The conver-
sion and selectivity of all products except formaldehyde in-
creased with increasing contact time. Analysis of the results
presented in Fig. 6B shows that at lower conversion, the produc-
tion of hydrogen and formaldehyde is favored from 100 moles
of converted methanol, while the other products tend to zero.
This indicates that the primary reaction is dehydrogenation of
methanol to formaldehyde.

3.2.2. Decomposition of methanol on Mo, C/CNT

It was interesting to see the catalytic behavior of Mo, C pro-
duced on multiwall CNT, which is also effective in the decom-
position of ethanol [17,18]. Results, presented in Fig. 7, show
the formation of same products as on Mo, C/Norit samples and
very little difference in product distribution. In terms of the mi-
nor products, less methane was identified on catalyst containing
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Table 3 After completion of the reaction of methanol on 5% Mo, C/
Yields for the production of Hy in decomposition and steam reforming of Norit at 723 K for 17 h, we carried out temperature-pro-
methanol grammed reaction (TPR) with H;. The results, plotted in Fig. 8,
Catalyst (A) (B) show that the evolution of methane, ethane, propane and ethyl-
623 K 723K 623 K 723K ene in decreasing amounts started above 600-650 K with differ-
1% Mo, C/Norit 25.0 72.6 76.4 90.5 ent peak temperatures. The formation of C, and C3 compounds
5% Mo, C/Norit 83.8 87.1 88.1 88.9 occurred at lower temperatures (T, = 773 and 798 K), and that
10% Moy C/Norit 76.3 81.5 5.8 80.0 of methane at higher temperatures (7, = 848 and 1023 K).
1% Mo, C/CNT 47.8 52.3 106.3 104.5 Another interesting feature is the large amount of methane re-
5% Mo, C/CNT 85.2 69.1 95.9 945 & © large a
10% MoyC/CNT 91.4 80.8 100.4 99.5 leased. Note that the blank experiment with the unused catalysts

(A) (Selectivity x conversion)/100.

(B) Amount of Hy formed related to the hydrogen content of methanol decom-

posed.

10% Mo, C. In contrast to the Mo, C/Norit catalyst, deactivation
occurred with time on stream at 723 K (Fig. 7C). The product
distribution remained practically the same, however.

3.2.3. Examination of used catalysts
Our study of the interaction of ethanol with Mo, C/Norit

catalyst in a small reactor attached to the XPS system found
an intensification in the weak O 1s signal at 530.4 eV above
623 K [18]. A similar, but somewhat lower, enhancement in the
binding energy of O Is was also seen in the course of methanol
decomposition. But, as the catalytic studies show, this change
exerted no apparent influence on the behavior of the Mo, C cat-
alyst.

also produced some hydrocarbons (albeit more than two orders
of magnitude less).

3.3. Reaction of CH3OH + H>0 on Mo, C/Norit

Detailed experiments were carried out concerning the ef-
fect of water on the reaction pathway of methanol on 5%
Mo, C/Norit catalyst. The addition of water to methanol (H,O/
CH30H = 1) markedly affected the course of the reaction. The
total conversion shifted slightly to higher temperatures (673—
723 K), and the product distribution underwent even more sig-
nificant changes (Fig. 9A). Whereas CO was the other major
product in the absence of H>O, in the presence of water, CO»
formation became prominent. This occurred primarily in the
low-temperature range (up to 623 K). Raising the temperature
caused a relative increase in the rate of CO and CHy forma-
tion compared with Hy and CO, formation. Apart from this,
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Data were taken at 40 min of the reaction at the given temperature.

whereas the percentage of CO was 25% at 623 K (when total
conversion was attained [Fig. 3B]), it was reduced to ~8.5%
in the presence of water (Fig. 9A). As minor products, ethyl-
ene, ethane, propene and butene were formed at <0.5%. When

the H,O/CH3OH ration was increased to 3, the above-described
features remained practically unaltered. Similar features were
observed for 10% Mo, C/Norit, which was initially somewhat
more active than the previous sample but slightly less effective
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Fig. 8. Formation of hydrocarbons in the TPR measurements following the reaction of methanol on 5% Mo, C/Norit at 723 K for 17 h.
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Fig. 9. Effects of water on the product distribution of methanol decomposition on 5% Moy C/Norit (A) and 10% Mo, C/Norit (B) at different temperatures and 5%
Mo, C/Norit in time on stream at 723 K (C).

in terms of Hy production (Figs. 3C and 9B). Both catalysts ex- conversion decreased from 100 to 78% in 8 h, the selectiv-
hibited high thermal stability. At 623 K, when only few percent ity of Hy (65-77%) remained practically unaltered, and only
of CO and CO, were produced, the 5% Mo, C/Norit maintained slight changes occurred in the distribution of other compounds
its performance for at least 5 h. At 723 K, when the initial (Fig. 90).
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4. Discussion
4.1. Main characteristics of Mo, C formation on carbon

Earlier XRD studies found that Mo, C is formed in the course
of the reduction of MoOj3 on carbon [48,49]. This route repre-
sents a new way of preparing highly dispersed Mo,C. We fol-
lowed this process using X-ray photoelectron spectroscopy and
determining the composition of the gas phase during gradual
heating of MoQO3/carbon in Hp flow [17,18]. The first spectral
changes and Hy consumption were observed at around 573 K.
The reaction was terminated at 973 K, when the characteristic
binding energies for Mo 3d3;;—Mo 3ds;; of Mo, C appeared in
the XP spectrum. Note that the complete elimination of O 1s
was not achieved; a very weak signal at 530.4 eV was always
present. The detection of CO and CO; above 700 K in the gas
phase indicated the occurrence of a direct reaction between par-
tially reduced Mo oxides and carbon. Mo,C prepared in this
way on either carbon Norit or multiwall CNT can be stored after
deactivation with 1% oxygen-containing argon and reactivated
by reduction at 973 K.

4.2. Interaction of methanol with Mo, C

Regarding the interaction of methanol with Mo,C, we can
obtain useful hints from previous studies performed under UHV
conditions using electron spectroscopy. Ko and Madix [51] re-
ported a marked increase in the stability of methoxy on carbide-
modified Mo(100) surface compared with clean Mo(100). Hwo
and Chen [50] established that methanol readily dissociates
on carbon-modified Mo(100) even at 120 K. They presented
spectroscopic evidence for the formation of methoxy species
that decomposed completely only above 330 K (Table 1).
Methoxy species also were identified on MoyC/Mo(100) by
high-resolution electron energy loss spectroscopy [52]; similar
to Pd(100) [53], alkali additives enhanced its stability.

The formation of methoxy species also has been established
on highly dispersed Mo,C deposited on SiO; and on ZSM-5
by FTIR spectroscopy (Table 1). The negative feature in the
OH frequency range (Fig. 1) indicates that surface OH groups
are consumed in the reaction with methanol to give methoxy
species

CH30H(a) + OH(a) = CH30(a) + H2O(y). (D)

This conclusion is supported by the absorption bands detected
(Table 1), particularly by the position of the v,s(CH3) and
vs(CH3) vibrations at 2959 and 2859 cm ™!, respectively, which
are characteristic of adsorbed methoxy [54]. The weaker spec-
tral features at 2934 and 2830 cm™! agree well with the asym-
metric and symmetric stretching of adsorbed ethylene formed
in the surface interaction (Table 1). Heating the adsorbed layer
caused the attenuation of all absorption bands and the appear-
ance of a new peak at 1940 cm~! (not shown), which we at-
tribute to adsorbed CO formed in the decomposition of methoxy
species. TPD measurements presented in Fig. 2 show that after
the methanol adsorption on Mo, C/Norit, the irreversibly ad-
sorbed methanol (very likely methoxy species) decomposes to

Hp, CO, and CO; only above 400 K, with T, = 473-498 K.
Very small amounts of methane and ethane also were released.
The desorption of methane and hydrogen above 600 and 700 K
suggests that a fraction of adsorbed methanol on Mo, C/Norit
was converted into strongly bonded hydrocarbons that decom-
pose only at high temperatures.

4.3. Catalytic decomposition of methanol

Mo, C formed on carbon Norit and multiwall CNT proved to
be a very active catalyst for the decomposition of methanol to
yield H, and CO,

CH30H = CO + 2H,. 2)

Complete conversion of the alcohol on 5% Mo, C/Norit was
reached at temperatures as low as 623 K, when the selectivity of
H; formation exceeded 85%. The detection of formaldehyde at
lower temperature and lower Mo, C content (Fig. 3A) suggests
the reaction

CH;0H = HCHO + H,. 3)

As was observed in a separate experiment, Mo, C catalyzes the
decomposition of formaldehyde,

HCHO = H; + CO, “)

at higher temperatures, which is why it was absent in the reac-
tion products formed on 5% Mo, C above 573 K (Fig. 3B).

The appearance of methane, particularly at higher Mo,C
loadings (Figs. 3B and 3C) may indicate the reaction

CH3OH(a) = CH3(a) + OH(a) (@)
to produce methyl species, which is hydrogenated,
CHs() + (1/2)Ha(g) = CHyg), ©)

to methane. This reaction pathway has been disputed in the case
of Pd(100) surface, for which some spectroscopic evidence has
been obtained for the above step [55-60]. In light of this debate,
we can counter with the cleavage of the methanolic C-O bond
on Mo,C to some small extent. The active sites for this step
could be the carbon-deficient site on the Mo, C surface, which
exhibits high affinity toward oxygen. The reactivity of this site
is demonstrated in the promotion of CO dissociation at 300 K
[61] as well as the scission of the C-I bond in adsorbed alkyl
iodides [62]. The release of strongly bonded O in the form of
CO occurred only above ~960 K [60], whereas that of adsorbed
I occurred above 1050 K [62].

Another important feature of the Mo,C on carbon supports
is its high thermal stability. This could be its great advantage
toward the Cu-based catalyst. No decay in the total conversion
and the production of Hy was experienced at 723 K after 17 h
(Fig. 5B). The fact that we measured a relatively high quantity
of carbonaceous residue or coke by TPR (Fig. 8) after the reac-
tion suggests that the C-containing compounds formed during
the reaction diffused away from the active site of Mo, C. The
carbon support may have a high affinity to accept this kind of
carbonaceous species, which exhibited a rather low reactivity. It
was hydrogenated only above ~650 K to give a small amount
of C,—C3 compounds and a large amount of CHy4 above 800 K.
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4.4. Reforming of methanol on Mo, C/Norit

As the results show, Mo,C/Norit also catalyzed the steam
reforming of methanol (Fig. 9),

CH3;OH + H;O = 3H, + CO». @)

This is demonstrated primarily in the changes in product dis-
tribution, for example, the increased formation of CO at the
expense of CO. We may counter with the water—gas shift reac-
tion,

CO(g) + H20(g) = COx(g) + Ha(y), (®)

which is well promoted by Mo,C [63,64]. But this enhanced
CO; production was accompanied by an increase in Hy only
at lower temperatures 523-623 K (Fig. 9). Above 623 K, the
decay in the percentages and selectivities of both H, and CO»
decreased, whereas that of methane and CO increased. From
this feature, we may infer the hydrogenation of CO»,

CO2(g) + 4Hz(g) = CHy(g) + 2H20(g), ©))

which consumes a large amount of H».

4.5. Comparison of the decomposition of methanol and
ethanol on Mo, C

From the comparison of the catalytic behavior of Mo, C/C
in the decomposition of methanol and ethanol, we can con-
clude that hydrogen is produced with much higher selectivity
and yield from methanol. This is probably because Mo,C is
not active for the cleavage of C—C bond; as a result, it mainly
catalyzes the dehydrogenation of ethanol to acetaldehyde and
hydrogen. This property of Mo,C plays an important role in
the aromatization of methane [11,12]. Our study of the reaction
pathway of CH, fragments on Mo,C/Mo(100) demonstrated its
recombination into C,Hy, the key compound in the aromatiza-
tion process [65].

5. Conclusions

The findings of the current study can be summarized as fol-
lows:

1. Mo,C prepared on carbon Norit and on multiwall CNT is
an effective catalyst for the decomposition of methanol to
yield H; and CO. Total conversion of methanol can be at-
tained at 623—673 K, with a selectivity for H of ~80%.

2. The catalyst exhibited remarkable stability; the extent of
the decomposition of methanol decayed by only a few per-
cent even after 17 h at 723 K.

3. Adding water to the ethanol decreased the amount of CO
and increased the selectivity and the yield of Hy and CO;
below 623 K.
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