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Enhanced coke-resistant Co-modified Ni/modified
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Biogas has been highlighted as a renewable energy and local source for syngas production via reforming
techniques to combat global warming effects and energy sustainability. The bireforming of methane is one
of the most suitable processes for utilizing biogas as it provides a syngas (H,/CO) ratio of about 2, which is
suitable to couple with downstream processes such as methanol and Fischer-Tropsch synthesis for the
generation of liquid hydrocarbons. Metal-support interactions, surface acidity-basicity properties, and
particle sizes play a pivotal role in reforming reactions. Herein, high surface area alumina was used with
dopants ceria and magnesia, aiming to tune up the surface basicity and oxygen storage properties of the
support. Over this, uniformly dispersed Ni and Co nanoparticles were synthesized via the deposition
precipitation method. The doping of ceria and magnesia tuned the basicity of the support and showed an
improved oxygen storage capacity favoring the inhibition of coke deposition and promoting catalyst activity
and stability. The Ni-Co synergy not only provides a steady and excellent activity with conversion rates of

rsc.li/catalysis

1 Introduction

Energy security and environmental sustainability are the two
greatest concerns of the present society, which has prompted the
utilization of unexploited and sub-economic renewable energy
resources. One of the most renewable, abundant, and clean
energy sources, biogas can replace conventional fuels to produce
thermal, electrical, and mechanical energy. Flexible feedstocks for
biogas production comprise energy crops (e.g:, sugar beet, wheat,
and sunflower), industrial wastes, wastewater, sewage sludge,
municipal solid waste, agricultural residues, animal manure, and
anaerobic digestion of biomass."* Moreover, the production of
biogas and biogas plants is growing exponentially worldwide,
which is encouraged by sustainable, climate, economic, and
environmental welfare. The major challenge of biogas application
is the widely distributed nature of biomass/waste materials that
generate biogas, which is limited to lab-scale or pilot-scale
reactors. Secondly, the transportation cost for the distribution to
biogas from the feedstock hub location to the biogas feed reactor
is high.’
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97% and 89% for CH,4 and CO, but also inhibits coke formation during 500 h long-term activity analysis.

Biogas primarily contains two global warming gases,
namely, methane (50-70%) and carbon dioxide (20-40%),
with trace amounts of other gases such as hydrogen,
ammonia, hydrogen sulfide, oxygen, and nitrogen.*® The
presence of impurities and the typical biogas composition is
another obstacle to its application, depending on the
feedstocks used, which should be free from impurities,
including nitrogen, sulfur species, siloxanes, and ammonia.
Also, anaerobic digestion with different reaction conditions
can control biogas content ratios.

Introducing reforming techniques for synthesizing syngas
from biogas is an emerging strategy that dramatically
influences the rapid climate change and depletion of
petroleum-based sources. To date, three reforming processes
have been developed, among which only the steam reforming
of methane has been industrialized. Nevertheless, the
technique has a limitation as the product contains an H,/CO
ratio of 3:1 and a substantial amount of CO,, which will be
difficult to use directly for either methanol synthesis or
Fischer-Tropsch synthesis.” Dry methane reforming utilizes
two major global warming gases, methane and carbon
dioxide, in an equivalent ratio. However, due to the highly
endothermic nature and rapid catalyst deactivation, the
process is limited to the lab scale. In addition, syngas comes
with a ratio close to 1, which is in a very low quantity and
must be adjusted for further employment. Although the
partial oxidation of methane can produce syngas with a
desirable H,/CO ratio of 2 for Fischer-Tropsch synthesis, a

This journal is © The Royal Society of Chemistry 2023
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highly exothermic nature generates local hot spot® formation,
fabricates explosions, and hinders its widespread application.
In this scenario, bireforming, a combination of steam and
dry reforming of methane,” is a practical approach and has
the potential to produce a syngas mixture ratio of 2:1. Since
it produces the syngas ratio of 2:1 straightforward manner
with no additional purification and auxiliary separation of
byproducts, it is an emerging approach for the reforming of
biogas. Another advantage of this reaction is that the H,/CO
ratio can be controlled by adjusting the H,0/CO, ratio to
fulfill the downstream conditions.””'® In addition, from the
thermodynamic point of view, carbon deposition in the case
of bireforming is much lower than that in dry and
oxyreforming.’* Herein, both carbon dioxide and water are
considered as oxidizing agents and help in the removal of
deposited coke, due to which the catalytic activity and
stability are enhanced.

Steam Reforming of Methane: CH, + H,O — CO + 3H, (i)
Dry Reforming of Methane: CH, + CO, — 2CO + 2H, (ii)

Bireforming of Methane: 3CH, + CO, + 2H,0 — 4CO
+ 8H, (iii)

The primary reasons for coke deposition in the case of
bireforming are the following reactions.

Methane Decomposition CH, — 2H, + C (iv)
Boudward Reaction: 2CO — CO, + C w)
Carbon Monoxide Hydrogenation: CO + H, — C + H,O (vi)

The equivalent activation of CH, and CO, is one of the
major parameters for limiting coke deposition, which can be
possible through metal-support interactions through catalyst
surface structure and support acidity-basicity. The higher
surface acidity of the support favors the cracking of methane
and generates carbon, which encapsulates the metal atom
and deactivates the catalyst. On the other hand, surface
basicity prefers CO, dissociation, which produces more
surface adsorbed oxygen that oxidizes the metal. Therefore,
intermediate surface acidity-basicity with the good
distribution of acidic and basic sites is one of the necessary
requirements for bireforming. Group VIII elements and noble
metals were widely investigated for the various reforming
techniques of methane.'® Moreover, Bian et al.'* have proven
that using Ni-based metal catalyst is the best alternative for
reforming as it is readily available and economical. Iglauer
and coworkers reviewed the use of Ni, Co, and Pt catalysts on
various supports. Ni/y-Al,O; catalyst with a robust metal-
support interaction showed long-term stability of 200 h at
850 °C and promising activity with a syngas ratio of 2.0 as
well as 98% and 82% conversion of CH,; and CO,,
respecctively.'* Wang et al. used Ir-based catalyst during their
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methane activation studies and proved that unembedded Ir
activates methane and the active oxygen species to convert
CH, intermediates, which favors a better CH, conversion."”

Bimetallic systems are introduced, aiming to have better
catalytic performance and less coke deposition than
monometallic system.'® The better activity of bimetallics is
correlated to the variation of active sites, complement &
supplement of each other's advantages and synergetic effect-
tuned electronic nature of metals. Furthermore, the higher
binding nature of Co toward oxygen than Ni helps in CO,
adsorption, which results in the metal particle oxidation and
hence the easy removal of coke during the reaction.'® On the
other hand, Co-based catalysts, are very efficient toward soot
oxidation, however, less active as compared to Ni based
systems in BRM. Itkulova et al. used the bimetallic Co-Pt
catalyst system for the bireforming of methane. They
examined the response at 750 °C and obtained 100%
methane conversion. Nonetheless, CO, conversion was
significantly decreased during the reaction. Moreover, the
magnetic behavior of Co might make it simpler to recycle the
parent metal in a bimetallic system."”

Significantly, the support plays a pivotal role in thermal
stability and catalytic activity, especially in reforming (dry, tri,
& bi) reactions. With a large surface area, Al,O; is the
preferable support for reforming reactions because of
mechanical strength, better textural properties, better
dispersibility, and stability at higher temperatures. However,
due to its acidic nature, coke deposition occurs very rapidly
on its surface.'® The doping of promoters to the support can
control the acidity and limit coke deposition. Introducing
alkaline earth oxides such as MgO can direct the support
basicity and suppress the carbon formation by improving
CO, adsorption."*>" The presence of magnesia also improves
the CO, disproportionation rate. The base should be used in
moderate quantity or else catalyst deactivation occurs
through Boudward®* and RWGS (reverse water gas shift)
reaction.'® Wei et al. revealed that ceria is the best option to
be combined in alumina-supported Ni-based catalyst,
particularly for reforming conditions.*®> Moreover, the added
advantages of CeO, are: a. the redox nature, which helps
enhance the catalyst's life span by oxidizing the deposited
carbon as it has higher oxygen storage capacity;*>***® b.
improves the metal-support interaction; c. enhances the
active phase dispersion;>> and d. boosts the thermal stability
of the support.”® Ceria is one of the main interacting
components of the support, which reacts with metal carbide
to reactivate the catalyst. The reactions are as follows.*’

CoC + 2Ce0, — Ce,0; + Co+ CO  -16.95 keal mol™  (vii)
NiC + 2Ce0, — Ce,O3 + Ni + CO  -7.63 keal mol™  (viii)
In addition to this, water behaves as a second oxidant in case
of bireforming of methane. It restricts the coke deposition and

controls H,/CO ratio by changing the mole ratio. Therefore, a
combination of these two (Ni and Co) metals over ceria and
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magnesia-modified alumina support is supposed to increase
the rate of CO, disproportionation and surface adsorbed oxygen
species, which helps in carbon gasification reaction in a
reduced environment with enhanced activity during long TOS
study for bireforming.

Here, in this report, Ce-Mg doped high surface area alumina
supported Ni-Co bimetallic catalyst was synthesized by a facile
deposition precipitation method for the bireforming of
methane. The catalyst's activities were examined in a fixed-bed
reactor. Both fresh as well as spent materials have been
exhaustively characterized with different experiments to
elucidate the long-term stability with higher activity.

2 Experimental
2.1 Materials and reagents

Nickel nitrate hexahydrate and cobalt nitrate hexahydrate
were purchased from SigmaAldrich Ltd. with 99.9% purity
and AR grade. The customized 1% ceria and 3% magnesia-
doped mesoporous alumina (mod alumina) has been
prepared with the help of the method adopted from our
earlier publications.”>*" Double distilled water was used
throughout the experiment, and methane, carbon dioxide,
nitrogen, and hydrogen were purchased from Sigma gas
services with a purity higher than 99.99%.

2.2 Deposition of active species 5% Ni and (1-5%) Co

The  deposition-precipitation = approach  has  been
implemented to deposit the Ni and Co nanoparticles on the
synthesized support by fixing the Ni weight percentage and
varying the Co weight percentage (denoted as 5Ni-xCo mod
alumina, x = 1 to 5). In a typical preparation approach, an
aqueous solution of 0.82 g nickel nitrate hexahydrate and a
stoichiometric amount of (according to weight percentage)
cobalt nitrate hexahydrate were mixed at 60 °C and stirred
for half an hour. 3 g dried surface-tuned alumina was poured
into the Ni-Co mixture and stirred for another half an hour.
Finally, urea was added into the metal-support mixture
solution after a time gap of one hour and allowed to reflux at
90 °C for 48 h. The obtained precipitate was filtered and
washed several times with distilled water, dried at 120 °C in
a hot air oven for 12 h, followed by calcination at 850 °C for
6 h with a ramping rate of 1 °C min™".

The catalyst composition and abbreviation of the
corresponding catalysts are described in Table 1. All the

Table 1 Catalyst composition and abbreviations

Catalyst composition Abbreviation

5Ni-1Co-mod alumina
5Ni-2Co-mod alumina
5Ni-3Co-mod alumina
5Ni-4Co-mod alumina
5Ni-5Co-mod alumina
5Ni-mod alumina

5Co-mod alumina

5%Ni-1%Co0-1%Ce-3%Mg-Al,0;
5%Ni-2%Co0-1%Ce-3%Mg-Al,0;
5%Ni-3%C0-1%Ce-3%Mg-Al,0;
5%Ni-4%Co0-1%Ce-3%Mg-Al,0;
5%Ni-5%C0-1%Ce-3%Mg-Al,0;
5%Ni-1%Ce-3%Mg-Al, 05

5%C0-1%Ce-3%Mg-Al,03
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catalysts were prepared by following the same procedure
described above.

2.3 Analytical measurements

The phase constitution of all the catalysts was determined using
a Bruker D8 Advance X-ray diffractometer connected with a Lynx
eye high-speed strip detector using CuKa radiation in the range
of 260 = 10-80°. The specific Brunauer-Emmett-Teller (BET)
surface area of metal-loaded catalysts was calculated from N,
adsorption-desorption isotherms at -180 ©°C using a
Micromeritics ASAP 2020 surface & porosity analyzer. Barrett-
Joyner-Halenda's (BJH) pore model was involved in pore size
distribution investigation. The valence state of nickel and cobalt
was performed by X-ray photoelectron spectroscopy (XPS)
obtained using a Thermo Fisher Nexsa spectrometer equipped
with monochromatic Al-Ka radiation with an energy of 1486.6
eV. The dual-beam charge neutralization was used for both low-
energy electrons and ions. The powdered samples were mixed
with IPA and sonicated for one minute and drop cast on the
prefixed glass coverslips with two-sided carbon tape on the
sample holders. Then, it was well-dried before loading in the
load lock. Field emission scanning electron microscopy was
carried out on an FEI Quanta 200F instrument to characterize
the morphologies of the freshly prepared catalyst. The
transmission electron microscopy (TEM) images of the samples
were captured on an FEI Tecnai F30 transmission electron
microscope. Before analysis, all the samples were well dispersed
in ethanol for some time in a sonication bath and then
mounted over a copper grid. Temperature programmed
reduction (TPR), temperature-programmed desorption (TPD),
and temperature programmed oxidation (TPO) were carried out
using a Micromeritics Auto Chem II 2920 instrument having a
temperature-controlled detector using helium as the carrier gas.
For all the samples, exactly the same amount was analyzed to
make comparison possible. Prior to measurements, the samples
were degassed at 200 °C in an inert atmosphere (Helium UHP
grade) for 2 h. The reducibility of the catalysts prepared in the
current study was studied by the TPR technique in the
temperature range of 100-1000 °C with 10 °C min™" ramping
rate using 10% Hy/balance He as the reactive gas.
Thermogravimetric analyses and differential thermogravimetric
(TGA & DTG) were performed using a TGA 4000 (PerkinElmer)
instrument in nitrogen and zero air atmospheres from ambient
temperature to 950 °C at a rate of 10 °C min~". Raman analysis
was conducted on a Horiba Jobin Yvon dispersive microscope
(HR800).

2.4 Investigation of catalytic performance for the bireforming
of methane

The bireforming of methane was carried out in a fixed-bed
continuous flow reactor (made of stainless steel with a length
of 90 cm and inner diameter of 1.5 cm) at variant conditions.
2 g of each catalyst in the form of pellets (size = 850
micrometer) was held by quartz wool with a bilayer
arrangement in the middle of the reactor, and ceramic beads

This journal is © The Royal Society of Chemistry 2023
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were used to form a fixed bed. The reactor was electrically
heated in a split temperature-controlled furnace. Mass flow
controllers were used for controlling the flow rate of CH,,
CO,, N,, and H,, while the MX class liquid dosing pump
regulated the accurate water flow. Before the reaction, all the
samples were reduced at 850 °C with a flow rate of 100 mL
min~! with 20% H,/N, for 2 h. The reactants were preheated
to maintain the vapor phase and thoroughly mixed before
reaching the catalyst bed. A cold trap was connected to the
outlet of the reactor to isolate the unreacted water. The
reaction was carried out with the reduced catalyst at different
temperatures ranging from 650 to 850 °C. The weight hour
space velocity (WHSV) was varied between 10 and 25 L g™*
h™ with a molar ratio of CO,:H,0:CH, of 1:2:3. The
reaction products were analyzed using an online gas
chromatograph (Agilent 7890 A) fitted with a TCD detector
using two different column molecular sieves, molecular sieve
5A (for analyzing H,) and PoraPack-Q (for analyzing CHy,,
CO,, and CO).

Methane and carbon dioxide conversions were calculated
according to eqn (ix) and (x), respectively. The syngas ratio
(H,/CO) was determined according to eqn (xi).

Feu,in— F .
XCH4 (0/0) _ CHg,lI:CH .CH4A0ut x 100 (IX)
4,in

Fco,.in = Fco, out

Xco, (%) = T Feom 100 (x)
5,in

E _ FHz,out (Xl)
Cco FCO.out

Xcu, and Xgo, are the conversions of methane and carbon
dioxide, respectively. Fcm,in, Fco,iny Fou,outs Fco,outs Fr,out
and Fco oue are the inlet and outlet flow of respective gases.

3 Results and discussion
3.1 Characterization of the fresh catalysts

The N, adsorption-desorption isotherms for the freshly
synthesized catalysts are depicted in Fig. 1, and the textural
parameter are provided in Table 2. According to the ITUPAC
classification, all the catalysts exhibit a type IV isotherm curve
with an Hi-type hysteresis loop,>® typical of mesoporous
materials with one-dimensional cylindrical channels. The
considerable inflection at the partial pressures P/P, = 0.7-0.98
is attributed to the capillary condensation and N, desorption
within the ordered mesopore, confirming the presence of a
large mesopore and providing a high surface area. A high
surface area of the synthesized catalysts offers a large area for
the reactant molecule to be adsorbed, showing better catalytic
activity. However, shifting the hysteresis loop toward lower P/
P, partial pressure demonstrates the confinement of Ni-Co
nanoparticles inside the mesopores.>?° Also, the pore
volume and pore size rarely differ with a variation in cobalt
weight percentage.

This journal is © The Royal Society of Chemistry 2023
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5Ni-5Co-Mod Alumina

5Ni-4Co-Mod Alumina
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Relative Pressure(p/p)

M

—

.0

Fig. 1 N, adsorption-desorption isotherm profile of the freshly
synthesized catalysts.

Fig. 2(a) and (b) represent the freshly synthesized catalyst
XRD patterns in the region 20 = 25-70°. The presence of three
broad peaks at 37°, 46°, and 67° signifying the (311), (400),
and (440) planes (JCPDS Card No. 77-1877) can be attributed
to the NiAl,O, phase. The peak broadening of the nickel
aluminate phase signifies that a high temperature is needed
to obtain a higher crystallinity of the specimen.*'* The
diffraction peaks at 26 = 31°, 37°, and 65° correspond to the
(220), (311) & (440) plane (JCPDS Card No. 82-2252). Although
the percentage of Ce and Mg is low, the peaks are observed
due to the crystalline nature, with the combination of the
aluminate phase. The 26 value at 41°, 48°, and 60° confirm
the presence of CeAlO; (JCPDS Card No. 81-11), and 19°, 36°,
and 65° 20 values confirm the presence of MgAl,O, (JCPDS
Card No. 77-1203).

The TPR profile after calcination at 850 °C is shown in
Fig. 2(c). All the TPR patterns for bimetallic systems are
similar and have a single broad reduction peak in the range
of 800-850 °C. The peak is attributed to the reducing
complex of nickel and cobalt oxide species. The reducibility
of the active metal depends upon the degree of aggregation
of metal oxides distributed on the support surface. A higher
distribution of active metal leads to a stronger interaction
and hence shifts the reduction peak to a higher reduction
temperature region.>® Another reason for the peak broadness
is due to the collective formation of metal-aluminate species
under higher calcination temperature,®*® and the results are
concurrent with the XRD results. The hydrogen consumption
is shown in Table 2. On the other hand, there is a single
broad peak at about 700 °C for 5N-mod alumina and 5C-mod
alumina, which may be due to the metal-aluminate phase
formation.

To examine the effect of Ni & Co addition on the strength
and distribution of basic sites, CO, temperature programmed
desorption (TPD) studies were carried out. Fig. 2(d) shows
the CO, TPD of the freshly synthesized catalyst, and the

Catal. Sci. Technol., 2023, 13, 4506-4516 | 4509
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Table 2 Surface area, total pore volume, and average pore diameter determined from N, adsorption-desorption isotherm of the freshly synthesized
catalyst. Hydrogen consumption during H, TPR analysis. CO, TPD profile of the freshly synthesized catalysts

Textural properties

CO, desorption values

Average BET Total pore Average Hydrogen Weak signal Strong signal

surface area volume pore size consumption (100-200 °C) (300-600 °C) Total
Catalyst (m*g™) (em® g™ (A) (mmol g ™) (mmol g™) (mmol g™") (mmol g™
5Ni-1Co-mod alumina 203 0.85 167 0.033 0.011 0.014 0.025
5Ni-2Co-mod alumina 204 0.84 167 0.054 0.007 0.012 0.019
5Ni-3Co-mod alumina 205 0.83 166 0.067 0.002 0.66 0.662
5Ni-4Co-mod alumina 209 0.82 163 0.075 0.009 0.031 0.040
5Ni-5Co-mod alumina 210 0.82 163 0.083 0.010 0.015 0.025
5Ni-mod alumina 235 0.79 155 1.25 0.000 0.108 0.108
5Co-mod alumina 228 0.80 158 1.39 0.000 0.105 0.105

amount of desorption is shown in Table 2. The CO, TPD
profile of the bimetallic samples shows weak basic sites
between 100 and 150 °C and strong sites in the range of 500-
600 °C. The basic sites are due to the presence of promoter
MgO in the support, which helps to adsorb more CO, and
removal of coke from the active sites of the catalyst by
providing a number of oxygen molecules.*’

The XPS analysis of the reduced catalyst 5Ni-5Co-mod
alumina was carried out to investigate the various surface
species and find their abundance on the catalyst's surface.
The XPS peak patterns of Ni 2p and Co 2p orbitals are shown
in Fig. 3(a) and (b). The Ni 2p3/, XPS spectrum of the catalyst
indicates the presence of Ni*" state. Fig. 5(a) shows the two
peaks of Ni**, which corresponds to Ni (2ps,) and Ni (2py,)
at binding energies of 855 eV and 873 eV, respectively. The
two satellite peaks, Ni (2p;/,) at a binding energy of 861 eV
and Ni (2py/,) at 880 eV, for Ni*" are also observed.* Fig. 5(b)
shows that the binding energies at 781 eV and 796 eV that
are ascribed to the spin-orbit coupling Co 2p3,, and Co 2py,
confirm the presence of Co*>.** The satellite peaks may have
originated due to multiple splitting in the spin-orbit energy
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Fig. 2 (a) and (b) XRD profile, (c) H,-TPR profile, and (d) CO,-TPD
profile of the freshly synthesized catalysts.
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levels. A ratio of 55:44 between nickel and cobalt has been
identified from the surface composition studies.

The TEM images for the freshly synthesized 5Ni-5Co-mod
alumina catalyst are shown in Fig. 4(a) and (b) represents the
TEM images of the reduced form. The images indicate the
porous nature of the material before and after the deposition of
metal particles. The advantage of the deposition precipitation
method of reforming catalyst synthesis is the advantage of the
homogenous dispersion of active metal particles.

After SEM analysis, the morphology of the freshly
synthesized (5Ni-5Co-mod alumina) catalyst was examined.
The image shown in Fig. 4(c) reveals that the trigger has a
well-defined flake-like macrostructure.®”

3.2 Catalyst activity

The catalytic performance for the bireforming of methane
was investigated under atmospheric pressure using different
catalyst compositions and various reaction conditions using
a gas feed composition of CH,/CO,/H,0 with a molar ratio of
3/1/2.

On fixing 5% Ni weight percentage and varying the Co
composition from 1-5%, all the catalysts have been evaluated
for the bireforming of methane in the temperature region of
650-850 °C; the results are demonstrated in Fig. 5. The
WHSV is kept constant of 10 L g* h™ throughout the
studies, and the data were collected after 8 h of reaction
stabilization. Both CH, and CO, conversions increase with
increasing reaction temperature for all the catalysts. A higher

(a) W 2052|(b) e
=] ~
- &
| (-]
2 %
K . .
4 Satellite Peak E Satellite Peak
2 4
§| satotito Poak M %P1z 5 ot
5 2 |satellite Peak 2
3 13
S 3
< o
o

885 880 875 870 865 860 855

"o 810 805 800 795 790 785 780 775 770
Binding Energy( eV)

Binding Energy(eV)

Fig. 3 XPS spectra for (a) Ni 2p and (b) Co 2p in 5Ni-5Co-mod
alumina.
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Fig. 4 TEM images for fresh (a) and reduced (b) of 5Ni-5Co-mod
alumina. (c) SEM image of 5Ni-5Co-mod alumina. (d) EDX mapping of
5Ni-5Co-mod alumina.

conversion of CH, is observed compared to CO, for all the
catalysts as the water-gas shift reaction (H,O + CO — H, +
CO,), which leads to a higher CH, conversion and hence can
affect the reaction equilibrium for the bireforming of
methane.*® The catalyst containing 1% Co showed the lowest
conversion for both methane and carbon dioxide at all three
temperature ranges. For 2%, 3%, and 4% Co, the rate of
conversion for CH, as well as CO, gradually increases with
the temperature. Moreover, for all these three catalysts, CH,
conversion is almost similar at 850 °C. From Fig. 4, it can be
observed that the catalyst composition with the equivalent
percentage of Ni and Co has a better activity than all. The
catalyst can achieve an equal conversion for the feed CH,
and CO, at the highest temperature and be selected for
further experimentation. In addition, the H,/CO ratio also
varies with temperature. At 650 °C, the syngas ratio can meet
a range between 1.5 to 1.7, whereas at 750 °C, the limit
extends from 1.7 to 1.9. However, when the reaction
temperature is enhanced to 850 °C, all the catalysts achieve a
syngas ratio of nearly 2.

Space velocity is one of the significant parameters for
industrial applications as it outlines the volume of the
reforming reactor. The 5Ni-5Co-mod alumina catalyst has
been taken under investigation for testing the space velocity
effect. The catalyst weight has been kept constant, and the
flow of reactants is varied to give WHSVs of 10, 20, and 25 L
g ' h™". Experiments were conducted for 8 h at three different
temperatures: 650 °C, 750 °C, and 850 °C. Fig. 6 illustrates
the catalytic performance of the modified catalyst in terms of
CH,, CO, conversion, and H,/CO ratio as a function of space
velocity, taking the steady-state parameter. The studies have
shown that by doubling the space velocity from 10 L g* h™'to
20 L g* h™", there is little impact on methane conversion at
all the temperature ranges, whereas a significant decline in
CH, conversion was observed when the space velocity
increased to 25 L g h™".

Moreover, carbon dioxide conversion decreased by a
greater extent at each temperature while the WHSV increased
from 10 L g h™ to 20 L g h™ and 25 L g* h™". At the
temperature of 650 °C, syngas composition is higher than 2;

This journal is © The Royal Society of Chemistry 2023
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H5/CO Ratio

it may be due to the higher CH, conversion compared to
CO,. In reforming reactions, the syngas ratio deviates from
the optimum value owing to the simultaneous occurring
RWGS reaction.® RWGS reaction occurs mainly at a lower
temperature, which may be one of the reasons for achieving
high syngas composition at 650 °C. The syngas ratio has been
observed to be decreased down to 2, while the temperature
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Fig. 6 Effect of space velocity and temperature on the catalytic
activity under atmospheric pressure (a) CH, conversion (b) CO,
conversion (c) H,/CO ratio of 5Ni-5Co-mod alumina. Prior to the
activity study, the catalyst was reduced at 850 °C with 20% H,/N,.

ranges increased from 650 °C to 750 °C and 850 °C at both
WHSV20Lg ' h™and25Lg " h™,

Overall, the temperature effect and the space velocity tests
signify the excellent performance of the newly designed
catalyst system under various reaction conditions. The
relatively better behavior at 850 °C suggests that this catalyst
can be envisaged as a suitable BRM catalyst (overcoming the
coking limitations imposed by thermodynamics). One of the
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significant advantages of the bireforming of methane is the
catalyst shows a negligible amount of coke deposition on the
catalyst surface. The presence of steam is reported to be the
reason for such catalytic activity.*® Also, its high activity at
relatively demanding space velocity conditions indicates its
potential applications in compact units.

To differentiate between monometallic and bimetallic
composited, catalyst stability tests have been carried out at
temperature 850 °C under atmospheric pressure with WHSV of
10 L g™ h™", and the results are depicted in Fig. 7(a) and (b) and
8. The feed ratio was kept constant throughout the experiment
at 3/1/2 for CH,/CO,/H,0, respectively.

For monometallic catalysts, the stability reactions are
carried out for 24 h, in which 5N-mod alumina shows
excellent activity toward CH, conversion, ie., 98%
conversion, but only a 62% conversion is achieved for CO,
which results a higher syngas ratio of 2.2. Furthermore,
cobalt is less active toward methane reforming reaction, and
hence 45% CH, and 28% CO, conversion are achieved with
5C-mod alumina catalyst. Also, the syngas ratio is higher
than the desirable ratio of 2, i.e., 2.45. On the other hand, a
500 h reaction is carried out to know the effectiveness of
bimetallic system for the bireforming of methane. The
catalyst assisted in achieving an excellent conversion of both
the feed and exceptional stability without any deactivation
throughout the reaction, which is one of the significant
advantages of our designed catalyst. The methane conversion
reached a steady state with a conversion of 97%. Olah et al
using 15% Ni on MgO support could be able to achieve a
70% CH, conversion at 830 °C during their 320 h reaction
studies.” On the other hand, Charisiou et al. used Ni-LaCeZr
for their longevity reaction studies at 750 °C, and a 40% CH,
conversion was observed.”® The second feed carbon dioxide
was converted up to 89%, which is lower than methane
conversion, which leads to the possibilities of side reactions
such as water gas shift reactions, as discussed earlier. Liu
et al. have also reported a long-term stable catalyst for the
BRM reaction. Although the bimetallic Ni-Ir-MgAl,O, has
shown a stable catalytic activity for a period of 434 h, a high
decrease in conversion rate was observed with stepwise
pressure increase.”’ The ratio of H,/CO has a relatively stable
value. The catalyst's long-term stability depends on various
factors seen during its post-BRM reaction characterization.
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Fig. 7 Effect of time on stream on (a) 5Ni-mod alumina (b) 5Co-mod
alumina at 850 °C with WHSV 10 L g* h™ at atmospheric pressure.
Prior to the activity study, the catalyst was reduced at 850 °C with 20%
H2/N2.
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The active particle size, metal dispersion, metal-support
interaction, and acidic-basic nature of the supports may be
the reason for the high thermal stability.

3.3 Analysis of the spent catalyst

Ni-Co-based catalysts are well-reported for their high activity
in reforming reactions. However, metal particle
agglomeration and coke deposition are thermodynamically
inevitable issues for these catalysts. The catalysts were
collected after the reforming reaction and further
characterized by XRD, TEM, TPO, TGA, and Raman for
determining coke deposition.

A comparative peak pattern of the used catalyst 5Ni-mod
alumina, 5Co-mod alumina, and 5Ni-5Co-mod alumina is
drawn in Fig. 9. At 26, values 45° and 53° confirm the
presence of Ni in metallic form, whereas the 26 values 46°
confirmed the Co metallic phase. In each spent catalyst, a
peak at 26 value 26.7° was observed due to the formation of
graphitic carbon on the surface of the catalyst (JCPDS Card
No. 75-1621),>! which can be easily removed through the
optimized reaction condition. Moreover, the graphitic peak

5N-5C-Mod Alumina h

5C-Mod Alumina

Intensity(a.u)

5N-Mod Alumina

10 20 30

40 50 60 70 80
26 (degree)

Fig. 9 XRD profile of spent 5N-mod alumina, 5C-mod alumina, and
5N-5C-mod alumina catalysts.
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intensity is shown to be high for 5N-mod alumina compared
to the rest. The reason may be because Ni has the largest
potential for methane cracking and hence allows coke
deposition over its surface.

The TEM images of the spent catalysts were recorded for
stability reaction at normal atmospheric pressure with 850 °C
temperature, and the images are shown in Fig. 10. It has
been identified that the porous structure of alumina support
is not been disturbed after a long period of reaction studies.
Carbon nanotubes are formed near the particles for 5N-mod-
alumina. On the other hand, amorphous carbons are
observed in the case of 5N-5C-mod alumina and 5C-mod
alumina.

0,-TPO has been performed to endorse the type of carbon
deposition over the catalyst surface during activity analysis.
The peak profile for the used catalyst after stability test
reaction studies is depicted in Fig. 11(a), and the total
amount of carbonaceous species deposition was calculated
by the peak area formed due to CO, release. In case of the
monometallic system, 5N-mod alumina, 0.4725 mol g' coke
was deposited and the peak was obtained at 805 °C, which
confirmed the presence of crystalline carbon.*> On the other
hand, a total amount of 0.0579 mol g ' at 665 °C was
deposited for 5C-mod alumina, which confirms the presence
of crystalline coke, but compared to the Ni-based catalyst, it
is very less in quantity. The peak centered at 530 °C for 5N-
5C mod alumina outlines the formation of graphitic or
filament carbon, which can be easily removed with the
optimized reaction conditions.”> During 500 h activity
analysis, only a 0.00240 mol g™ of coke was deposited over
the spent catalyst. It confirms that the bimetallic catalyst is
more prominent toward the catalyst's higher stability and
activity in bireforming compared to the monometallic
system.

Furthermore, TGA analysis was carried out to quantify the
amount of coke deposition, and the peaks are shown in
Fig. 11(b). Due to adsorbed water, some portions of weight
loss happen at 100 °C. As water vapor is one of the reactant
components of the bireforming of methane reaction, it
causes the hydroxylation of metal oxides, and hence a weight
loss was obtained at 200-400 °C. In addition to this, a 5%
weight loss appears for the spent catalyst of 5C-mod alumina
and 5N-5C mod alumina above 400 °C, which may be due to
the presence of graphitic carbon and then stabilizes at higher
temperatures, whereas a total amount of 16% mass loss was

Fig. 10 TEM images of the spent catalyst for (a) 5Ni-5Co-mod
alumina, (b) 5Ni-mod alumina, and (c) 5Co-mod alumina.
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Fig. 11 (a) TPO profile, (b) TGA and (c) Raman analysis of the spent
catalysts 5Ni-5Co-mod alumina, 5Co-mod alumina, and 5Ni-mod
alumina.

obtained for 5N-mod alumina. The thermogravimetric result
is concomitant with the TPO result.

The structure of carbonaceous deposits has been confirmed
by the Raman experiment. The spectra confirm the presence of
different forms of carbon. Fig. 11(c) illustrates the Raman spectra
of the fresh and used catalysts. Two distinct peaks at about 1341
and 1577 cm™" for the used catalyst correspond to the D-band
and G-band, respectively. The D-band designates the carbon
atoms' breathing mode, correlating the density defects on CNT
planes, graphene, or graphitization. The G-band is assigned to
sp>bonded graphitic carbon. The broadening in the peaks of
each spectrum outlines the presence of amorphous carbon.

Although TEM, Raman, and TGA analysis have confirmed
the presence of a minimum amount of carbon species,
nevertheless, it does not hinder the activity of the catalyst
studied in time on stream. This is because some of the
catalyst surface-associated carbons act as active sites and are
involved in the CO formation reaction.*?

4 Conclusion

The facile deposition precipitation method has been
accomplished to develop a new series of multicomponent stable
catalysts for bireforming methane. The catalytic is evolved by
tuning the support alumina with the doping of Ce and Mg;
later, the active spices Ni was supported synergistically by Co.
Adding small quantities of these Ce and Mg dopants regulates
the support's acid/base properties, leading to improved CO,
adsorption and higher oxygen storage capacity. The optimized
Ni-Co synergized system is remarkable in the conversion of
methane and CO, with a constant and highly desirable H,/CO
ratio of about 2 under the optimized reaction conditions.
Increasing the temperature increases the conversion level for all
the catalysts, magnifying the high endothermicity behavior of
bireforming. The catalyst has good thermal stability, which
helps sustain a 500 h reaction. The post-reaction catalyst
characterization confirmed the presence of a negligible amount
of coke, which inadequate to deactivate the catalyst system
under the studied conditions. Moreover, this work
demonstrates a strategy that paves the path for commercial
applications addressing the global challenge of CO, mitigation
and energy security.
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