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Transition metal promoted K/Mo,C as efficient catalysts for CO
hydrogenation to higher alcohols

E.T. Liakakou®® and E. Heracleous®©"

This study investigates the effect of transition metal promotion in a series of K/Mo,C catalysts doped with Ni, Cu and Mn
for the hydrogenation of CO to higher alcohols. The catalysts were found to produce a significant amount of higher
alcohols, consisting mainly of linear alcohols with two to four carbon atoms, at mild reaction conditions (temperature of
280°C and pressure of 40-60 bar). All transition metals increased selectivity to higher alcohols compared to the reference
material. Nickel had the most favorable effect, as it greatly increased CO conversion as well. XPS results revealed a strong
interaction between molybdenum in the carbidic phase and the transition metals, indicative of electron transfer from the
dopants to the Mo atoms. In the Ni/K/Mo,C catalyst, the formation of a mixed Ni-Mo carbidic phase phase was evidenced.
We postulate that this phase serves as the active center for non-dissociative CO chemisorption and leads, in combination
with dissociative CO adsorption on the Mo,C sites, to higher alcohol formation. Overall, the Ni/K/Mo,C catalyst exhibited
the highest catalytic activity, with a 23% CO conversion, 30.5% higher alcohol selectivity and space time yield to
oxygenates of 147.4 mg/gctays/h at 280°C and 60bar. Stability testing of the optimum catalyst for 400 hours time on
stream demonstrated considerable deactivation, with an activity decrease of ~48%. The reduction in reactivity can be
ascribed to the segregation of the mixed Ni-Mo carbidic phase and the formation of hydrated oxidic nickel species
together with a well-defined K;M0,0; phase.

Introduction

Research on alternative energy has become more important in
recent years due to the continued depletion of conventional
energy resources and the increased concentration of CO, in
the atmosphere, leading to over-warming of the earth. The
synthesis of higher alcohols from biomass-derived syngas (CO
and H,) is a potential approach to the production of “green”
aviation fuels’ and/or renewable chemicals and petrochemical
feedstocks. The hydrogenation of carbon monoxide to the
desired oxygenates takes place thermochemically at high
pressures and intermediate temperatures” in the presence of a
catalyst able to selectively activate CO and H, towards the
synthesis of oxygenated molecules.

Several catalytic systems have been investigated for higher
alcohol synthesis, such as modified low and high temperature
Cu-based methanol synthesis catalysts, modified Co and Fe
Fischer-Tropsch catalysts and Mo-based materials in oxidic and
sulfided form™>. Interest in the latter category commenced in
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the 1980s when researchers from Dow Chemical and Union
Carbide reported the ability of alkali promoted MoS, to produce
C;-Cs alcohols from syngas.2 However, the detection of
significant amounts of sulfur in the product renders this catalytic
system problematic, especially for fuel product applications with
strict sulfur specifications.

Molybdenum in its carbide form represents an interesting
alternative. Mo,C exhibits catalytic properties similar to those
of noble metals and has been used as a cheaper substitute for
catalysts in various reactions, such as CO
hydrogenation to hydrocarbons and mixed alcohols,s' ” co
methanation,g'10 hydrodenitrogenation (HDN),11
hydrodesulfurization (HDS),11 hydrocarbon isomerization,12 etc.
Various studies have shown that molybdenum carbides
produce primarily light alkanes at atmospheric pressure.g’13
The addition of alkalis is crucial in shifting the hydrogenation

noble metal

products from hydrocarbons to alcohols. Woo et al” reported
the first systematic investigation of
molybdenum carbides for alcohol synthesis from syngas. In
particular, promotion of molybdenum carbide with K,CO5; was
found to greatly enhance selectivity to linear C,—C, alcohols.”
17 1ee et al.’® studied the promotional effect of several
potassium salts (K,CO3, K;SO, and KCI) on Mo,C catalysts and
suggested that the type of potassium salt affects the
distribution of the promoters on the carbide surface, which in

alkali promoted

turn greatly influences the nature of the promotional effects
in CO hydrogenation to alcohols. K,CO; was found to form
complexes with the carbide, well-distributed on the surface,
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that promote molecular adsorption of CO and at the same
time physically block sites that catalyze the hydrogenation of
intermediates to hydrocarbons, exerting thus a geometric
effect that increases alcohol formation. On the other hand,
K,SO, and KCI caused only slight increase in olefin selectivity
with negligible alcohol formation. These promoters maintained
their initial states and showed non-uniform distribution on the
surface, mostly affecting the electron state of Mo,C via an
electronic effect. Muramatsu et al.”® also studied the role of K
promoter on Mo oxide for the same reaction and concluded
that K inhibits both dehydration of alcohols to alkenes and
hydrogenation of alkenes to alkanes.

Doping with transition metals has also been found to be
beneficial for the synthesis of higher alcohols. The addition of
transition metals (such as Co, Ni, Rh and Pd) has been reported
to improve catalytic activity and selectivity to C,, alcohols over
MoS,-based catalysts.zo'22 In a series of K-promoted oxidic Mo
catalysts supported on activated carbon, we found that the Ni-
Mo synergistic effect is essential for the activation of CO, as

monometallic AC-supported Mo and Ni demonstrated
complete inactivity toward CO hydrogenation.23 The
promotional effect of transition metals on Mo,C-based

catalysts for higher alcohol synthesis has been less studied.
According to a review by Zaman and Smith,24 the alcohol
product distribution obtained over transition metal promoted
K-M-Mo,C catalysts (M = Fe, Co, or Ni) typically includes C;-Cq
alcohols and hydrocarbons, both following the Anderson-
Schulz-Flory (ASF) distribution. Comparing the probability of
chain growth parameter for both hydrocarbons and alcohols, it
was found that the addition of Fe, Co or Ni to the Mo,C
catalyst significantly increases the alcohol chain growth
probability; however the chain growth probability for
hydrocarbons was higher in all cases. The complexity of the
promoted Mo,C catalysts makes it difficult to unravel the role
of each of the catalyst components in catalyst activity and
selectivity. Nonetheless it is clear that increased concentration
of the Group VIII metal results in increased higher alcohols
production.24

Zhao et al.”® reported that over Ni-Mo bimetallic carbide
catalysts CO monotonically
increasing Ni content. However, the space time yield of the
alcohol products increased with increasing Ni content up to
Ni/Mo ratio of 0.5, and then decreased with further increasing
Ni content. Sun and co-workers™® also studied K-Mo,C
promotion with Ni and suggested that the active phase for
alcohol synthesis is a “K-Mo-C” phase which is enhanced by Ni
dispersed within the Mo,C. Aggregated Ni was argued to be
responsible for hydrocarbon synthesis and alcohol chain
propagation. The metal promoter also reduced the amorphous
C that was present on the surface as a consequence of the
Mo,C synthesis. Similar conclusion were also drawn by the
same group, regarding La and Ni co-modified K,COs;/MoS,
catalysts.26

Copper and manganese also appear to be promising
promoters in higher alcohol synthesis. It has been argued that
methanol is the precursor in higher alcohols production and
since Cu is a metal known for its activity in methanol synthesis,

conversion increased with

2| J. Name., 2015, 00, 1-3

it is expected to increase the rate of CO hydrogenation to
methanol, therefore accelerating the formation rate of higher
alcohols.”” Cu addition in Mo,C led to lower hydrocarbon
selectivity in CO, hydrogenation.28 The use of Mn as promoter
has also been reported to benefit the alcohol synthesis over a
wide variety of catalytic systems.zg' 3% In one of our previous
studies® the substitution of Zn by Mn in a series of K-Cu/Zn/Al
catalysts was found to increase higher alcohol formation by
50%. This selectivity enhancement was ascribed to the
reduced acidity of the K-Cu/Mn/Al catalyst which promoted
aldol condensation reactions to higher alcohols.

Although several literature studies report the promotion of
molybdenum carbide with transition metals for higher alcohol
synthesis, it is still how the promoters interact
structurally with the carbide and how they affect the critical
properties of the catalyst towards oxygenate formation. In this
work, we investigate in a systematic manner the promotional
effect of Ni, Cu and Mn in K/Mo,C for the hydrogenation of
carbon monoxide to higher alcohols. The study is focused on the
structural and physiochemical properties of the catalysts and
the alteration of these properties by the presence of the specific
dopants in relation to the effect on the activity and selectivity to
higher alcohols. Characterization results are thus combined
with catalyst evaluation data in CO hydrogenation in an
attempt to identify the functionalities of the transition metal
promoted K/Mo,C catalysts and the nature of the active sites.

unclear

Results and discussion
Catalyst characterization

The main physicochemical characteristics of the M-promoted
K/Mo,C (M = Ni, Mn, Cu) catalysts with a molar composition of
Mo 25K0.6M0,C are tabulated in Table 1. The BET measurements
show similar surface areas for the reference and the Ni- and
Mn-promoted catalysts, in the range of 13-15 mz/g. Increased
surface area was recorded for the Cu/K/Mo,C sample (21.8
mz/g), however in general the addition of the metal promoters
does not seem to significantly affect the textural properties of
the materials. Overall, the surface areas of the catalysts are
rather low, probably due to the high carburization
temperature (up to 750 °C) and the high loading of K2C03.7
Wu*? observed that the carburization process yields a bulk
carbide with low surface area (11.5 mz/g), however much
larger than that of its oxidic precursor (3 mz/g) due to the
generation of pores during the carburization process. After the
loading of K,CO; (10 wt%), the surface area decreased
significantly to 2.4 mz/g indicating that K,CO; blocks most of
the pores created during carburization.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Physicochemical characteristics of transition metal promoted M/K/Mo,C
catalysts, where M=Ni, Cu, Mn

Trans

Desorbed CO, Desorbed CH,,

. Ha
Ko ftion Surfa mmol/g mmol/g consu
3 meta )
ce mptio
Catalysts loadi |
loadi area, n,
ng, oa
g mig  TPD TPR TPD PR mmol/
wt% ng,
wt% &
K/Mo,C 12.6 - 13.6 0.9 1.1 0.03 0.17 3.2
Ni/K/Mo,
c 8.9 6.1 15.6 1.4 1.8 0.02 0.15 3.0
Cu/K/Mo,
c 9.2 6.5 21.8 1.1 1.8 0.05 0.11 1.8
Mn/K/Mo
c 9.1 5.7 133 0.8 1.4 0.05 0.06 1.0
2

X-ray Diffraction (XRD) was employed for identifying the
crystalline phases in the investigated catalysts. The
diffractograms shown in Fig. 1 evidence that all catalysts
exhibit diffraction lines corresponding to a well-defined B-
Mo,C crystal phase (26 = 34.4°, 38.0°, 39.4°, 52.1°, 61.5°, 69.6°,
74.6°, and 75.6“).14 None of the samples displayed any MoO,
diffractions, indicating successful carburization of the MMoO,
precursors. Traces of K,Mo0O, were detected in all catalytic
materials, except from the Mn-promoted carbide where the
MnO, crystal phase was identified. Additionally, a peak at
43.3° detected in Cu/K/Mo,C was attributed to metallic Cu. In
the Ni/K/Mo,C catalyst, a small peak appearing at ~44° could
be attributed to either metallic nickel or a mixed Ni-Mo
carbide phase (NigMogC) which usually forms during the
temperature-programmed carburization process.33'34 The
structure of NigMogC was analyzed by Newsam et al.*® who
claimed that the amorphous Ni—-Mo carbide transformed into
NigMogC crystallites upon heating at high temperature.

It is known that Mo,C can incorporate large amounts of
oxygen when exposed to air at room temperature.36 Since
oxygen is a poison for several reactions, it must be removed
from the surface to activate the catalyst. Temperature
programmed studies were performed in order to study the
effect of transition metals on oxygen incorporation and ease of
removal from the catalyst. Temperature programmed
desorption in helium (TPD-He) was first performed to
determine the oxygen removal properties and nature of
desorbed species in inert atmosphere. Fig. 2 illustrates the CO,
CH, and H,0O desorption profiles of all molybdenum carbide
catalysts. An important finding is that oxygen is not removed
from the samples as molecular O,. Instead, it combines with
bulk carbon in the sample and desorbs mainly as CO along with
small amounts of CO,. Quantitative results in terms of carbon
monoxide and methane for the TPD-He experiments are
shown in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. X-ray diffraction patterns of the transition metal promoted M/K/Mo2C
catalysts, where M=Ni, Cu, Mn

The quantification of the amount of desorbed CO showed
similar values, ranging from 0.8-1.1 mmol CO/g for the
reference catalyst and the Cu and Mn-promoted carbides,
which corresponds to loss of the catalyst carbon in the range
of 20-30%. Relatively higher amount was calculated for the Ni-
promoted K/Mo,C, which could imply that the presence of
nickel enhances oxygen incorporation in the material.”” Water
and small methane desorption peaks (Fig. 2) at 100°C and
700°C, respectively, were also observed. Desorption of water
occurred at low temperature and is characteristic of the
removal of physisorbed water from the samples. Methane was
desorbed at high temperatures, but in negligible amounts, in
the range of 0.02-0.05 mmol CH,/g for all carbidic catalysts.
The formation of methane may be attributed to reaction of
carbon with either residual hydrogen that might have
dissolved in the sample during synthesis, or with hydrogen
produced from the dissociation of water strongly bound to the
surface and/or water trapped in the pores of the catalyst.gs.
Concerning the profiles of CO evolution, all carbides exhibit
large CO desorption from 620 — 800°C. The reference K/Mo,C
catalyst exhibits a big sharp desorption of CO around 700°C,
consistent with the results of Bej et al.,38 accompanied by a
smaller peak at 760-775°C. The introduction of the promoters
modified the evolution profile of CO from the carbide. Cu and
Mn promoted K/Mo,C catalysts show similar profiles with two
desorption peaks, a sharp one at 695°C and a broader peak at
~760°C.>° The sharp peak has similar characteristics with that
of the reference material, shifted to lower temperature. The
CO profile is however significantly different for the Ni
promoted K/Mo,C catalyst. There is a large broad desorption
peak at high temperature (770°C), similar to that observed in
the other promoted catalysts, however CO desorption starts
earlier evidenced by an additional wide desorption peak at
lower temperature (650°C).

J. Name., 2015, 00, 1-3 | 3
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Figure 2. Temperature-programmed desorption profiles in He (TPD-He) of the
transition metal promoted M/K/Mo,C catalysts, where M=Ni, Cu, Mn

The removal of oxygen from the catalysts in reductive
atmosphere as well as the reducibility of the materials was
studied by temperature programmed reduction in hydrogen
(TPR-H,). Figure 3 presents the H, consumption profiles and
the CO, CH, and H,O desorption profiles of the transition metal
promoted K/Mo,C catalysts. Small CO, desorption peaks were
also observed during TPR (not shown). Quantitative results for
the amount of hydrogen consumed as well as carbon
monoxide and methane desorbed are given in Table 1.
Concerning hydrogen consumption, the reference K/Mo,C
catalyst, as well as the Ni and Cu-promoted catalysts, exhibit
similar reduction profiles with two reduction peaks, in the 300-
375°C and the 550-690°C range. The Mn-promoted carbide
demonstrates very low H, consumption, with only one wide
reduction peak extending from 300 to 600°C, with a maximum
at the temperature of 400°C. The consumption of hydrogen,
accompanied by simultaneous water desorption, could
originate both from the reaction of the oxygen incorporated in
the carbides and also from the reduction of any oxidic phases
which form on the catalyst surface during the passivation
process. In comparison with the TPD-He experiments, it can be
deduced that in the presence of hydrogen oxygen is removed
at much lower temperatures than in inert atmosphere.
Although almost half of the oxygen is removed as water

4 | J. Name., 2015, 00, 1-3

Journal Name

(~50%), the rest still reacts with the carbon of the material and
desorbs as CO. As shown in Fig. 3, all carbides exhibit large CO
desorption from 620 — 850°C, presenting similar desorption
profiles to the TPD-He (Fig. 2). Quantification of this CO shows
that its quantity is in the same range or even higher to that
removed under helium (Table 1). This indicates that at least
part of the oxygen that is removed by hydrogen is
incorporated oxygen and/or oxygen in formed oxides that
exists in the materials and cannot be removed in inert
atmosphere even at the high temperatures of 800°C. The total
amount of oxygen removed from the carbides (both in water
and CO) in hydrogen atmosphere follows the order of the TPD-
He experiments, with the Ni/K/Mo,C exhibiting the highest
oxygen removal. This enforces the notion that the presence of
nickel enhances oxygen incorporation in the material.

.1
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_-— —Co — Ni/K/Mo,C
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Figure 3. Temperature-programmed reduction profiles (TPR-H,) of the transition metal
promoted M/K/Mo,C catalysts, where M=Ni, Cu, Mn
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Surprisingly, the amount of carbon that reacts with hydrogen
to form methane is much lower than the reaction of carbon
with oxygen. The amount of desorbed methane is of course
higher in the presence of hydrogen than in helium (TPD-He
experiments), but it is remains an order of magnitude lower
than desorbed CO. The CH, desorption peaks appear in the
700-800°C range. At these temperatures, it is likely that
methane is formed from the reaction of hydrogen with the
carbidic carbon of the catalysts.39 Methane originating from
hydrogen reaction with graphitic-like carbon has been
reported to require much higher temperatures (>890"C).39
Based on the quantification results, the reference K/Mo,C
catalyst exhibits the highest CH, desorption, followed by
Ni/K/Mo,C, Cu/K/Mo,C and Mn/K/Mo,C. Taking into account
both CO and CH, desorption, the loss of the catalyst carbon is
in the range of 30-45% depending on the catalyst. It should be
noted however that neither CO nor CH, are formed at
temperatures close to those of the CO hydrogenation reaction
(250-280°C). Therefore, this catalyst loss is very unlikely to
occur during reaction conditions.

Leary et al.*® also studied the mechanism by which the
incorporated oxygen from Mo,C catalyst is removed during
TPR and TPD. In agreement with our results, they concluded
that oxygen cannot be removed without also removing a
significant amount of bulk carbon and stated that the major
difference between the TPD and TPR spectra was the
mechanism by which oxygen was removed. In TPD, oxygen was
removed by reaction with carbon, whereas in TPR most of the
oxygen reacted with hydrogen resulting in high water
desorption. However, approximately 15% of the oxygen still
reacted with carbon in the sample in line with our results.
Summarizing, the TPD-He and TPR-H, results both point out
that significant oxygen is incorporated in the molybdenum
carbide structure, which could originate from the passivation
treatment of the samples and/or their exposure to air, as well
as the formation of surface oxidic phases. In order to remove
this oxygen that could potentially act as poison to the catalytic
reaction and reduce the catalyst, it is thus necessary to pre-
treat the samples in-situ prior to reaction with hydrogen at
high temperatures. Since in the presence of hydrogen, most
oxygen is removed at temperatures up to 500°C, without
losing a significant amount of carbon from the catalyst, we
selected to pre-treat our samples in pure hydrogen at 500°C
for 2h.

In order to study the interaction between Mo and the transition
metals in the M-promoted K/Mo,C catalysts, the surface
chemistry and the electronic environment of the metals on the
surface was investigated by XPS. The C 1s spectra of all carbide
catalysts (Fig. 4 (a)), primarily show two peaks. The peak at
284.8 eV is attributed to graphitic-like carbon,40 and the peak at
283.7 eV is ascribed to carbidic carbon in the Mo,C structure. 16
1 The graphitic-like carbon is probably deposited on the
catalytic surface during the carburization synthesis, as reported
also by several authors.’® *+3% % |t is notable that the intensity
of the peak at 284.8 eV increases dramatically when the Ni
promoter is introduced to K/Mo,C, indicating a preferential

This journal is © The Royal Society of Chemistry 20xx
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deposition of carbon on Ni/K/Mo,C. This is confirmed also by
the very low exposure of Ni on the surface, as shown in Table 2
and discussed later in the paper. Two smaller peaks located at
286.1 and 288 eV can be attributed to carbon atoms involved in
C-0O and C=0 species due to contamination.*!

Figure 4 (b) illustrates the Mo 3d XPS spectra of all materials
after deconvolution. Charging effects were corrected by
referencing the binding energies to the C 1s graphitic carbon
peak at 284.8 eV.*® Characterization with XPS reveals the
complexity of the catalysts, as Mo was detected in several
oxidation states over all catalysts, ranging from Mo®* to Mo®
(1<6<4). The distribution (shown in Table 2) however differed
significantly depending on the nature of the promoter. The
reference K/Mo,C catalyst presents two main peaks at 231.9eV
and 228.6eV that can be attributed to the 3d 3, and 3d 5,
transitions of Mo®" (1<6<4). 4092 The peak at 227.9 — 228.6 eV
has been assigned to the molybdenum atoms in the carbidic
phase.40‘ 42:44 According to studies by Bao et al., % the Mo®
species are regarded as the adsorption sites for non-dissociative
CO and responsible for alcohol formation. A similar result was
obtained by Li et aI.,46 who suggested that the Mo species with
intermediate-valence state (averaged around +3.5) are more
likely to be the active site for alcohol synthesis from CO
hydrogenation. The main second species detected in K/Mo,C is
Mo*" with 3d 32and 3d s/, transitions at 232.4 eV and 229.3 eV
respectively.”' 8 Very small concentrations of Mo>" and Mo®"
with 3d s/, binding energies of 230.5 eV*® and 232.7 eV* were
also evidenced on the surface. The presence of Mo at higher
oxidation state can be attributed to the passivation of the
catalyst prior to exposure in air which leads to the partial and/or
total oxidation of some surface molybdenum species. 43,30 1
should be reminded here that no formation of bulk MoO, or
MoO; was evidenced by XRD.

The introduction of the promoters induced significant changes in
the oxidation state of Mo on the surface. In all samples, the
promoters increased the signals attributed to Mo species with
a valence higher than 4. As demonstrated in Table 2, the
introduction of nickel led mainly to an increase in the surface
Mo®" oxidized species, while in the presence of both Cu and Mn
a significant amount of Mo®" is also present on the catalytic
surface. Under reaction conditions however, we expect that the
concentration of these high oxidation state molybdenum
species is low due to the pre-reduction of the catalysts in
hydrogen prior to the catalytic measurements. Focusing our
attention on the Mo® peak assigned to molybdenum in the
carbidic phase, it can be observed that all transition metals
induce a shift of the Mo 3d transition to lower binding energies.
The effect is stronger in the case of Ni and Mn promotion. This
shift signifies strong interaction between the carbide and the
dopants and transfer of electrons from Ni and Mn to Mo,
leading to an increase in the electron density of molybdenum.zs'
7 taniecki et al.”* also reported that the presence of transition
metals enhances the reducibility of Mo species. The increase in
the electron density of Mo has important implications on its
catalytic performance as discussed later in the paper.

Figure 5 (a), (b) and (c) shows the deconvoluted XPS spectra of
the transition metal promoters in the K/Mo,C catalysts. In the

J. Name., 2015, 00, 1-3 | 5
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Ni/K/Mo,C sample, the Ni 2p spectrum is centred on 853 eV.
The binding energy of Ni° 2p3/; has been reported at 852.6 eVv.>?
The shift to slightly higher binding energy in the Ni/K/Mo,C
catalyst can be attributed to the donation of electrons from Ni
to Mo (as evidenced also from the shift in the Mo 3d binding
energy) and/or with the alkali
promoter.53 These confirm the strong interaction of Ni and Mo

electronic interactions
in the promoted catalyst and point out to the possible formation
of the mixed Ni-Mo carbide phase detected in the XRD pattern
of the material. The peak at 856.2 eV with the shakeup satellite
at 860.8 eV can be attributed to Ni** 2ps)y, characteristic of
NiO.>**° The presence of oxidized nickel is probably due to the
passivation step of the catalyst prior to air exposure and the
formation of a thin NiO film on the surface which we expect that
is removed during the catalyst pre-reduction step.

In the Cu/K/Mo,C catalyst, the chemical valence of Cu on the
catalyst surface is a mixture of +1 and +2 valence states, as
shown by the peaks at ~ 932.5 eV and 934.8 eV assigned to cu®
2p;/, and cu® 2p,, respectively and the divalent Cu satellite
peaks in the 940-945 eV range (see Figure 5b).56 No metallic
copper was detected on the surface, probably due to the easy
oxidation of Cu during the catalyst passivation step. Regarding
manganese, the Mn 2p,,, peaks are in general rather broad and
the binding energy shifts are not large enough to clearly
distinguish between the different Mn valence states, especially
in the case that multiple valences are present.57 The Mn 2p XPS
spectra shown in Fig. 5¢c presents a broad peak centred on 641.9
eV, which has been attributed to the Mn 2p;,, transition of
either Mn** (641.9 eV), Mn** (641.7 eV) or Mn®* (641.9ev).”®>°
The presence of the intense satellite structure at 647 eV is
however characteristic of MnO species,eo indicating that the
transition at 641.9 eV can be probably assigned to Mn2+species,
without excluding the presence of manganese in other oxidation
states.

6 | J. Name., 2015, 00, 1-3
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Figure 4. C 1s (a) and Mo 3d (b) XPS spectra of the transition metal promoted
M/K/Mo,C catalysts, where M=Ni, Cu, Mn
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Table 2. Distribution of Mo species and surface composition of transition metal
promoted M/K/Mo2C where M=Ni, Cu, Mn
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XPS analysis of the passivated carbides was also used to
determine the surface composition of the catalysts. Table 2
presents the surface K/Mo and M/Mo (where M is Ni, Cu or Mn)
mass ratios in relation to the bulk ratios. For the K/Mo,C and the
Ni-promoted K/Mo,C, the surface K/Mo ratios are significantly
lower than the bulk ones, indicating a poor dispersion of K on
the surface. In the carbides promoted with Cu and Mn these
values are close to the bulk ones. Concerning the exposure of
the promoters, a strong enrichment of the surface in Cu and Mn
was detected for Cu/K/Mo,C and Mn/K/Mo,C respectively. On
the contrary, in the case of Ni, surface exposure is almost half
than nominal, designating that at least part of Ni is incorporated
in the Mo,C crystal structure. In combination with the XRD
results and the XPS binding energy shifts that point out to the
presence of a mixed Ni-Mo phase, it can be inferred that there
is strong interaction between Ni and Mo,C leading to the
formation of a mixed Ni-Mo carbidic phase. Xiang et al.’® also
observed, on a similar K/Ni/Mo,C catalyst, reduction of the
Ni/Mo ratio from 1.8 in the bulk to 0.05 on the surface,
attributed to incorporation of Ni in the Mo,C crystal structure
and strong Ni-Mo interaction. Another reason for the
significantly lower nickel exposure on the surface could be the
deposition of graphitic-like carbon formed during carburization
preferentially on Ni, as it is well-known that carbon deposits
readily on metallic nickel sites. This is supported by the C 1s
spectra, presented in Fig 4(a), that show that the peak
corresponding to graphitic carbon is much larger in Ni/K/Mo,C
compared to the other catalysts.

Catalytic performance in CO hydrogenation to higher alcohols
The CO hydrogenation experiments were performed over all
investigated catalysts at two temperatures (250°C and 280°C)
at constant pressure 40 bar and two pressures (40 bar and 60
bar) at constant temperature 280°C to study the reactivity in
CO activation and product distribution. The main reaction
products attained were C;-Cg alcohols (with significant
amounts of C,, alcohols), dimethyl ether (DME), C;-Cg
hydrocarbons, as well as large amount of CO, produced via the
water gas shift side-reaction. The conversion of CO, the carbon
based selectivity to the different products on a CO,-free basis,
the CO, selectivity and the yield to total oxygenates (methanol,
higher alcohols and DME) are tabulated in Table 3. In this
section, we first describe the reaction performance under
different operating conditions and then focus on the effect of
the specific promoters on the catalytic behavior and the
stability of the optimum catalyst.

Mo Surface ratios Bulk ratios
Catalysts 5+ 4+ 5+ 6+
Mo Mo Mo K/Mo M/Mo K/Mo M/Mo
K/Mo,C 72.7 15.5 7.2 4.6 0.03 - 0.12 -
Ni/K/Mo,C 57.5 15.6 17.9 9 0.02 0.04 0.12 0.08
Cu/K/Mo,C 37.7 17.3 12.8 32.2 0.07 0.16 0.12 0.08
Mn/K/Mo,C 19.7 14.4 15.4 50.5 0.11 0.15 0.12 0.07
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Table 3. Catalytic performance of the carbide catalysts of transition metal promoted
M/K/Mo2C where M=Ni, Cu, Mn (reaction conditions: W/F=0.63 g.s/cm3, H2/C0=2)
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Reaction Conditions Total Carbon-based selectivity (CO, free), C mol% €O,

Catalysts CO conversion, % Oxygenates selectivity,

Temperature, °C Pressure, bar STY, mg/ge/h MeOH C,,OH DME HC Cmol%

250 40 1.2 12-.9 13.6 59.0 15.5 11.9 30.8
K/Mo,C 280 40 5.7 339 6.7 15.9 34.2 43.2 43.4
280 60 5.8 45.2 15.0 29.0 25.5 30.5 40.8
250 40 3.7 24.5 7.8 34.8 27.4 30.0 47.6
Ni/K/Mo,C 280 40 16.9 94.3 5.5 26.2 24.7 43.6 45.9
280 60 23.2 147.4 6.4 30.5 235 39.6 42.4
250 40 1.8 19.0 6.0 69.2 9.7 15.1 25.7
Cu/K/Mo,C 280 40 7.3 354 6.7 24.2 13.7 55.4 42.7
280 60 7.4 52.2 13.3 29.4 25.4 31.9 45.5
250 40 1.7 17.3 10.0 64.8 13.8 11.4 32.7
Mn/K/Mo,C 280 40 5.6 30.4 8.3 25.1 27.2 39.5 51.0
280 60 5.9 33.7 7.3 30.2 29.7 32.8 52.5

Reaction performance. All carbides exhibited very low activity
in CO hydrogenation at 250°C under the current experimental
conditions, with conversions ranging from ~1-4%. Increasing
the temperature from 250 to 280°C led to CO conversion
increase of about 5x on the reference K/Mo,C catalyst and 4x
on all transition metal promoted catalysts, with maximum
attained conversion of 17% over Ni/K/Mo,C. In terms of
selectivity, the increase of temperature (and conversion)
sharply increased the concentration of hydrocarbons, DME
and CO, at the expense of higher alcohols and methanol
formation, in the majority of the Higher
temperatures, therefore, significantly enhance the formation

catalysts.

of hydrocarbons and CO, via the water gas shift reaction, in
agreement with our previous results regarding higher alcohols
formation over bimetallic Ni-Mo catalysts supported on
activated carbon® and Cu-based catalysts.31 The increase in
hydrocarbons can be related to the higher activation energy
for hydrogenation than for CO insertion in the carbonaceous
intermediate.*®
higher temperatures changes also the H,/CO ratio in the
reactor, indirectly affecting higher alcohol formation.?” % %2

The effect of increasing pressure from 40 bar to 60 bar at
280°C on reactivity was less pronounced than the temperature
effect. For the reference and Cu and Mn-promoted K/Mo,C

Moreover, the increased CO, concentration at

catalysts only a minor increase of CO conversion was recorded.
Over the Ni/K/Mo,C sample, the pressure increase improved
conversion notably, from 17% to 23%. Regarding the product
selectivity, higher pressures led to higher alcohol selectivity at
the expense of hydrocarbon formation over all materials,
whereas selectivity to CO, remained practically unaffected by
pressure. This is in line with thermodynamics, according to
which higher alcohol synthesis is favored at higher pressures.61
The production of hydrocarbons has been shown to increase
less than higher alcohols with increasing pressure.64
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Figure 6 illustrates a detailed distribution of the products over
Ni/K/Mo,C at 40 and 60 bar at 280°C. In general, it can be
observed that the synthesis yields preferentially DME, low
molecular weight hydrocarbons (mainly methane) and linear
alcohols with up to five carbon atoms, with small amounts of
branched alcohols. According to a review by Surisetty et aI.,65
the alcohol products over alkali-promoted molybdenum-based
catalysts are linear alcohols and the mechanism for formation
of higher alcohols is via a classical insertion of CO into a CH,
precursor.7 The presence however of secondary alcohols in the
product mix suggests that chain-growth also takes place via an
aldol condensation pathway. Evidence of the occurrence of
alcohol coupling reactions over sulfided Mo-based catalysts
has also been reported by Christensen et al.” The high
selectivity to methane (~20%) can be ascribed to the
methanation activity of Ni, as was also reported by Li et al.”®
Concerning the nature of the produced alcohols, nickel
strongly promotes the formation of ethanol, followed by
propanol, butanol and pentanol. The increase in
pressure does not significantly alter the distribution to the

methanol,

different alcohols.
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Figure 6. Detailed product distribution over the Ni/K/Mo,C catalyst at 40 and 60bar
(reaction conditions: T=280°C, W/F=0.63 g's/cm’, H,/C0O=2)
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Effect of promoters. Based on the data in Table 3, it can be
observed that promotion with transition metals generally
enhanced reactivity towards CO compared to the reference
K/Mo,C. The addition of nickel undoubtedly had the most
favorable influence in reactivity, with a maximum attained
conversion of 17% at 280°C and 40bar. Cu only slightly
improved activity, increasing conversion to ~7.5% from 5.7%
for the K/Mo,C carbide, while Mn demonstrated no activity
effect. Similar results under mild pressure conditions as the
ones employed in the present study have been reported also
by others,27’ &6 although many controversial data appear in
literature for the activity of such catalysts under various
reaction conditions.” *”*° The beneficial effect of nickel on
activity has been reported by several other researchers,™*” 50
who ascribed it to the excellent methanation ability of Ni. As
discussed above, Ni is known to provide very active sites for
dissociative = chemisorption of CO and subsequent
hydrogenation of the CH, species to methane.

The effect of the dopants on the selectivity to the different
products is presented in Figure 7 with data obtained at 280°C
and 40bar. At these conditions, the conversion level for all
catalysts is similar (~ 5-7%), with the exception of Ni/K/Mo,C
which exhibited higher conversion. All promoters almost
doubled selectivity to alcohols higher than methanol
compared to the reference catalyst, suggesting that the
synergy between Mo and transition metals favours oxygenate
formation and carbon chain growth. The effect of Ni and Mn
on selectivity is similar, with respect to the fact that this
increased higher alcohols concentration originates from
suppression of DME formation, while selectivity to methanol
and hydrocarbons remains largely unchanged. On the
contrary, the Cu promoter although also favours higher alcohol
formation, it also further promotes the production of
hydrocarbons in expense to DME. Concerning the CO,
selectivity, it is rather high and ranges between 43-50% over
all catalysts, indicating that the transition metal doped Mo,C
catalysts are quite active in the water gas shift reaction. The
nature of the promoter does not seem to greatly affect activity
towards WGS.

70
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Figure 7. Selectivity (CO,-free) to the different reaction products over the
transition metal promoted M/K/Mo,C catalystg, where M=Ni, Cu, Mn (reaction
conditions: T=280°C, P=40bar, W/F=0.63 g's/cm”, H,/C0O=2)
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Not only the total amount of C,, alcohols, but also the detailed
alcohol distribution, is crucial for the suitability of the CO
hydrogenation product for Figure 8
illustrates the distribution of produced alcohols over the four

fuel applications.
investigated molybdenum carbide catalysts at 280°C and
40bar. It can be observed that in contrast to copper-based
catalysts where methanol is the main alcohol product with
over 80% selectivity,31 alcohols with carbon number from two
to four are the main products over MoC, in agreement with
7:25:3% Oyer the reference K/Mo,C catalyst, ethanol is
the most abundant alcohol, followed by descending amounts

literature.

of methanol, propanol and C,,OH. The carbon chain growth
pattern for alcohols is influenced by the nature of the
promoter, with all promoters reducing the concentration of
methanol in the alcohol product. The most pronounced effect
is that of nickel, which significantly enhances the formation of
ethanol, with equimolar formation of C;, C; and C, alcohols.
The positive effect of Ni on C,, alcohol selectivity, mainly
towards ethanol and propanol, has also been reported in CO
hydrogenation over transition metal promoted alkali-doped
molybdenum sulfide catalysts.26 Sun and his group67
investigated the promotion of Cu/Mn/ZrO, with Fe, Co and Ni
and found that Fischer—Tropsch elements promote carbon
chain growth in CO hydrogenation. The presence of nickel in
K/MoS, catalyst was also found to greatly enhance the C1-C2
homologation step, leading to formation of ethanol as the
dominant product.29

Mn and Cu on the other hand also promote selectivity to
higher alcohols, but in particular to alcohols with 3 and 4+
carbon atoms. This effect is more pronounced with Cu, as the
Cu/K/Mo,C catalyst produces the highest concentration of
propanol, and pentanol limited
production of methanol and ethanol. In agreement with our
results, 2 reported similar catalytic
performance regarding the CO hydrogenation reaction over Cu
promoted K/Mo,C catalysts, claiming that copper particles
may contribute to the formation of methanol, which can act as

butanol compared to

Christensen et al

a precursor in the formation of higher alcohols. They also
supported that Cu possibly enhances hydrogen transfer
reactions.

Summarizing, it appears that all transition metals investigated
in this study favour CO hydrogenation to higher alcohols by
either increasing CO conversion and/or selectivity to higher
alcohols. The most beneficial effects are realized by nickel
which not only significantly increases reactivity to carbon
monoxide, but it also maintains high preferential formation of
higher alcohols, and especially ethanol. Highest performance
was attained at 280°C and 60 bar, with ~24% CO conversion
and carbon-based selectivity to C,, alcohols over 30%. At these
conditions, the Ni/K/Mo,C catalyst exhibits the highest space
time yield to oxygenates, equal to 147.4 mg/g..: h.
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Stability testing of Ni/K/Mo,C. A long term testing of the
optimum catalyst, Ni/K/Mo,C, was performed in order to
examine catalyst stability under the best reaction conditions
regarding activity and higher alcohols selectivity. The Ni-
promoted K/Mo,C catalyst was therefore tested at 280°C and
60 bar for a total of 400h time-on-stream and the results are
illustrated in Figure 9. The catalyst exhibited a constant, slow
deactivation during the first 150 hours on stream, with activity
dropping by about ~25%. The catalytic activity continued to
decline, albeit with lower deactivation rate, leading to
additional 23% loss in conversion after 400 hours of
continuous operation. Selectivity did not vary significantly with
time-on-stream. A small increasing trend in HAS formation
observed with time-on-stream is probably related to the
decrease in CO conversion.
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Figure 9. CO conversion and C,, alcohol CO,-free selectivity with time on stream

for thg Ni/K/Mo,C catalyst (reaction conditions: T=280°C, P=60bar, W/F=0.63
g's/cm’, H,/CO=2)
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In order to elucidate the origin of deactivation, the used
catalyst was characterized with BET, XRD, TEM and CHN
analysis after the reaction. The specific surface area of the
Ni/K/Mo,C catalyst after the long term experiment was found
tobe<0.3 mz/g, much lower than the initial surface area of 17
mz/g. The XRD results shown in Figure 10, demonstrate no
significant alteration of the Mo,C crystal phase. However, the
exposure of the catalyst to reaction conditions for prolonged
periods led to the disappearance of the K,Mo00, and Ni-Mo
mixed carbidic phases and the formation of a well-defined
K,Mo0,0; phase and Ni,O,(OH). The detection of the hydrated
oxidic nickel species points out to a segregation of the Ni-Mo
carbide that could be responsible for the observed decrease in
CO conversion with time-on-stream. This result was further
confirmed by examining the catalyst surface with transition
electron microscopy (TEM). Figure 11 illustrates TEM image of
the fresh (a) and used Ni/K/Mo,C catalyst (b, c and d) after the
long term experiment. As shown in Fig. 11 (a), the fresh
catalyst consists of well crystallized agglomerated carbidic
particles, surrounded by a thin film of crystallized carbon,
which is more likely ascribed to the carbon of the carbide. The
TEM images of the used catalyst are dominated by coke
formation. EDS analysis on two distinct particles of the used
catalyst, shown in Fig. 11 (b) and 11 (c), revealed the formation
of Ni-rich areas (particle 1) with Ni content higher than the
nominal and Ni-poor particles (particle 1), supporting the
notion of Ni-Mo carbide segregation. Concerning coke
formation, TEM images show that practically all catalyst
particles are encapsulated in carbon formations. Fig. 11 (c) for
example illustrates well-crystallized agglomerated particles
surrounded by amorphous carbon. Due to the carbidic nature
of the catalyst, the amount of coke on the used catalyst was
determined by difference by measuring the C content of the
fresh and used sample. The CHN analysis of the fresh
K/Ni/Mo,C catalyst gave a C content of 11.1 wt%, a value much
higher that the nominal 5 wt% C content of the sample. This
demonstrates, in accordance with the XPS C 1s results, the
formation of a significant amount of graphitic-like carbon
during carburization. The C concentration in the used catalyst
was measured equal to 38.3 wt%, pointing out to a ~ 27 wt%
coke deposition on the surface during the stability test. The
great decrease recorded in the surface area after the stability
test could be thus ascribed to notable blockage of the catalyst
pores by carbon and agglomeration of the catalyst particles.
The deposition of coke on the surface obviously contributes
also to the deactivation observed with time on stream. The
decline in activity due to carbon formation has been widely
reported as typical deactivation reason over molybdenum
carbide catalysts.7' 27,68 Finally, Fig. 11 (d) shows the presence
of crystallized carbon, which is more likely ascribed to the
carbon of the carbide, since XRD results showed that the Mo,C
crystal phase is retained after the long term experiment.

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. TEM images of the fresh (a) and used (b, ¢, d) Ni/K/Mo,C catalyst after
400 hours of continuous operation: (b) Ni-rich area, (c) Ni-Mo carbide
segregation due to carbon formation, (d) crystallized carbon area

Discussion

The results presented above confirm, in agreement with
previous studies,™ > %7 that alkali-containing Mo,C catalysts
constitute a promising class of catalysts for the hydrogenation
of CO to higher alcohols, exhibiting selectivity higher than 20%
at mild reaction conditions (low temperature and pressure).
The promotion of K/Mo,C with Ni, Cu and Mn modified both
the physicochemical characteristics and the catalytic
performance of the carbides. The addition of nickel had the
most pronounced effect on activity, where a great increase in
CO conversion was recorded. In terms of selectivity, all
promoters increased selectivity to higher alcohols,
preferentially to ethanol on Ni/K/Mo,C and to propanol and
butanol on Mn- and Cu- promoted carbides.

In general, the formation of higher alcohols from syngas
requires a catalyst able to adsorb CO both molecularly and
dissociatively. Non-dissociative CO adsorption leads to CH;OH
formation, while dissociative CO chemisorption leads to
formation of surface carbon species that are hydrogenated to
CH, intermediates and eventually to hydrocarbons. The
existence of both types of sites on the catalytic surface leads
to higher alcohol formation via insertion of the non-

This journal is © The Royal Society of Chemistry 20xx
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dissociated CO to the CH, intermediates. DFT studies on Mo,C
showed that direct CO dissociation is kinetically favorable on
the Mo-terminated B-Mo,C (0001).24 Pistonesi et al., who
studied the effect of K on the adsorption and dissociation of
CO on the B-Mo,C (001) surface by density functional theory
calculations, suggested that the activation energy barrier for
CO dissociation increases in the presence of potassium.69
According to the above, the shift of the product distribution
from hydrocarbons to alcohols in Mo,C promoted with alkalis®
can be attributed to the balanced presence of sites for both CO
adsorption and dissociation on the catalytic surface.

The reference K/Mo,C catalyst in our study mainly produces
hydrocarbons indicating that CO dissociative adsorption is the
main mechanism of CO activation on the surface. The increase
of higher alcohol selectivity over all transition metal promoted
catalysts suggests that the dopants modify the electronic
properties and provide sites for non-dissociative CO
adsorption on the surface. The XPS characterization data
showed a clear shift of the Mo 3d transition of molybdenum in
promoted Mo,C to lower binding energies, signifying transfer
of electrons from the transition metals to Mo. In analogy to
what has been reported for the effect of alkali promoterssg-
that also act as electron donors - on Mo,C surfaces, it can be
suggested that the transition metals increase the activation
energy barrier for CO dissociation, thus promoting its
molecular adsorption on the surface and the formation of
oxygenates.

Most beneficial promotion was achieved by nickel which not
only significantly increased reactivity to carbon monoxide, but
also promoted ethanol formation, in contrast to the expected
increase in hydrocarbons as nickel is known to act as a centre
for the dissociative chemisorption of CO. Nagai et al. and Zhu
et al. reported that the electronic donation from Ni to Mo
atoms results in the increase of d-orbital occupation of
monbdenum.33’ 70 According to several studies,zs’ % the
synergy between Ni and Mo promotes alcohol formation
through the strong interaction between the two metals. Both
the XRD and the XPS results prove this interaction and suggest
the formation of a mixed Ni-Mo carbidic phase, possibly
NigMogC. Moreover, the composition of the surface measured
by XPS shows that Ni is not directly exposed on the surface, as
opposed to Cu and Mn in Cu/K/Mo,C and Mn/K/Mo,C
respectively, thus preventing direct interaction of CO
molecules with metallic nickel. Phases such as NigMogC,
Co3zMo;C and Ni-Mo-S have been suggested to be responsible
for the high activity of higher alcohol synthesis in similar
catalysts.le’ 7172 Similar results for CO adsorption on Co-Mo
carbides were also reported by Nagai and Matsuda.” Nagai et
al.® reported that carbon-deficient NigMogC crystallites
constitute the active sites in NiMo bimetallic carbide catalysts.
They suggested that CO adsorbs molecularly rather than
dissociatively on the Ni- and C-terminated surface defect sites
of the Ni-Mo bimetallic carbide catalysts, leading to oxygenate
rather than hydrocarbon formation.

We can thus summarize that promotion of K/Mo,C with Ni
leads to the formation of a mixed Ni-Mo carbidic phase, where
Mo has modified electronic properties due to electron
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donation from Ni. These reduced Mo sites in close vicinity with
Ni serve as active sites for molecular rather than dissociative
adsorption of CO and offer a balance of non-dissociated and
dissociated CO species on the catalytic surface, leading to
enhanced higher alcohol formation.

Experimental
Catalyst preparation

Transition metal promoted M/K/Mo,C (where M = Ni, Mn, Cu)
catalysts, with a constant molar composition of Mg 55Ky ¢Mo0,C,
were prepared via direct carburization of the MMoO, oxide
precursors. A K/Mo,C sample with the same K content was
also prepared as reference material. The MMoO, oxide
precursors for the bimetallic carbides were prepared by
mechanically mixing the appropriate amount of the solid
precursors: ammonium heptamolybdate [(NH4)¢Mo0;0,,4H,0
(Aldrich)] and the nitrate salt of the corresponding transition
metal promoter [Ni(NO3),6H,0 (Aldrich), Cu(NOjz),3H,0
(Merck), Mn(NO3),4H,0 (Merck)]. The mixture was then
calcined at 500°C under air flow for 6 hours. Carburization was
carried out under atmospheric pressure in a flow of 20%
CH,4/H, gas mixture. The temperature was linearly increased
with a rate of 3°C/min from room temperature to 280°C and
then to 700°C with a rate of 1°C/min, where it was maintained
for 3h. Prior to air exposure, passivation was performed at
room temperature in a 3.0 % O,/He flow. For K addition, the
appropriate amount of solid K,CO; (Aldrich) was mechanically
mixed with the carburized catalyst. The solids were thoroughly
mixed to ensure homogeneity and the final material was
calcined at 500°C for 2h under N,.

Catalyst characterization

For the determination of surface area (BET method) and pore
volume, N, adsorption/desorption experiments were
conducted at =196 °C, using an Automatic Volumetric Sorption
Analyzer (Autosorb-1MP, Quantachrome). the
measurements, the samples were dehydrated in vacuum at
250°C overnight.

X-Ray Diffraction (XRD) patterns were obtained using a
Siemens D500 diffractometer, employing Cu Ka radiation.

CHN Elemental analysis, in order to determine the carbon
content of the carbide catalysts, was carried out on a CHN-800
elemental analyzer (LECO Corporation, USA) according to the
UOP 703 method.

Temperature programmed desorption (TPD) in helium was
performed in a home-made gas flow system equipped with a
quadrupole mass analyzer (Omnistar, Balzers). Typically, the
catalyst sample (200mg) was placed in a quartz reactor. The
temperature was then raised from room temperature to 800°C
with a heating rate of 10°C/min in He flow (50cm3/min) and
was maintained constant at 800°C for 1h. The main (m/z)
fragments registered were: CO,=44, CO=28, H,0=18, CH,=16
and He=4. The reduction characteristics of the catalysts
were studied by temperature programmed reduction (TPR).
Experiments were performed on the same apparatus as

Prior to

12 | J. Name., 2015, 00, 1-3

described above. Typically, the catalyst sample (200mg) was
placed in a quartz reactor and was pretreated in flowing He for
0.5h at 350°C, followed by cooling at room temperature. The
temperature was then raised from room temperature to 800°C
with a heating rate of 10°C/min in a 5%H,/He flow (50cm3/min)
and was maintained constant at 800°C for 1h. The main (m/z)
fragments registered were: CO,=44, CO=28, H,0=18, CH,=16,
He=4 and H,=2.

X-ray photoelectron spectroscopy (XPS) was carried out using a
Kratos Analytical AXIS ultra DLD spectrometer equipped with a
monochromatic Al X-ray Binding energy (BE)
referencing was employed using the adventitious carbon peak
at 284.8eV. XPS spectra were recorded with pass energy of
20eV, a step of 0.1eV and X-ray power of 150W. Deconvolution
of the peaks was performed with a Kratos Vision software
(Version 2.2.10) using Shirley background subtraction and
mixed Gaussian-Lorentzian functions.

Electron microscopy was performed on a JEOL 2011 high
resolution transmission electron microscope, operating at 200
kV, with a point resolution of 0.23 nm and Cs = 1.0 mm, fitted
with an Oxford Instruments INCAx-sight liquid nitrogen cooled
EDS detector with an Si(Li) window for EDS analysis. Processing
of the spectra was accomplished using the INCA Microanalysis
Suite software.

source.

Catalytic reaction tests

The catalytic performance of the samples in carbon monoxide
hydrogenation was evaluated in a high pressure small-scale
test unit, equipped with three gas lines controlled by high
accuracy mass flow controllers. The unit operates with a
stainless steel fixed bed reactor (ID: 9.3mm), externally heated
with a three-zone furnace, while the exit stream of the reactor
is cooled via a heat exchanger and is directed to a system of
vessels for the separation and collection of the liquid and
gaseous products. The reaction temperature is monitored with
a thermocouple inserted in the catalytic bed. The test facility
can operate to a temperature range up to 600°C and pressures
up to 100 atm.

The samples were first diluted with equal amount of SiC
particles of the same size to achieve isothermal operation and
were then loaded in the fixed bed reactor. The catalysts were
pre-reduced in situ in pure hydrogen at 500°C for 2h and
atmospheric pressure. The reacting mixture (CO and H2) was
then introduced in the reactor and temperature and pressure
were fixed to the desired levels. The higher alcohol synthesis
reaction was investigated under the following standard
reaction conditions: temperature 280°C, pressure 40 bar, W/F
ratio of 0.63 g.s/cm3 and inlet feed composition H2/CO=2. The
effect of temperature was studied in the range of 250 to 280°C
and the effect of pressure in the range of 40 to 60bar. The
steady-state activity measurements were taken after at least
24 h on-stream. The gaseous products were analyzed on-line,
while liquids were collected in a trap (-15°C) for 24h and were
analyzed offline. The analysis was performed with a GC Agilent
7890A equipped with two detectors (FID & TCD) and three
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columns (MS, Porapak Q and DB-FFAP) in a series-bypass
configuration.

CO conversion was calculated as the percentage of carbon
monoxide converted to products:

moles of COin —moles of Coout

CO conversion (mol%) = x100 (1)

moles of COin

Carbon selectivity was defined as the moles of carbon in a
given product to the total moles of converted carbon:

moles of a given product x number of carbons in product (2)

Selectivity (C mol%) =
COjp — COpyt

Space time vyield (STY) was calculated as the weight of each
oxygenated compound produced per unit mass catalyst and
per time unit:

_ weight of oxygenatedcompound

STY (mg/g...;-h) = 3)
&/8cat catalyst weight x time

Conclusions

Potassium containing molybdenum carbides doped with Ni, Cu
and Mn were found to be promising catalysts for the
hydrogenation of CO to higher alcohols. The main reaction
products over the investigated materials were linear alcohols
with two to five carbon atoms, methanol, low molecular
weight hydrocarbons and DME. All the transition metals
exerted a promotional effect on the selectivity to higher
alcohols, doubling the selectivity to higher alcohols compared
to the reference material at 280°C and 40 bar. In terms of
activity, the CO conversion of the catalysts promoted by Cu
and Mn was found to be very similar to that of the reference
K/Mo,C catalyst. Nickel on the other hand greatly increased
activity, reaching a maximum CO conversion of 23% at 280°C
and 60 bar with higher alcohol selectivity equal to 30.5%
(mainly ethanol).

Characterization with XRD showed that B-Mo,C is the main
crystal phase in the catalysts. The passivation step and/or
exposure to air lead to formation of surface oxidic phases and
oxygen incorporation in the carbides. TPR studies showed that
this oxygen can be efficiently removed without losing
significant amount of carbon during reduction with hydrogen
at temperatures lower than 550°C. Investigation of the
catalysts by XPS revealed the strong interaction between
molybdenum in the carbidic phase and the dopants, as in the
presence of the transition metals a significant shift of the Mo
3d binding energy was recorded, indicative of electron transfer
to the Mo atoms. The most pronounced interaction was
observed in the case of the optimum Ni/K/Mo,C catalyst,
where both XRD and XPS results point out to the formation of
a mixed Ni-Mo carbidic phase, probably NigMogC. These sites

This journal is © The Royal Society of Chemistry 20xx

Catalysis Science & Technology

are likely to be responsible for the enhanced higher alcohol
formation, serving as active sites for molecular rather than
dissociative adsorption of CO and offering a balance of non-
dissociated and dissociated CO species on the catalytic surface.

The stability of the optimum Ni/K/Mo,C catalyst was tested
in a long term test for 400 hours continuous operation at
constant conditions. Significant deactivation was observed,
with CO conversion decreasing by ~48%. Post-reaction catalyst
characterization revealed extensive carbon formation and total
loss of the surface area (<0.3m2/g). Moreover, the exposure of
the catalyst to the reaction conditions for prolonged periods
led to the disappearance of the mixed Ni-Mo carbidic phase
and the formation of a well-defined K,Mo0,0; phase and
Ni,O,(OH). The segregation of NisMogC and the subsequent
formation of hydrated oxidic nickel species, together with the
extensive deposition of coke on the surface, could be
responsible for the observed decrease in CO conversion with
time-on-stream.
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