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ABSTRACT: The promoting effect of manganese on the Ni/AlL,O;
catalyst for the hydrogenation of carbon oxides, in the presence of
light hydrocarbons, was studied. Ni/Al,O; displayed a high activity
for the complete conversion of CO and CO, to methane and C,,
hydrocarbons. Moreover, over a discrete and relatively narrow
temperature range, the net concentration of light C,, hydrocarbons
was elevated, with the exit stream containing a higher concentration
of C,, species than was present in the feed stream and the product
stream being virtually free of carbon oxides. It is found that the
addition of manganese can enhance the selectivity toward the
production of light hydrocarbons. A series of Ni—Mn/Al,O;
catalysts, prepared with different Ni/Mn ratios, were studied.
Various characterization techniques such as X-ray diffraction (XRD)

(CO hydrogenation)
(CO3 hydrogenation)

Ea
Ea

Hydrogenation activity
C,. hydrocarbons yield

analysis, CO and H, chemisorption, in situ nitric oxide adsorption Fourier transform infrared spectroscopy (NO-FTIR), and
temperature-programmed reduction (TPR) were performed to gain an insight into how the addition of Mn to the primary
catalyst enhances the yield of light hydrocarbons. The origin of Mn promotion was demonstrated through density functional
theory (DFT) calculations, which revealed the favorable Mn substitution at the Ni(211) step edge sites under reducing
conditions. The affinity of these Mn species toward oxidation stabilizes the CO dissociation product and thus provides a
thermodynamic driving force that promotes C—O bond cleavage compared to the Mn-unmodified catalyst surface.

KEYWORDS: CO and CO, hydrogenation, bimetallic catalysts, nickel, manganese, density functional theory

Bl INTRODUCTION

For decades, the catalytic hydrogenation of carbon oxides has
been widely studied for a wide variety of applications. The
worldwide demand for the development of new energy storage
devices and resources has reanimated research into CO and
CO, hydrogenation." Two of the most important and well-
known processes for conversion of carbon oxides are Fischer—
Tropsch synthesis (FTS)” and carbon oxide methanation.’
FTS is an exothermic polymerization reaction 1, which
produces a variety of hydrocarbons, most significantly
parafhins, olefins, and alcohols.”

The FTS process has received a renewed interest for
producing hydrocarbons from both CO and CO,.” Carbon
oxide methanation reactions 2 and 3 have also been used for
various applications, such as hydrogen purification for use in
ammonia synthesis and fuel cells, producing synthetic natural
gas (SNG) and chemical storage of electricity®
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CO + 2H, - —CH, — +H,0; AH = —167.4 kJ /mol
(1)
CO + 3H, — CH, + H,0; AH = —205kJ/mol  (2)

CO, + 4H, — CH, + 2H,0; AH = —163.2 k] /mol

(3)
Significant quantities of carbon monoxide and carbon dioxide,
present as undesirable byproducts, can inhibit commercializa-
tion of different processes, especially those involving the
catalytic synthesis of hydrocarbons.”® For these applications,
removing CO and CO, from a stream containing hydro-
carbons is essential. Under these circumstances, it is necessary
that carbon oxide hydrogenation does not reduce the initial
concentration of C,, hydrocarbons in the feed stream.
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Group VIII transition metals have been extensively studied
for carbon oxide hydrogenation and are generally proven to be
highly active catalysts. Among this group, nickel has been
widely investigated for both FTS and methanation because of
its high activity and relatively low cost. However, nickel has not
been used as FTS catalyst because of its high selectivity toward
methane formation.””~"" Improving the catalytic properties of
nickel-based catalysts for CO, hydrogenation has been the aim
of much research in this area. In these studies, using a second
metal as a promoter to form bimetallic nanoparticles, has been
established as a technique to enhance the catalytic performance
of Ni catalysts. It is found that the structural and electronic
properties of single metal particles are significantly changed
following the addition of a second metal to form bimetallic
nanoparticles. These changes have been shown to engender a
notable influence on the performance of the catalyst, in terms
of both activity and selectivity."' ="

Manganese has been used to improve both nickel-based and
other CO, hydrogenation catalysts. Differing effects on the
catalyst (following the addition of manganese) such as its
structural and electronic properties, carbon deposition, and the
dispersion of the active sites have been found.'®™**

In this work, we present an assessment of the catalytic
performance of a series of Ni—Mn/AlL,O; catalysts for
hydrogenation of CO and CO, where the carbon oxides are
present in a gas stream together with a significant
concentration of light hydrocarbons. The primary focus of
this study is to explore the influence of manganese addition to
Ni/AL Oj on the activity for a complete conversion of CO, and
selectivity toward enhancing the yield of production for light
hydrocarbons and catalyst properties.

B METHODS

Catalyst Testing. A series of Ni—Mn/Al,O; catalysts were
prepared by the incipient wetness method. The total metal
loading for each catalyst was adjusted to 12 wt %.

Table 1 illustrates the labels and calculated metal contents
for each sample.

Table 1. Labels and Calculated Metal Contents of Catalysts

catalyst label Ni (wt %) Mn (wt %) Ni/Mn
Ni/Mn 12:0 12.0 0.0 N/A
Ni/Mn 10:2 10.0 2.0 5.0
Ni/Mn 8:4 8.0 4.0 2.0
Ni/Mn 6:6 6.0 6.0 1.0
Ni/Mn 4:8 4.0 8.0 0.5
Ni/Mn 2:10 2.0 10.0 0.2
Ni/Mn 0:12 0.0 12.0 0.0

Hydrated metal nitrates for Ni (Ni(NO;),-6H,0, Sigma-
Aldrich, 99.999%) and Mn (Mn(NO,),-4H,0, Sigma-Aldrich,
97%) were used as precursors. Alumina spheres (Sasol,
Alumina Spheres 1.8/210) were ground and calcined at 500
°C and used as catalyst supports. To prepare each catalyst, a
predetermined amount of metal precursors to achieve the
desired metal loading and Ni/Mn ratio was dissolved in
distilled water. The solution was then added dropwise slowly
to the support powder with continuous mixing. The slurry was
dried in two steps: initially at 80 °C for 12 h and at 110 °C for
12 h. The dried slurry was then transferred to a furnace for
calcination in static air at S00 °C. The catalysts were sieved
and particles between 250 and 425 um were collected. For

each run, 250 mg of the sized catalyst particles and 200 mg of
quartz sand were mixed (to avoid formation of any hotspots
and dilute the catalyst). A tubular fixed-bed reactor was used to
perform the catalytic experiments. Prior to each run, the fresh
catalyst was reduced in hydrogen flow at 500 °C for 2 h in situ.
Temperature-programmed reaction (TPR) analysis was
performed at atmospheric pressure in the range of 150—500
°C.

The feed stream contained CO, CO,, and H, with light
alkanes and alkenes (CH,, C,H, C,Hs;, C;H and C;Hj).
Four different feed compositions were used to analyze the
catalyst performance. The compositions of each feed were
adjusted based on the ratio of H, to all other reactive
components, i.e, CO, CO,, C,H,, C,Hy, C;Hy, and C;Hg. In
this case, each feed was labeled as the value of H,/other ratio

(Table 2).

Table 2. Composition of Each Feed Stream

partial pressure (kPa)

H,/other 1/1 1.5/1 2/1 4/1
H, 9.46 14.2 18.9 37.8
co 2.03 2.03 2.03 2.03
co, 0.68 0.68 0.68 0.68
CH, 8.11 8.11 8.11 8.11
C,H, 0.34 0.34 0.34 0.34
C,H, 0.34 0.34 0.34 0.34
C,H, 0.03 0.03 0.03 0.03
C,H, 0.03 0.03 0.03 0.03
He 80.3 75.6 70.9 52.0
total 101 101 101 101

Conversion (X), selectivity (S), and product yield (Y) are
defined by equations 4—6. The conversion was calculated for
CO and CO,. The selectivity and yield were calculated for light
hydrocarbons (C,—C,). It should be noted that the selectivity
and yield were calculated based on the total mole number of
carbon in C,, hydrocarbons. Experiments for CO and CO,
hydrogenation in the absence of hydrocarbons in the feed
stream were performed. It is found that from CO, hydro-
genation under this condition, the major product is methane
and the concentration of higher hydrocarbons was negligible.
Therefore, the selectivity and yield of C,—C, hydrocarbons
was calculated based on CO conversion.

The specific reaction rate and activation energy value were
determined for Ni—Mn/AlL,O; catalysts under differential
reaction conditions (below 10% conversion). In this case,
the reaction of hydrogen with CO, CO,, and C,Hg has been
analyzed separately. The activation energy values were
calculated using the Arrhenius equation®

NCOorCO,in — MCO or CO,,0ut

Xcoorco, = X 100
ncoor CO,,in (4)
S _ "c,—¢yout ~ MC,—Cyin % 100
C,-C, =
1co,in — 1Co,out (%)
Y _ "¢,—Cyout T MC,-Cyin % 100
C,—C, =
nco,in (6)

Inductively Coupled Plasma-Optical Emission Spec-
troscopy (ICP-OES). The elemental composition of the
catalysts for Ni and Mn was determined by an ICP-OES
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spectrometer (Varian Radial 715-ES). The sample preparation
consisted of digestion and dilution steps. Microwave-assisted
digestion of each samgle occurred in a mixture of HNO;, HC],
and HBE, as solvent.”* The solutions were then diluted to a
suitable extent and analyzed by the spectrometer.

X-ray Diffraction (XRD) Analysis. A Philips X’Pert MPD
with copper anode (Ka = 1.54060 A at 40 kV and 40 mA) was
used to obtain powder XRD patterns for crystal-phase
investigation. Obtained data were analyzed using X'Pert
Highscore Plus”® and Match®® programs. The reference
patterns were downloaded from inorganic crystal structure
database (ICSD) and crystallography open database (COD)
and compared to the experimental patterns for each sample.

Temperature-Programmed Reduction (TPR). TPR
analysis was performed in a purpose-built apparatus with a
mixture of H, (2%) and Ar (98%). Prior to each run, fresh
samples were thermally treated at 400 °C for 30 min. For the
TPR experiments, a temperature ramp of 10 °C/min was
imposed on the catalyst sample and the flow rate for each
sample/reference lines was fixed at 50 mL/min. The moles of
hydrogen consumed was analyzed with a thermal conductivity
detector (TCD). A similar mass of sample (225 mg) was used
for each analysis, so no normalization was needed during
postrun analysis.

Nitric Oxide Adsorption Fourier Transform Infrared
(NO-FTIR) Spectroscopy. Nitric oxide adsorption in situ
experiments were carried out in an ultrahigh-vacuum cell.
Spectra during all key steps (activation/reduction, adsorption,
and desorption) were recorded using a Bruker Tensor27 FTIR
spectrometer. Wafers (=15 mg) were pressed using 13 mm
dies. The wafers were heated up to 500 °C at a rate of 5 °C/
min and maintained at that temperature for 30 min under
vacuum. The sample was then reduced in situ at 500 °C by
injecting 10 mbar H, into the cell and remaining at these
conditions for 10 min followed by evacuation of the cell (and
catalyst) for 10 min. The reduction procedure consisted of
three cycles of this H, injection/evacuation procedure. The
nitric oxide adsorption spectra were collected at 50 °C at
pressures ranging from 1.0 X 107* mbar to 10 mbar. After
completion of the adsorption step, the samples were heated to
500 °C with S °C/min and spectra were collected to study
desorption of NO from the samples. For adsorption/
desorption difference spectra, the spectrum of a “clean”,
activated, and reduced catalyst sample at 50 °C was subtracted.
The gas-phase NO spectrum was also recorded in the empty
cell to confirm the absence of gas-phase contaminants.

H, and CO Chemisorption. A volumetric chemisorption
apparatus was used to quantitatively determine the capacity of
each catalyst for H, and CO chemisorption. The reactor/
sample tube used for chemisorption experiments was a U-
shaped quartz tube with 10 mm OD. Prior to each experiment,
the samples were calcined in 100 cm®/min air at 500 °C for 2 h
and purged in He for 30 min followed by reduction in 100
cm®/min H, at 500 °C for 2 h. For each sample, 250 mg of
catalyst was calcined and reduced (in situ) in the apparatus for
chemisorption analysis. The apparatus and samples were
outgassed at 1.0 X 107* mbar using foreground and turbo
pumps prior to each experiment. Hydrogen and carbon
monoxide chemisorptions were performed separately at 40
°C over a pressure range of 30—90 mbar. Based on the volume
of chemisorbed H, and CO, the metal particle dispersion (D),
specific surface area (SA), and average particle size (d) were
calculated using eqs 7—9°
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S X Moas [mol] X F, [g/mol]
D (%) = X 100
wt % X VV;ample [g] (7)
SA (m*/g) =
S X Moas [mol] X o, [m?/atom] X N, [atom/mol]
wt % X T/Vsatmple [g]
(8)
d (nm) = . 6000 .
S [m“/g] X p_ [g/cm’] (9)
where 1, is the number of moles of gas adsorbed on the metal

particles, F,, is the formula weight of the particle, S; is the
stoichiometric factor, wt % is the weight percent of the metal
particle in the sample, W,,,,.;. is the total weight of the sample,
0, is the atomic cross-sectional area of metal, N, is the
Avogadro number, and p,, is the metal particle density.

Density Functional Theory (DFT) Calculations. Peri-
odic spin-polarized DFT calculations were performed using the
RPBE functional,™® a plane-wave basis set with a cutoff kinetic
energy of 400 eV, and the projector-augmented wave
method,” as implemented in the Vienna ab initio simulation
package (VASP).*”*" When explicitly stated, a Hubbard U
correction of 3.9 eV was applied for all Mn atoms.”* Ni terrace
sites were modeled using a three-layer Ni(111) p(3 X 3) unit
cell, and Ni step sites were modeled using a three-layer
Ni(211) p(3 X 1) unit cell, while the corresponding Brillouin
zones were sampled with a (3 X 3 X 1) Monkhorst—Pack
grid.*® To model MnO stripes, a three-layer Ni(111) p(4 X 2)
unit cell was used and the Brillouin zone was sampled with a (1
X 4 X 1) Monkhorst—Pack grid. In all of the slabs, the bottom
two layers were constrained at the bulk positions, while the top
layer and the adsorbed species were fully relaxed. The slabs
were separated in the perpendicular z-direction by 15 A of
vacuum, and a dipole correction was applied. The electronic
convergence criterion was 10~° eV, while the force criterion for
geometry relaxation was 0.05 eV A™! for all forces.

To determine the relative stability of different configurations
that substitute Mn for Ni atoms in Figure 1, the chemical
potential per Mn atom (4™") was calculated as

. sab . )
Mn _ (Elelab'“Mn (oRn) Nige _ pNigp _

* + nE nEM®

u

— ™0 4+ 1/2xu™) /n (10)

where E denotes the calculated DFT energies and n
corresponds to the number of Mn atoms in the corresponding
structure. In our calculations, Ni and Mn are referenced to bulk
face-centered cubic (fcc) Ni and bulk metallic Mn,
respectively. The hydrogen and oxygen chemical potentials
(™ and u®) are referenced to gas-phase H, and H,O (1/2u™
and p™© — u™). Using a similar approach, the relative stability
of Mn,O,H, stripes on a Ni slab was calculated as

Mn — (ENislab'M“nOxHy _ ENislab _ ﬂEMn _

a0 4 oyt
(11)

Chemical potentials of gas-phase species were calculated by
augmenting the corresponding DFT energies (E) with
contributions for zero-point energy (ZPE), entropy (S), and
pressure (P)

u=E+7ZPE—-TS+ RTInP

p
— 1/29™) /n

(12)
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Figure 1. (a) CO conversion, (b) CO, conversion, and (c) yield of
production of C,—C, hydrocarbons for different feed compositions
over Ni/ALO; (Ni/Mn 12:0) catalyst.

The latter terms were calculated from DFT based on a normal-
mode analysis and using the experimental values for operating
temperature (~260 °C) and pressures (Py, = ~0.5 bar, Pco =
~0.02 bar). Finally, we included a ZPE term associated with
the presence of an adsorbate, while changes in surface entropy
due to adsorption were considered to be small and thus
neglected.

B RESULTS AND DISCUSSION

Catalyst Testing. The temperature-programmed catalyst
experiments were conducted at atmospheric pressure over the
temperature range of 150—500 °C. Initially, Ni/Al,Oj; catalysts
were examined, with different feed compositions as outlined in
Table 2. The primary reason for this aspect of the research was

1538

to study the effect of excess H, on catalyst activity (in the case
of higher conversion of CO and CO, at lower temperatures)
and the selectivity toward the production of light hydrocarbons
(C,,). The changes in the level of conversion (for CO and
CO,) with temperature for different feed compositions over
the Ni/AlL O; catalyst are shown in Figure 1. The conversion of
carbon monoxide and carbon dioxide was first detected at
different temperatures for all experiments. Carbon monoxide
conversion commenced and reached its maximum conversion
level over a temperature range which was significantly lower
than that of CO,. Others have also reported that during co-
hydrogenation of CO and CO,, the conversion of CO
commences at a lower temperature than CO, hydrogena-
tion.”*"*° At higher temperatures, conversion of both CO and
CO, decreased with increasing temperature. One explanation
for this observation is both CO and CO, hydrogenation
reactions are highly exothermic and increasing temperature
results in reducing the net level of conversion.” Thermody-
namic and chemical equilibrium calculations were performed
to discuss and explain the optima in Figure 1, especially for the
feed stream with a H,/other ratio 1. Based on the
thermodynamic equilibrium calculations, the optima in both
CO and CO, conversion can be explained by the presence of
thermodynamic limits. It is also clear from these data that
increasing the amount of excess hydrogen enhances the activity
of CO and CO, hydrogenation. Increasing the H, ratio from 1
to 4 resulted in decrease in temperature of approximately 40
°C for maximum CO and CO, conversion.

The main product of CO and CO, hydrogenation over
nickel catalysts is methane. However, the formation of light
hydrocarbons also was observed, and the yield of these
hydrocarbons, for each feed composition studied, is shown in
Figure 1. The formation of C,, hydrocarbons commences at
low temperatures coinciding with the temperature at which
CO conversion is detected. The yield of C,, hydrocarbons
then reached a maximum for each run and subsequently
decreased with increasing temperature. With continuing
increase in reaction temperature, the light hydrocarbons in
the feed stream were converted, mainly to methane. Additional
hydrogen in the feed stream enhanced the C,, production
yield, and the feed with the highest concentration of hydrogen
resulted in the highest yield of C,, hydrocarbons. Moreover,
the starting temperature for C,, consumption increased by
approximately 10 °C for a hydrogen ratio of 4:1 compared to
1:1.

To analyze the performance of catalysts with different Ni/
Mn ratios, experiments were performed with feed composition
with the highest activity or level of CO, conversion and the
highest yield of C,—C, hydrocarbons. The results disclose that
the starting temperature for both CO and CO, conversion is
dependent on the Ni/Mn ratio of the catalysts examined
(Figure 2). For instance, the Ni/Mn ratios of S and 2 increased
the activity for CO and CO, conversion compared to the single
metallic Ni/Al,O; benchmark catalyst. By decreasing the Ni/
Mn ratio below 2, it is found that the activity was significantly
reduced as the manganese content increased. The single
metallic Mn/AL,O; catalyst did not show any activity for CO
conversion. It is found that above 300 °C, carbon dioxide
conversion was detected and CO production was observed
over the same temperature range. This is most probably due to
dry reforming of methane (DRM) or reverse water—gas shift
(RWGS) reactions. The activity of manganese-containing
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Figure 2. (a) CO conversion, (b) CO, conversion, and (c) yield of
production of C,—C, hydrocarbons for catalysts with varying Ni/Mn
ratios in the feed stream with H,/other = 4 feed composition.

catalysts for both DRM and RWGS has been reported by other
researchers.””*

The vyield of light hydrocarbons also changed and is
dependent on the nickel and manganese concentrations in
the catalysts (Figure 2). Similar to CO and CO, conversion,
the catalysts with Ni/Mn ratios of 5 and 2 showed elevated
levels of C,—C, yield compared to Ni/Al,O; -catalysts.
Conversely, the yield of C,—C, decreased for catalysts with
Ni/Mn ratio lower than 2.

From a process perspective, the existence of a temperature
window (approximately between 240 and 280 °C), in which
CO and CO, conversion is essentially complete (100%) and
the C,—C, hydrocarbons concentration is elevated when
compared to that in the feed stream, is intriguing. By increasing
the reaction temperature above that temperature window, light
hydrocarbons are consumed. The increase of methane
concentration at higher temperature suggests that cracking of
light hydrocarbons to form methane is taking place.
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To further understand the influence of manganese addition,
estimates for the activation energy value for the reaction of
CO, CO,, and C,H, with hydrogen over Ni/Al,O; and Ni—
Mn/ALO; (with Ni/Mn = 2 and 0.5) catalysts was obtained.
In this study, the activation energy values were calculated from
the specific reaction rates in differential regime using the
Arrhenius equation. The calculated values are summarized in
Table 3.

Table 3. Calculated Activation Energy Values for the
Reaction of CO, CO,, and C,Hy with H, Over Ni/Mn 12:0,
Ni/Mn 8:4, and Ni/Mn 4:8 Catalysts

catalyst reactant activation energy value (kJ/mol)
Ni/Mn 12:0 CO 98.3
Ni/Mn 8:4 93.3
Ni/Mn 4:8 113
Ni/Mn 12:0 co, 80.3
Ni/Mn 8:4 75.7
Ni/Mn 4:8 99.4
Ni/Mn 12:0 C,H 151
Ni/Mn 8:4 161
Ni/Mn 4:8 169

For CO hydrogenation, the activation energy values
followed the order of Ni/Mn 4:8 > Ni/Mn 12:0 > Ni/Mn
8:4. The calculated values of this study are in good agreement
with the activation energy values reported for CO hydro-
genation over nickel-based catalysts (approximately between
80 and 120 kJ/mol).”~*

It is found that by adding a moderate loading of manganese
(Ni/Mn, 8:4) to the Ni/AL Oy catalyst, the activation barrier
for CO hydrogenation slightly decreased. However, adding
more quantities of manganese (Ni/Mn, 4:8) resulted in an
increase in the activation energy value.

The CO, hydrogenation activation energy value followed
the same order as CO hydrogenation over different catalysts
(Ni/Mn 4:8 > Ni/Mn 12:0 > Ni/Mn 8:4). Similar to CO
hydrogenation, the activation energy value for CO, hydro-
genation decreased by adding a moderate amount of
manganese (Ni/Mn = 2) to Ni/Al,O; and increased by
further increasing of the added manganese (Ni/Mn = 0.5).
The values calculated in this study are also close to the
reported activation energy value of CO, hydrogenation over
nickel catalysts.*”*>**

The calculated values for ethane hydrocracking in this study
are of the same order of magnitude compared to the reported
values in the literature.” ™ It is found that the activation
barrier for ethane hydrocracking increased by adding
manganese to the primary Ni/ALO; catalyst. In this case,
the activation energy value for ethane hydrocracking can be
arranged in the following order: Ni/Mn 4:8 > Ni/Mn 8:4 >
Ni/Mn 12:0.

Differences in the activity and selectivity for bimetallic
catalysts have been explained in a number of ways, such as
changes in the number of active metal sites and the formation
of catalytically active sites with new characteristics,"® which are
discussed in the following sections.

ICP-OES. Table 4 shows the elemental analysis (Ni and
Mn) obtained for each catalyst by the ICP-OES technique.
The results are reasonably close to the amount of nickel and
manganese initially impregnated. The ratio of Ni/Mn is similar
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Table 4. Metal Contents of Each Catalyst Based on ICP-
OES Analysis

catalyst Ni (wt %) Mn (wt %) Ni/Mn
Ni/Mn 12:0 11.6 0.0 N/A
Ni/Mn 10:2 9.5 1.9 5.0
Ni/Mn 8:4 7.7 3.8 2.0
Ni/Mn 6:6 5.7 5.8 1.0
Ni/Mn 4:8 3.8 7.8 0.5
Ni/Mn 2:10 2.3 9.5 0.2
Ni/Mn 0:12 0.0 11.5 0.0

to the values invoked during catalyst preparation via incipient
wetness.

XRD. The X-ray powder diffraction patterns of calcined
samples were collected for crystal and structural analysis of the
catalysts (Figure 3). The following reflections were detected on
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Figure 3. XRD patterns for the alumina support and all catalysts. The
symbols ¢, ®, A, B, and * were used to mark the identified
reflections for Al,O; NiO, NiMnO;, Mn,0;, and MnO, phases,
respectively.

the alumina support: 19, 32, 37, 39, 61, 67, and 85°.% 1t is
found that the single-metal Ni/Al,O; catalyst contains NiO
and NiALO, particles, and most notably the distinct NiO
reflections were observed at 37, 43, 63, 76, and 80°.°° For
NiAl,O,, reflections at 37, 45, 59, and 66° have been
reported.”’ However, these reflections were masked by the
reflections of other materials such as AL O; NiO, and
NiMnO;, which have higher intensities. It is clear that the
intensity of the reflection at approximately 64° decreased as a
result of a lower concentration of NiAl,O, in samples that have
lower nickel content (especially for single-metal Mn/ALO;).
By increasing the manganese content in the samples, NiO
reflections also became less intensive and new reflections were
observed. For samples with Ni/Mn ratios of 2 (Ni/Mn 8:4), 1
(Ni/Mn 6:6), and 0.5 (Ni/Mn 4:8), reflections corresponding
to NiMnO; phase emerged. The reflections attributed to
NiMnOj are at 24, 34, 37, 42, 50, and 56°.>* The formation of
NiMnO; particles on bimetallic Ni—Mn/AL,O; catalyst has
been reported previously.”> Two oxide forms of manganese
were also found for the samples with higher manganese
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contents (Ni/Mn 4:8, Ni/Mn 2:10, and Ni/Mn 0:12). The
presence of Mn,O; was identified with two low-intensity
reflections at 33 and 38° for the catalyst with a Ni/Mn ratio of
0.5. For the other two samples with higher Mn content, the
reflections at 23, 33, 38, 51, and 55° were identified as
Mn,0,.>* Manganese(IV) oxide (MnO,) was observed for the
sample with a Ni/Mn ratio of 0.2 and the single-metal Mn/
AL, O;. The reflections at 29, 38, 41, 43, 57, 60, 64, 73, and 86°
correspond to MnO, particles on the samples.>

TPR. The reducibility of metal sites for catalysts was
investigated by temperature-programmed reduction. Figure 4
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Figure 4. Temperature-programmed reduction profiles or samples
with different Ni and Mn contents.

presents the TPR profiles for single-metal Ni/Al,O; and Mn/
Al O, together with bimetallic Ni—Mn/Al,O; samples having
Ni/Mn ratios of 2, 1, and 0.5. The consumption of hydrogen
commenced at temperature above 300 °C for all of the
samples. In general, the reducible nickel species on alumina-
suspported catalysts are classified into four types: a, 1, 2, and
7.27%% The a-type NiO (also known as free NiO weakly
bonded to alumina) species are usually reducible in low-
temperature regions. The midrange or f-type NiO species
interact more strongly with the support and are reduced at a
higher temperature range than a-type NiO. The f-type nickel
oxide is classified into two subgroups: f,-type and f,-type. The
Pi-type and f,-type are known as Ni-rich and Al-rich mixed
oxide phases, respectively. In this case, the Ni-rich phase is
more reducible than the Al-rich phase. The Ni-containing
species reduced in the high temperature range is y-type NiO. It
is reported that the y-type NiO is the stable nickel aluminate
(NiA1204).59’60

The TPR profile for the single-metal Mn/Al,O; sample
shows peaks in the 300—500 °C range. It is reported that
alumina-supported manganese oxides are usually reduced via a
two-step reduction process ( 13)53"61_63

MnO, or Mn,O; — Mn;0, - MnO (13)

For bimetallic Ni—Mn catalysts, the TPR profiles changed
significantly with varying Ni/Mn ratio. It is found that by
decreasing the Ni/Mn ratio, detection of hydrogen con-
sumption shifted to lower temperatures. There is no distinct
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peak attributable to manganese oxide reduction for all of the
Ni—Mn/Al,O; samples examined with TPR, which is
consistent with the XRD results of these samples. The TPR
profiles for bimetallic Ni—Mn/Al,O; catalysts showed that the
concentration of Ni-containing species in the # and y regions
decreased following the addition of additional manganese to
the catalysts. Moreover, a new peak emerged, located at more
reducible a-type region in the TPR spectra. The presence of
more reducible Ni-containing species for Ni—Mn/Al,O;
samples can be attributed to the formation of the NiMnO;,
complex. These observations from the TPR analysis of the Ni—
Mn/ALO; catalysts are in good agreement with the results
reported in the literature.”***

NO-FTIR Spectroscopy. To understand the catalytic
properties of the samples with different nickel and manganese
contents, samples were analyzed by in situ infrared spectros-
copy using nitric oxide as a probe molecule (NO-FTIR
spectroscopy). Characteristic information of the catalysts can
be investigated by the NO-FTIR technique.'"'>** The
coordinated nitric oxide molecules, bonded to the catalyst’s
active sites, have properties similar to those of carbon
monoxide on the active sites.”> This makes the NO-FTIR
technique even more suitable for analysis of the catalysts for
processes such as CO, hydrogenation and involving CO
activation. Nitric oxide FTIR analysis was performed on Ni/
Al O3, Mn/Al,O;, and bimetallic Ni—Mn/Al,O; with Ni/Mn
ratios of 2, 1, and 0.5. All of the samples displayed different
catalytic performances for hydrogenation of CO, in the
presence of light hydrocarbons. The results of the catalyst
screening experiments showed that addition of manganese
changed the activity of Ni/Al,O; for conversion of CO and
CO,. Moreover, the yield of production for C,—C, hydro-
carbons was also varied by changing the Ni/Mn ratio.

Following the adsorption of NO, several peaks arose at
different wavenumbers in the catalyst spectra. These surface
species are generally divided into two main categories as
reactive and nonreactive NO adsorption surface species. The
reactive adsorption (depending on the adsorptive sample and
adsorption conditions) occurs when nitric oxide acts as a
reducing/oxidizing agent or disproportionates. Compounds
such as NO*, NO,~ (x = 2, 3), N,O, and NO, can be formed
during the reactive adsorption of NO. On the other hand, NO
surface species such as mononitrosyl and dinitrosyl complexes
are the products of nitric oxide nonreactive adsorption.”® In
the current investigation, the focus is on the nonreactive NO
adsorption.

Figures S1—S6 (Supporting Information) demonstrate the
NO-FTIR spectra for the samples studied. Sections “a” and “b”
show the adsorption and desorption spectra, respectively. For
the samples that contained nonreactive NO adsorption,
zoomed-in windows representing the region for mononitrosyl
adsorption are highlighted. The peaks present in the spectra at
around 1850 cm™' wavenumbers (below the gaseous NO
frequency) can be assigned as mononitrosyls arising from the
nonreactive adsorption of NO on the Ni-containing
samples.”°"® The disappearance of these peaks following the
evacuation of the FTIR cell also confirms the assignment of the
weakly bound peak at 1850 cm™'. It should be noted that,
compared to mononitrosyls, the formation of dinitrosyls is less
likely at low NO coverage.”””" Other peaks appearing at
wavenumbers around 1300 and 1600 cm™" can arise as a result
of the reactive adsorption of NO molecules on the sample. The
peaks are most likely due to the formation of charged and
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neutral N,O, species such as NO, and NO,” surface
compounds.ésy’72 These peaks were significantly increased in
size by introducing more NO to the sample. In addition,
applying a higher temperature was required to desorb these
species. Peaks attributable to nonreactive NO adsorption were
absent on single-metal Mn/Al,O; samples. It is found that at
high levels of NO coverage, the bands assigned as metal—
mononitrosyl species are shifted slightly to higher wave-
numbers. The explanation for this slight shift is attributed to
changes in the oxidation state of the metal to higher values. It
is reported that on metals at their highest oxidation state, the
formation of linear-type NO is more likely than the bent-
type./>7*

The focus of the current study is on the species formed
during the nonreactive adsorption of NO, especially metal—
mononitrosyls. The nitric oxide molecule has three electron
pairs and one unpaired electron in its bonding and antibonding
orbitals, respectively. Thus, the bond order of N—O is 2.5 with
stretching vibration at a frequency of 1876 cm™ in the gas
phase.”” Nitric oxide can act as an electron donor (weak Lewis
base) and electron acceptor (weak Lewis acid). Therefore, the
coordination of NO molecule by partial charge transfer from
weakly antibonding (So) orbital to a metal site via nitrogen
atom forms is possible. In contrast, partial charge transfer from
the metal site to nitric oxide molecule or z-back bonding may
occur. These partial charge transfers are known as NO
molecule coordination and are denoted as NO* or NO?~. For
simplicity, the partial charge symbol (§) has been removed in
many publications.”®

The metal-mononitrosyl compounds are often formed
during the adsorption of NO on transition metals. The
formation of these species is the result of a partial charge
transfer between the active sites and the NO molecule, which
leads to the coordination of NO by NO?* or NO®". Nitric
oxide, in the form NO®" coordination, is basically an electron
donor to an electron-accepting site. In contrast, NO, in the
form of NO°  coordination, accepts an electron from an
electron donator site. The linear and bent geometries of
coordinated nitric oxide molecule are the results of NO?* and
NO%", respectively.”®

To compare the ratio of linear/bent metal—mononitrosyl
species on samples with different Ni and Mn contents, the
peaks assigned as mononitrosyls were deconvoluted. In this
case, adsorption spectra, collected at same NO pressure (2.0 X
10" mbar), were chosen. Figure S displays the deconvoluted
peaks for the nickel-containing samples. The bonding of N—O
in bent-type NO is weaker than that in linear-type NO, and its
stretching band appears at lower wavenumber. Therefore, in all
spectra of Figure 5, the peak with lower wavenumber is the
bent and the other peak is linear-type NO.

Figure 6 shows the changes of linear/bent ratio of metal—
mononitrosyl compounds on the samples. Comparing this
ratio gives an insight into the influence of adding different
levels of manganese to Ni/Al,O; catalyst on the electronic
properties of catalyst. In fact, the linear/bent ratio represents
the ratio of electron-accepting to electron-donating sites on
each catalyst.'” According to Figure 6, decreasing the Ni/Mn
ratio resulted in reducing the value of linear/bent ratio.
However, for samples with Ni/Mn ratios of 2 and 1, the
number of sites reliable for the formation of linear and bent
metal—mononitrosyl compounds increased.

The NO-FTIR analysis showed the presence of sites with
different electronic properties structure that are responsible for
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Figure S. Peak deconvolution for metal-mononitrosyl species formed
on nickel-containing samples during in situ NO-FTIR analysis.
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Figure 6. Calculated value of linear/bent ratio of metal—mononitrosyl
compounds for catalysts with different Ni/Mn ratios.

linear and bent adsorption configurations of NO. These
electron-accepting (linear NO) and electron-donating (bent
NO) sites can be interpreted as carbon-accepting and oxygen-
accepting sites.!®%° It is found that adding manganese to Ni/
AL O; resulted in changing the ratio of linear/bent sites (i.e.,
C-accepting/O-accepting). Therefore, the enhancement of CO
hydrogenation activity and C,, hydrocarbons selectivity by
adding manganese to Ni/Al,O; can be explained by decreasing
the C-accepting/O-accepting ratio. In this case, the presence of
more O-accepting sites in the vicinity of C-accepting sites can
decrease the energy barrier for C—O bond cleavage and CO
hydrogenation, which is also confirmed by DFT calculations.
The addition of manganese also affected the hydrocracking
activity (e.g, ethane hydrocracking). It is reported that the
hydrocracking activity over nickel catalysts depends on the C—
C bond rupture.*>*” In this case, the C—C bond cleavage
happens more readily on catalysts with stronger carbon—metal
bonding or more carbon-accepting sites.** In this paper, it is
found that adding manganese to Ni/Al,O; decreased the ratio
of C-accepting/O-accepting sites. These changes resulted in
the increasing of the energy barrier for C,Hg hydrocracking
and C—C bond rupture. This discussion can be used for
further explanation of the enhanced selectivity toward higher
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hydrocarbons production over some of the Ni—Mn/ALO;
(e.g., Ni/Mn = 2) catalysts compared to the Ni/Al,O; catalyst.

H, and CO Chemisorption. To investigate the influence
of differing nickel and manganese content on the catalyst
properties, the quantity of chemisorbed gas, mole ratio of
chemisorbed CO to hydrogen, dispersion, specific surface area,
and particle size were estimated. It was found that when
reducing the Ni/Mn ratio, the amount of chemisorbed gas
(both CO and H,) decreased (Figure 7). The chemisorption
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Figure 7. Chemisorbed carbon monoxide, hydrogen, and CO/H ratio
on each catalyst.

of CO decreased significantly for catalysts with elevated
manganese content. In this case, the amount of CO
chemisorbed on single-metal Mn/AlL,O; was negligible. On
the other hand, H, chemisorption occurred on all samples. The
dispersion, specific surface area, and particle size were
calculated for all samples based on the H, consumption
(Table 5).

Table S. Dispersion, Specific Surface Area, and Particle Size
Calculated for Metal Particles Based on H, Chemisorption

catalyst D (%) SA (m*/g) d (nm)
Ni/Mn 12:0 23.1 165.3 4.1
Ni/Mn 10:2 18.1 134.3 5.2
Ni/Mn 8:4 152 117.0 6.1
Ni/Mn 6:6 10.6 85.3 8.6
Ni/Mn 4:8 6.2 51.6 14.7
Ni/Mn 2:10 3.5 30.2 25.8
Ni/Mn 0:12 2.2 20.0 40.5

The data presented in Table 5 suggest that when decreasing
the Ni content in samples, the dispersion and specific area
decreased. In contrast, the average particle size increased with
decreasing Ni/Mn ratio. Changing the metallic composition of
samples showed more influence on the samples with Ni/Mn
ratio below 1. For example, the average particle size increased
about 4 nm for Ni/Mn = 1 compared to single-metal Ni/
Al O,, but the particle size increment is almost 36 nm for Ni/
Mn = 0.

For analyzing the parameters achieved from the chem-
isorption experiments, Ni content (Ni/Mn ratio) versus SA, D,
and d were plotted. The plotted data were analyzed using one
of the most commonly used equilibrium models, namely, the
Langmuir curve, which is based on monolayer coverage
prediction of the adsorbate. This model also suggests that there
is no lateral interaction between the sorbed molecules.
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The apparent hyperbolic dependency of both dispersion (D)
and surface area (SA) with respect to the Ni/Mn ratio
implicates “Langmuirian root” of these properties. A
reasonable empirical model for the data would be (eqs 14

and 15)

ax
YER T (14)
or
Y=y P
O 1+ kyx (15)

where k; = a/b and k, = 1/b, y, is the value of the property at
Ni/Mn = 0 (no Ni in the catalyst), while k; is the property
growth rate with respect to Ni content and k, is the interaction
factor (or binding coefficient) for Ni—Mn during the property
evolution. The nonlinear regression for both dispersion and
surface area indicates an excellent model fit.

For metal particle diameter (d), the appropriate model is an
exponential decay law implicating a pseudo-first-order decay or
loss in metal particle size (eq 16). This would suggest that Mn
addition increased the propensity for Ni atom agglomeration
or aggregation

y=c¢ e—dx

(16)

where c is the particle diameter in the absence of Ni (i.e., Mn
crystallite only) and b is the Mn crystallite size loss rate with Ni
content. Here, the nonlinear regression also indicates a good
model fit.

By comparing the XRD patterns and H, chemisorption data,
it was found that adding low or medium amounts of
manganese (Ni/Mn > 1) led to the formation of moderately
dispersed and relatively small NiO or NiMnO; particles. In
contrast, a higher manganese content (Ni/Mn < 1) resulted in
a considerable reduction in the level of metal dispersion and an
increase in particle size of the metal.

The chemisorption of carbon monoxide is considered to be
negligible for single-metal Mn/AlL,O; catalyst. In this case, it
was assumed that CO adsorption occurs on Ni-containing
samples. Thus, the data obtained from CO chemisorption were
used to study the dispersion, specific surface area, and particle
size of nickel-containing particles (Table 6). Similar to the

Table 6. Dispersion, Specific Surface Area, and Particle Size
Calculated for Nickel Particles Based on CO Chemisorption

catalyst D (%) SA (m*/g) d (nm)

Ni/Mn 12:0 10.8 77.2 8.7

Ni/Mn 10:2 109 77.7 8.7

Ni/Mn 8:4 7.3 52.5 12.8
Ni/Mn 6:6 7.5 53.7 12.5
Ni/Mn 4:8 6.5 46.6 14.5
Ni/Mn 2:10 7.1 S1.1 132
Ni/Mn 0:12 N/A N/A N/A

values calculated from H, chemisorption for overall metal
particles, the dispersion and specific surface area decreased
while the metal particle size increased with decreasing Ni/Mn
ratio. However, it was found that by increasing the Mn content
in the catalysts, the properties of the nickel particles narrowed
to a smaller particle size range compared to those calculated
for overall metal particles on each sample.
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Catalysts” activity and selectivity with different active metals
(single metal and alloys) for CO, hydrogenation have been
investigated by CO and H, chemisorption. It has been
reported that the ratio of chemisorbed CO/H, correlates with
activity and selectivity toward C,, hydrocarbons.'”"*”” Figure
7 illustrates the changes in the ratio of chemisorbed CO/H,
over catalysts with different nickel and manganese contents. It
was found that the addition of manganese changed the CO/H,
ratio. By increasing the Mn content (Ni/Mn < §), the CO/H,
ratio reduced for most samples. The correlation between a
change in CO/H, and C,, selectivity due to intimate metal—
metal interactions has been shown by other researchers.”® The
two samples with the highest manganese content (Ni/Mn =
0.2 and 0) and the lowest activity for CO and CO,
hydrogenation also had the lowest CO/H, ratio. It was
found that the addition of manganese most likely leads to the
adsorption of CO in bridge-type configuration. The changes in
CO/H, chemisorption have been shown to affect the chain
growth step during the CO, hydrogenation. It is not possible
to clearly explain the changes in activity and selectivity by only
studying the CO/H, ratio. This is possibly due to the presence
of different particle types (crystals), which was confirmed by
both XRD and TPR patterns.

Density Functional Theory (DFT) Calculations. To
investigate the effect of the Mn promoter on an atomic level,
we used DFT to first explore the relative stability of various
Mn-promoted Ni configurations under reducing conditions.
Stabilities were ordered according to the chemical potential per
Mn atom, as described in the Methods section and expressed
as a function of H,O partial pressure, while keeping the H,
pressure fixed at the experimental ~0.5 bar. We tested a large
number of structural configurations including substitution of
Mn at a Ni(111) terrace and Ni(211) step and step edge sites,
as well as the formation of MnO-like structures on Ni(111)
terraces with different O and H terminations (see Figure S10
in the Supporting Information). Figure 8 shows the relative

® |[©

Ni(211)-2Mn* - (OH)[Ni(211)-2Mn**® - (OH)

(D)

| Ni(111) - MngO,

Py, 0 (bar)
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Figure 8. Phase diagram showing the relative stability per Mn atom
(eV) for different Mn-promoted Ni configurations as a function of
H,O partial pressure under reducing conditions. The black dotted line
signifies bulk MnO, while lines (A)—(D) correspond to four
representative configurations whose DFT-optimized structures are
shown in the panels above (side and top view). (Color map: green—
nickel; purple—manganese; red—oxygen; white—hydrogen).
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stability for few representative sampled structures within a
realistic range for the H,0O pressure under operating
conditions. Bulk MnO is represented by the dotted black
line, and all of the data below this line suggest thermodynami-
cally favorable surface wetting. Our analysis shows Mn atoms
substituting the Ni(211) step edge sites to be most stable. This
occurs preferentially in pairs to form two neighboring Mn
substitutions as shown in the DFT-optimized structures in
Figure 8A,B. Comparing the thermodynamic stabilities of these
configurations suggests that less reducing conditions (Py,o >

10™* bar) favor an OH termination bridging the two
neighboring Mn. Addition of a second OH group (panel
(C)), however, is predicted to be less favorable. Our analysis
further reveals that MnO-like structures such as MnO
overlayer stripes (Figure 8D) and other MnO clusters (see
Figure S10 in the Supporting Information) are considerably
less stable than Mn-substituted slab configurations. This
finding was strengthened by DFT calculations, which included
a Hubbard + U correction to more accurately describe the
oxide state. Investigating MnO configurations with different O-
terminations and levels of hydrogenation consistently gave rise
to a >0.7 eV higher chemical potential per Mn atom compared
to the most stable Mn substitution at the Ni(211) BS step edge
site within the considered H,O partial pressure range (see
Figure S11 in the Supporting Information). However, under
Mn-rich conditions, growth of such MnO-like surfaces could
still be expected.

C—O activation is a crucial step in the conversion of CO and
CO, to methane and C,, hydrocarbons and often considered
to be the rate-limiting step under reaction conditions.”” In the
direct CO dissociation pathway, CO* undergoes direct C—O
scission and forms atomic C* and O* adsorbates. The C*
species then hydrogenate and couple toward higher C species,
while O* hydrogenates to form water. Direct CO dissociation
is a difficult step on Ni(111) terraces and therefore kinetically
not preferred. Reactive Ni(211) steps were thus considered to
dominate in terms of catalytic activity and used to demonstrate
the effect of Mn promotion. Figure 9 shows the DFT-
calculated Gibbs free reaction enthalpies for CO adsorption at
the clean Ni(211) and at the two Mn-substituted Ni(211)
configurations which were found most stable according to
Figure 8. On the clean Ni(211) surface, CO* binds at a BS
step edge site with an adsorption energy of —0.75 eV. This
value is very similar to the —0.82 eV energy predicted for CO*
binding in the presence of two neighboring Mn substitution
atoms at the BS step edge (cf. structure panels in Figure 9).
The difference in stability for the dissociated states, however, is
considerably different. Here, we found that C* binds on the BS
step site, while atomic O* binds on the hollow site next to the
step edge where it can be strongly stabilized by the presence of
Mn due to the affinity of the latter toward oxidation. As a
result, the Gibbs free reaction enthalpy for CO dissociation on
clean Ni(211) step sites was predicted to be endothermic by
0.71 eV, while the corresponding process at the Mn-modified
surface was found to be exothermic by —0.21 eV. This strong
thermodynamic preference clearly demonstrates the enhanced
activity for CO dissociation in the presence of Mn. We note
that while Mn substitution at Ni(111) surface sites was
predicted to be stable (see Figure S10 in the Supporting
Information), its effect in promoting CO dissociation was
predicted to be practically negligible (see Figure S12 in the
Supporting Information). Growth of MnO-like surfaces at the
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Figure 9. Gibbs free reaction energies (eV) for CO molecular
adsorption and dissociation on a clean Ni(211) surface (in black) and
for two Mn-promoted Ni(211) configurations, which were predicted
as most stable and include two neighboring Mn substitutions at the
BS step edge with (in red) and without (in orange) a bridging OH
termination between the two Mn atoms. The corresponding DFT-
optimized structures are shown in the panels (side and top view).
(Color map: green—nickel; purple—manganese; red—oxygen;
white—hydrogen; carbon—gray).

steps™ could block the active Ni(211) sites, leading to a
reduced catalytic activity at higher Mn concentrations.

B CONCLUSIONS

In summary, it is shown that the addition of manganese to the
Ni/AlL,O; catalyst significantly altered its catalytic performance
for hydrogenation of CO and CO, in the presence of light
hydrocarbons. Adding manganese to Ni/Al,O; also enhanced
the selectivity of C,—C, production. However, there is an
optimum amount of Mn added to the primary catalyst, which
enhanced the catalyst activity and selectivity. The more
hydrogen amount in the feed stream improved the catalyst
activity for CO,, hydrogenation and selectivity toward C,—C,
production in a temperature window (ca. 210-270 °C).
Increasing the catalyst bed temperature beyond this narrow
temperature window leads to a dramatic decrease in the
concentration of C,—C, hydrocarbons, with a concomitant
increase in methane concentration in the product stream. This
suggests that possibly the cracking of higher hydrocarbons to
methane is the dominant route at higher temperatures. The
presence of a bimetallic oxide for catalysts with a Ni/Mn ratio
more than 1 was found from XRD patterns. Furthermore, the
TPR profile showed a single reduction peak in the low
temperature range compared to single-metal Mn/Al O,
catalyst. The NO-FTIR investigation indicated the changes
in the number of C- and O-accepting sites. Addition of
optimum amount of Mn resulted in an increase of the O-
accepting sites, which enhanced the CO dissociation. DFT
calculation showed that the surface C* and O* are more
stabilized over Mn-promoted catalysts. This resulted in a
higher activity for CO hydrogenation (more C—O bond
cleavage) and formation of more surface CH, species. In
addition, decreasing the C-/O-accepting ratio inhibited the C—
C bond rupture, and thus less C,, hydrocarbons were cracked
to form methane.
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