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Synopsis

Worldwide scientists agree that the rate of climate change is faster than ever before, mainly
due to non-renewable fuels like coal and oil (called fossil fuels). The greenhouse gas emissions
primarily drive climate change which appears to be an urgent issue to avoid anthropogenic
climate change in the coming decades. Since carbon dioxide (CO) accounts for 80% of the
total GHGs followed by methane, the Inter-governmental Panel on Climate Change (IPCC)
also emphasized that net-zero GHGs emissions must reach by 2050. In these aspects, the
reforming reaction of methane (DRM) appears as one of the most effective way for utilizations
of GHGs into a valuable product. The prime goal of methane reforming is to get the desired
final product by converting the syngas energy no matter the specific oxidant. Currently, the
steam reforming of methane (SRM), DRM and partial oxidation of methane reaction (POM)
are the most common reforming processes for the utilization of methane towards valuable fossil
fuels. Compared to other reforming processes, DRM reactions have been effectively utilizing
CHs and CO:z into the syngas (mixture of CO and Hy). In addition, the DRM produces a lower
H>/CO ratio, which is suitable for further liquid fuel production such as DME. Subsequently,
syngas production is a crucial step for producing fossil fuels via Fischer—Tropsch synthesis
(FTS). Although the DRM appears to be a potential pathway for the utilization of greenhouse
gases to the valuable chemicals and liquid fuels: it has issues for the commercialization mainly
due to the deactivation of the catalyst. DRM is an endothermic reaction and requires a higher
temperature that also favors some side reactions. The major side reactions of DRM reactions
are the reverse water-gas shift (RWGS) reaction, the carbon forming reactions: methane
decomposition reaction and the Boudouard reaction, also known as disproportion reaction.

The catalyst deactivation due to carbon deposition at high operating temperature is the major
drawback of this reaction, which hinders its application. Despite this limitation, the DRM
reaction offers more advantages than other reforming processes. Therefore, developing a
suitable catalyst that can withstand high operating temperatures without compromising its
activity is of great interest and challenge. The noble metals-based catalysts are reported to be
highly active and low sensitive, but high cost and limited availability increase interest in
transition metal. Among the transition metals, Ni-based catalysts are most preferable and
frequently used at an industrial scale. The selection of support and bimetallic catalyst improves

the catalyst performance in terms of dispersion, active sites of metals and activity of the catalyst
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but not shows any effective impact on deactivation of catalyst especially on graphitic-carbon

formation. So far, several studies have been done to supress the C formation to enhance the

activity of catalyst. On this regard, the boron (B) modified catalysts shows impressive results.

Hence, the prime objective of this this thesis is to develop a suitable method for the synthesis

of B-containing catalyst to enhance the performance for DRM and highly resist towards the

carbon deposition. The observation of the series of studies are as follows:

1.

A series of B-containing B(x)-Ni-based MgAl.Os (MA) supported catalysts were
synthesized by the NaBH reduction method appears as a one-step catalyst preparation
method as NaBHa plays two crucial roles - doping of B and reduction Ni-salt to Ni° and
Ni-B. The detailed investigations of the catalysts confirmed the presence of metallic Ni
and Ni-B species. It is also realized that smaller particle size (~7 nm) for the B-containing
catalyst than the non-B Ni/MA (17 nm). It is generally accepted that the smaller Ni size
helps enhance catalyst performance and suppress the deactivation of the catalysts for
DRM. The B(x)-Ni/MA catalysts tested for the DRM, which further revealed catalyst with
3 wt.% B showed excellent performance among the prepared catalyst with 2.61 times

higher TOF ¢y, compared to the non-B catalyst. The decline in conversion was also

insignificant, about ~9.7% for the B(3)-Ni/MA catalyst compared to the Ni/MA catalyst
(~49%). Moreover, extremely low carbon deposition was observed at the Ni sites due to
the B particles that block carbon diffusion into Ni lattice. Interestingly, the Raman analysis
disclosed the nature of deposited carbon over the catalyst surface and suggested a graphitic
(carbon) free catalyst for the B(3)-Ni/MA catalyst compared to non-B Ni/MA catalyst due
to higher values of Ip/lg value that further verified by the XPS analysis of the spent
catalysts. The retainment of B after the DRM was also revealed by XPS analysis of spent
catalysts, which means B was successfully seated at the site that possessed difficulty for
the resilient carbon to form over the surface. B inclusion into the catalyst matrix leads to
enhancements in multiple aspects, including higher reduction, stabilizing the metallic
state, activation of the reactants, and lower carbon deposition.

Recent studies also suggested the addition of second metal helps to improve the catalysts
activities and prevent catalysts from deactivation. The optimized B (wt.%) was used to
determine the effect of addition of second metal on B-Ni/MA catalyst. In this order, we

have synthesized a series B-containing Ni-Co bimetallic catalysts, which offered a steady
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conversion of CH4 and CO; for the DRM with a reasonable H2:CO ratio. The lattice
spacing and the elemental distribution confirmed the presence of alloy Ni-Co and Ni-Co-
B. Additionally, Rod-like Ni-Co alloy and Ni-Co-B species on the two-dimensional flakes
of MA is observed. Ni-rich B-containing bimetallic [B-(75Ni-25Co0)] catalyst exhibits
better methane and carbon dioxide conversions compared to other prepared catalysts. The
turnover frequency (CHs) and produced syngas ratio of the B-catalyst are 1.5 and 1.04
times, respectively, higher than the non-B catalyst prepared by the traditional impregnation
method with the same Ni:Co ratio. The catalyst [B-(75Ni-25C0)] exhibits higher activity
and almost a steady conversion rate, while continuous decrement is observed for the non-
B catalyst. Exceptionally low carbon deposition (~3.57 times) was observed for B-(75Ni-
25C0)/MA than the non-B catalyst. The density functional theory (DFT) investigation also
revealed the adsorption energy (E,q4s) Of carbon at various sites of 75Ni25Co significantly
reduces by ~0.5eV in the presence of B, causing hindrance to the formation of carbon over

the surface.

Above experimental studies revealed that the ~ 2.68 wt.% B-containing B-(75Ni-
25C0)/MA catalyst prepared by one-step NaBHa4 reduction method was highly active for
the DRM reactions. However, it was also observed that the catalysts were not completely
reduced after the synthesis by the NaBH4 reduction method. Hence the effect of further
H»-reduction of the B-(75Ni25C0)/MA catalyst is needed to be examined and compared
with the as-prepared catalysts. The characterization of both catalysts revealed that further
reduction improves metal dispersion and promotes allow Ni-Co type structure. The
catalyst activity test was carried out in a fixed bed reactor (FBR) at the temperature of
600°C and atmospheric pressure. Further reduction of the catalyst showed improvement in
the initial conversion (CHs= 25.45% & CO2= 38.24%) as well as the ratio of Hz2: CO
compared to the as-prepared catalyst (CHs= 22.56% & CO.= 34.08%). However, the
conversion decline was comparatively higher for the Hz-reduced catalyst than the as-
prepared catalyst as the CH4 cracking was higher for further reduced catalyst. The turnover
frequency and conversion of reaction were nearly the same for both catalysts at TOS 24h.
Most interestingly the reaction result reveals that the further reduction of catalyst improves
the performance. However, the carbon deposition was similar for both as-prepared and

further reduced catalysts.

A kinetic study for the non-B and B-containing bimetallic catalyst 75Ni25Co/MA catalysts
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were also performed for the temperature range of 773-973 K. The concentration and rate
of reaction was observed increased with temperature. However, the rate of reaction was
comparatively higher for the B-containing catalyst compared to the non-B catalyst.
Further, the calculated activation energy was almost similar for both B and non-B catalysts
suggested. The spent catalysts were characterized by the ICP-OES and elemental analysis.
The loss of metal (Ni and Co) was insignificant compared to the non-B catalysts.
Interestingly, the retainment of B was observed in spent catalysts at all temperatures. The
carbon deposition was extremely low ~5.8 times lesser than the non-B catalysts. In-depth
study suggests that the presence of a small amount of B helps a catalyst to achieve good
B-metal dispersion and stable metallic species. Finally, the present study provides a new
strategy to perform carbon-free DRM with B-containing catalysts for the temperature
range of 773-973K without compromising the activity.

From above research studies it appears that the adding B by the one-step NaBH4 catalyst
reduction method for the dry reforming of methane reaction. The catalyst preparation method
using NaBH4 appears to be the prime source of dispersing B on Ni-based catalyst and a
straightforward way for reducing metal salts. The B(x)-Ni/MA catalysts enhanced the
conversion of CH4 and COz and promoted graphitic free dry reforming of methane reaction.
The maximum conversion was CHs: 18.75% and CO2: 30.61% for 3% B (wt%) containing
B(3)-Ni/MA catalyst and the corresponding TOF ¢y, was 0.31 st which is 2.61 times higher
compared to non-B catalyst. Interestingly, the deposition of resilient graphitic carbon for the B
catalyst was significantly lower (~11 times) than the non-B catalyst. It was found that the
presence of B facilitated the formation of Ni-B species along with metallic Ni (reduced by
NaBHys), controlled the particle size and stabilized the metallic state, and influenced the Ni-C
interaction leading to the advancement in catalytic performance and diminution in deactivation.
Further the optimized B% was used to determine the effect of addition of second metal on B(3)-
Ni/MA catalysts. In this order, we have developed a B (3 wt%) containing Ni-Co bimetallic
catalyst, which offered a steady conversion of CH4 and CO> for the DRM with a reasonable
H»>:CO ratio. The lattice spacing and the elemental distribution confirmed the presence of Ni,
Co and Ni-Co-B. The maximum TOFcy, and TOF¢o, were found to be 0.299 and 0.480 st
respectively, using a catalyst containing 10.89 wt% of Ni, 3.71 wt% of Co, and 2.68 wt% of B
to MA[(75Ni25Co-B)/MA] which were 1.50 and 1.17 times higher than the similar non-B
(Traditional 75Ni25Co/MA) catalyst. Interestingly, the carbon deposition was found to be
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extremely low (~5 times lesser than the non-B) and of non-graphitic nature. B also helps in
hindering the formation of carbon on the catalyst surface. The amount of deposited carbon was
0.039 g/gear* for the developed catalyst, while it was 0.106 g/gca for the catalyst that does not
contain B. Besides the importance of B inclusion, the study also realizes that a particular
metallic ratio (Ni-Co =3:1) is also crucial for the supported bimetallic catalyst to achieve

maximum activity and stability for DRM.
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Chapter 1

Introduction and literature review

“The world is reaching the tipping point beyond which climate change may become
irreversible. If this happens, we risk denying present and future generations the right to a
healthy and sustainable planet — the whole of humanity stands to lose.”

-Kofi Annan,

Former Secretary-General of United Nations



1.1 Motivation:

Global warming driven by greenhouse gas (GHG) emissions has been a primary reason for
climate change, and it needs to address to avoid anthropogenic effects in the coming decades
[1-4]. The temperature rises and increment of greenhouse gases (GHGs) observed alarming the
situation as the global temperature increased by ~1.5 to 1.7°C, which is higher than ever [5, 6].
The United Nations framework convention conference (UNFCC) adopted the Paris agreement
(December 2015) on climate change and instructed 196 countries to approach reducing GHGs
emissions [7, 8]. The current approach is to achieve net-zero GHGs emissions that can upgrade
the existing energy management system to emphasize the mitigation and utilization of GHGs.
Several countries are making laws and policies, including government-private regulations, to
limit GHG emissions through strict rules on zero-emission guidelines and emphasize to the

scientists to find out a significant way to utilize the GHGs.
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Figure 1.1. Temperature rise and CO. emission trend released by UN National Climate Assessment



1.2 Sources of greenhouse gases:

A recent survey by the US Environmental Protection Agency (USEPA) revealed that
transportation, power, and industries are the major sectors of GHG emissions (Fig. 1.2) [9].
The burning of fossil fuels (mainly oil and gas) for the existing transportation system is the
prime source of GHGs emissions, and concerning to find an alternative solution [10, 11].
Domestic and industrial electricity consumption are the other sources of GHGs emissions; to
date, many approaches have been taken to control GHG emissions. Recently, carbon capture
and utilization (CCU) techniques have been highly emphasized for the potential solutions to
combat GHGs impacts on climate change and ocean acidification [3]. The Intergovernmental
Panel on Climate Change (IPCC) also emphasized net-zero GHGs emissions must reach by
2050 and instructed participating countries to prepare and implement policies accordingly [4].
Since carbon dioxide (CO2) accounts for 82% of the total GHGs, followed by methane (CHa),
showed in Fig. 1.3, the utilization of these two gases is the main challenge for researchers.
There are various sources of GHGs emissions that lead to increased overall GHG effects
reported in the EPA 2020 studies [9].

GREENHOUSE GAS SOURCES

Agriculture
9%

Transportation
29%

Industry
22%

Electricity
29%

Figure 1.2. Sources of greenhouse gases emission
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Figure 1.3. Greenhouse gases emission 2019, Source: IPCC 2014

1.2.1 Sources of carbon dioxide:

The rapid growth in the use of fossil fuels (oil, natural gas, and coal) and their burning are the
primary source of CO, emission, showed in Fig. 1.4. The heavy dependence on petroleum and
coals for meeting the current requirement of energy are the prime sources of CO2 emission
[12]. The other sources of CO in the atmosphere are volcanic eruption, plant/animal
respiration, soil respiration and decomposition, residential area, transportation, and
industrialization are sources of adding CO- to the atmosphere. In 2016, 81.60 % of greenhouse
gas emissions were reported in the US report, from which the CO2 emissions were 94% [12,
13]. The incineration sources of GHGs of fossil fuels from electricity, transportation, and
industrial applications [12, 13]. Presently, several technologies have been commenced to detent
COz from combustion flue gases, which is responsible for reducing climate change. These
technologies are adsorption, cryogenic distillation, absorption, and membrane separation. For
controlling COz emission, the most applied method is to inject and store the CO2 in a geological
formation. However, the major constraint of this method is the limitation of carbon storage for
a long time. Chemical feedstock can be an alternative to ensure maximum carbon dioxide

utilization.
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Figure 1.4. Annual global CO, emission reported by US council.

1.2.2 Source of methane:

The EPA report stated 11% of GHGs accountable to CHs. However, the utilization of CHs is
comparatively more straightforward than CO. utilization [14]. The EPA studies mentioned that
50-70% of total CH4 emissions come from human activities that are further classified as
agriculture, industries (energy), land use, and household activities. Recently, the United States
Center for strategic & international studies (US-CSIS) reported the abundance of CH4 shown
in Fig 1.5. Shale gas (mainly CHj4) is one of the unconventional natural gas recourse since its
successful exploration in the US recently showed it to be the largest natural gas source. The
sudden increase is shale gas production is mainly due to the projection supply of 40-50% by
2040 to the world market. Ultimately, the utilization of CO2 and CH4 becomes crucial to reduce
the effects of GHGs.
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Figure 1.5. Production of global natural gases

1.3 Utilization of greenhouse gases:

There are three possible strategies to reduce CO2 emissions, such as restricting the amount of CO2
produced, storage of COz, and proper utilization of the emitted CO2 [5]. Utilization of COz2 is more
promising because storage of captured COz2 is still complicated. In recent years, the conversion of
COz2 into value-added chemicals has received significant attention as it can deal with several issues,
such as the mitigation of CO2 associated with the global warming problem, producing renewable
energy resources, and energy storage issues [4-6]. Many approaches have been made to utilize
GHGs by synthesizing fuels, such as gasification of CO., reforming reactions, and pyrolysis of
CHas. However, most processes suffer from the low net yield of the desired product and the low
conversions of GHGs. The reforming reactions are most effective in utilizing methane; the
whole process needs to consider methane to transform it into a valuable product. Fig. 1.6
represents the possible routes for converting methane into desirable products. However, the
primary constraint is lowering the yield of the product; it is almost impossible for methane to
limit-break the surface C-H bonds because the first bond is stronger than the C-H bond. The
reason behind it is the low polarity of bonds. Consequently, every reforming process
commercially depends on syngas to get higher-value products. Moreover, methane reactions
can occur when it comes close to various oxidants based on fuel reforming while producing
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syngas. The prime goal of methane reforming is to get the desired final product by converting
the syngas energy no matter the specific oxidant. Currently, reforming reactions has been
widely used in industries. However, the temperature requirement of this reforming process is

800-900°C, and this reaction process is highly endothermic.

Methanol
Catalyst F-T Synthesis
DME
H,0,
Methane C202 " Syngas N Hé/'co
0 Adjustment Oxo-synthesis
2

Hydro-formylation
Carboxylation

Figure 1.6. Possible routes for the utilization of methane

1.4 Reforming reaction:

The reforming reactions are widely used techniques for the production of hydrogen (H>) and
carbon monoxide (CO), commonly known as syngas [15-18]. The reforming reaction is the
most economical, industrially acceptable, and straightforward process to produce syngas from
GHGs CO> and methane [19-24]. Recently, the production of syngas has become so crucial in
the energy sector as it helps chemical industries to synthesize fuel stocks such as methanol
(CH30H), dimethyl ether (DME), hydroformylation, and promotes Fischer-Tropsch synthesis
(FTS) (Fig 1.5) [25-28]. The most common reforming process are steam reforming of methane
(SRM), partial oxidation of methane (POM), and dry reforming of methane (DRM).

1.4.1. Steam reforming of methane (SRM):
The SRM is a commercially acceptable and established method for syngas production [29]. It
allows the utilization of CH4 with the steam and is an endothermic reaction (Eq. 1.1) [30-33].
However, this process has some drawbacks as the produced syngas ratio by the SRM is higher
(~3), which further needs an additional step to adjust the desired H2:CO (ratio) ~1. The lower



syngas ratio is highly preferable for the Fischer-Tropsch synthesis (FTS) for further production
of methanol and other organic compounds such as dimethyl ether (DME). Moreover, the SRM
method produces CO> through water gas shift reaction along with the H> and CO, which is
against the zero-emission Paris agreement policy and leads to a significant issue in the

petrochemical industry.

CHs+ H20 < CO+3H:> AH>98x = 206 (kJ/mol) (1.2)

1.4.2. Partial oxidation of methane (POM):
The POM reaction is also an exothermic process to produce the syngas of ratio ~2 (Eq. 1.2). In
the case of POM, the CHj reacts with O to form syngas ratios ~2. The main drawback of POM
reaction is the unstable nature of reaction formation due to the presence of O and hot spots
that make this process difficult to control.

CHa+ 0.50; <> CO+2H, AHosx = -36 (k/mol) (1.2)

1.4.3. Dry reforming of methane (DRM):

The DRM is an extensively investigated technique to convert the two GHGs into the syngas
equation (1.3) [34-37]. Compared to other reforming processes, such as SRM and POM
processes, the DRM produces a lower Ho/CO ratio suitable for further liquid fuel production,
such as methanol and DME [38-41]. Moreover, the dry reforming process provides the use of
biogas containing CHs (40-70%) and CO2 (30-60%), a renewable resource produced by the
anaerobic digestion of biomass [39-43]. Subsequently, syngas production is crucial for
producing fossil fuels and chemicals via Fischer—Tropsch synthesis (FTS).

CHa+ CO, > 2CO+2H, AHaos = 247 (kJ/mol) (1.3)

The DRM has the potential to utilize both GHGs (CO2 and CH4) and produce valuable syngas
with the desired ratio of ~1. However, it has an issue with commercialization mainly due to
catalyst deactivation during the reaction. The DRM is endothermic and requires a high
temperature that also favors side reactions, such as reverse water-gas shift (RWGS) (Eq. 1.4),
the carbon forming reactions: methane decomposition reaction (Eg. 1.5) and the Boudouard

reaction, also known as disproportion reaction (Eq. 1.6) [44, 45].



Reverse water-gas shift reactions

CO; + H, < CO + H;O AH,og = 41 (KJ/ mol) (1.4)
Methane decomposition reaction

CHy«> C+ 2H, AH,og = 74.9 (KJ/ mol) (1.5)
Boudouard reaction

2C0 < C + CO; AH,og =-172.4 (KJ/mol)  (1.6)

1.5 Applications of DRM:

The DRM appears as a most promising technique for the reduction of GHGs towards the syngas
(Fig. 1.7). DRM also provides the use of biogas containing CH4 (40-70%) and CO; (30-60%),
a renewable resource produced by anaerobic digestion of biomass. Further, the process
facilitates the desirable syngas ratio that is further beneficial for certain downstream processes.
The syngas ratio 1 is suitable for FTS for producing valuable feedstocks such as methanol and
DME.

water-gas-shift

SynthESiS gas reaction > HZ (NH3)

CO 1 H2 Fischer-Tropsch) Synthetic

synthesis fuels
(syngas) methanol _ CH,OH
synthesis dimethylether

Figure 1.7. Application of DRM and uses of syngas
1.5.1 Fischer-Tropsch synthesis (FTS):
The FTS was developed by two known scientists Franz-Fischer and Hans-Tropsch in 1925.
The lower ratio of syngas from the DRM reaction is the main feed for the FTS reaction. The
FTS reaction is also called junction reaction as FTS used for further hydrogenation and
synthesis of clean fuel such as DME and methanol (Eq. 1.7).

FTS reaction



nCO + (2n+1)Hz <> CyHzn+2 + H20 AHy95 = -172.4 (KJ/ mol)  (1.7)

1.5.2 Methanol production:

Methanol is one of the most versatile compounds developed, which can be used as a solvent
and industrial feedstock to produce various chemicals (formaldehyde and acetic acid).
Moreover, methanol is an efficient alternative fuel as it has lesser NOx emission than gasoline
without producing Sulphur containing compounds [7]. Thus it can be blended with gasoline or
completely substituted as a transport fuel. Currently, methanol is produced from syngas on a
large scale with several million tons per year capacity [8]. Syngas produced by DRM consists
of Ha, CO,, CO, and CH4; some inert components are the main feed for methanol production
[9-13].

1.5.3 Dimethyl ether (DME):

DME is one of the crucial and industrially accepted products of produced syngas by DRM reaction, as
this can be helpful for the further production of lean gases such as dimethyl sulfate and olefins.
Comparatively, DME is easier to handle and transport than other non-renewable fossil fuels [46]. As
oil and coal resources deplete and the zero GHG emission policy has been implemented, the DME and
methanol from syngas are the alternative solutions to meet the energy demand. Like methanol, the DME
does not contain hazardous components such as NOx and SOx [47]. Hence, it can be summarized
that the produced syngas from DRM has multiple applications in terms of clean gases and

reduction of GHGSs emissions.

1.6 DRM mechanism and carbon formation pathways:

DRM allows both CO2 and CH4 to react to produce syngas at higher temperatures with
multiple decomposition and formation reactions. The possible reaction pathways for the DRM
reaction based on reported work were observed and represented schematically in Fig 1.7. The
CO- pathways are related to the deoxidation of the feed and convert it towards the CO and
produce H> throughout the process. On the other hand, the CH4 pathways for the DRM
reactions are essential as the initial C1 chemistries related to CHgs, the initial C—H bond
activation is a rate-limiting step for DRM and this pathway also promotes the Boudouard that
further leads to the formation of carbon. As the carbon formation during the DRM deactivates

the catalyst, many efforts have been made to overcome this issue to develop a carbon-free
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catalyst for DRM reaction. This carbon formation during the DRM further leads to the

deactivation of the catalysts, which is the most challenging task for researchers.

Figure 1.8. Reaction mechanism for DRM reaction (a) pathway of CO, conversion towards the CO and
H. (b) pathway of CH. conversion to the CO and H, and possible steps of C formation.

1.7 Definition of the problems:

From above, it appears that the DRM reaction is a promising way to utilize GHGs to produce
syngas. However, the carbon deposition during the DRM reaction is the prime concern for its
industrial implementation. In the last few decades, researchers have made several efforts to
overcome catalyst deactivation and suggested designing such catalysts that can be active for a
long time for commercial use. In this order, the synthesis of catalysts becomes essential, such
as the method of preparation of catalysts, quantitative and qualitative analysis of support and
metal used, and selection of additional promotors that can be helpful to prevent catalysts from
deactivation. A series of previous studies have suggested that noble metals are highly active
and resistant to the deactivation of catalysts for DRM. However, due to limited availability and
high cost, most studies suggested using transition metals [33, 43, 48-50]. Among transition
metals, Ni-based supported catalysts attracted considerable attention mainly due to their
availability, being economical, and high reforming activity [53, 54].

Nonetheless, Ni-based catalysts suffer from deactivation due to the carbon deposition due to
the CH4 decomposition (Fig 1.8) that occurs above ~557°C and Boudouard reaction below

~700°C. Hence, the reaction temperature of 600°C appeared suitable to examine the testing
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catalyst for DRM. Further, the feed ratio plays a vital role in product selectivity. Recent studies
suggested that the feed ratio is a severe condition for the analysis of the catalyst’s performance,
as a lower reactant ratio (<1) limits the RWGS reaction, and a higher reactant ratio (>1) lowers
the H> production [116]. Hence, from the above discussion, it appears that a reaction

temperature of 600°C and feed ratio is the recommended catalysts evaluation condition.

1.8 Catalysts for DRM:

The DRM reaction appears to be the most suitable method to produce syngas with a ratio of
unity, which can be further used to produce the liquid hydrocarbons by the FTS [34, 40].
Besides, the DRM process is an economically and environmentally preferable method
compared to other reforming processes as it utilizes two major greenhouse gases, methane
(CH4) and carbon dioxide (CO2) [21, 25, 28, 55-58]. However, DRM is a highly endothermic
reaction cause suffers from various challenges, such as carbon deposition over the catalyst and
metal sintering at the high reaction temperature that causes catalyst deactivation [37, 59]. Many
approaches have been made to overcome the deactivation of catalysts and design such catalysts
that can be highly stable and active during the DRM reactions. On that aspect, a series of recent
studies have indicated that noble metals such as Ru, Rh, Pd, and Pt-based catalysts are highly
active and resistant to the deactivation of catalysts [60-63]. However, the expensiveness and
limited availability of the noble metals the research required with non-noble metals such as
transition metals [33, 43, 50]. Among transition metals, Ni-based supported catalysts attracted
considerable interest mainly due to their availability, economic, and good reforming activity
[51, 52]. Among transition metals, Ni-based supported catalysts attracted considerable
attention mainly due to their availability, being economical, and high reforming activity [53,
54].

1.8.1 Nickel-based catalysts:

The Ni-based catalysts are widely used in industries for hydrogenation, methanation,
reforming, and hydrocracking processes. A series of previous studies have demonstrated that
metal-support interactions can occur in the case of impregnated supported metal catalyst
systems [64-66]. Recently, Raupp et al.[67] proposed that supports such as alumina can migrate
onto the metal surface and exist there as large crystallites. Yining et al. [68] reported that Ni-
based catalysts are highly dispersed on support resulting formation of surface spinel species in
octahedral sites. However, larger particle size, low performance, and early deactivation of
catalysts were also reported. Hence, the synthesis of Ni-based supported catalysts become
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essential attributes in terms of activity, stability, and selectivity. There have been some
important parameters such as catalyst support, catalyst preparation method, metallic state of
the catalyst, and additional promoters that enhance the catalyst performance, so it is crucial to
select the catalysts and preparation method for their lifetime use [37, 40]. In order to synthesis
suitable catalysts for DRM, a detailed literature survey has been done on the nickel-based
catalysts with different types of support in Table. 1.1 focuses on the preparation method, metal
loading percent, temperature, and catalyst amount used to measure methane and carbon dioxide

activity.

1.8.2 Influence of support:

Supported catalysts constitute an important class of catalytic systems not only because of their
direct impact on the chemical industry but also for the variety of reactions they are able to
promote. Examples of nickel-based catalysts with different types of supports are listed in Table.
1.1. Among the supported heterogeneous catalysts listed, Al.Os-supported nickel catalysts
appear to be traditional catalytic support for DRM [18, 37, 41, 43, 69-77]. Hao et al. [70]
prepared Ni/Al>Os catalysts by the incipient impregnation (IWI) method and reported the CO>
and CHa conversion was about 63 and 69%, respectively, at 800°C and GHSV of 45000 h.
However, the poor stability of y-Al.O3z at higher temperatures was reported [37, 69]. The oxide
support shows better performance compared to the traditional Al,O3 support showed attractive
performance for DRM with Ni catalyst [54, 78-80]. Hale et al. [98] showed that a cerium oxide-
supported catalyst gave 75 and 79 % conversion of CH4 and CO, at 700°C. Fazal et al. [78]
showed low conversion at the same temperature for zirconium oxide-supported catalysts
(Table. 1.1). Zhang et al. [22] and Chatla et al. [81] reported Mg-based supported catalysts to
have strong metal-support interaction (SMSI) compared to CeO», ZrO», SiO and TiO>. Further,
the supports with oxygen storage capacity (OSC) have proven significantly enhanced in the
reduction of carbon formation, particularly ceria-based (CeO2 and CexZri-x)02) and
magnesium-based oxide-supported catalysts [20, 27, 28, 73, 83]. However, mixed ceria-
zirconia oxide showed high conversion at 600" C, indicating mixed oxide-supported catalysts
may be used to improve the performance of the catalyst further and prevent early deactivation.
Khajenoori et al. [84] performed DRM with MgO-supported Ni-based catalysts and observed
that MgO support improves the catalyst activity and improves the overall performance of
catalysts compared to traditional support. Researchers also suggested that magnesium
aluminate spinel (MA) as a promising support for Ni-based catalysts with good thermal

shocking resistance ability and high melting temperature (2135°C) [25, 37]. Recently, Hadian
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et al. [9] suggested that the MA-supported catalyst shows a low deactivation rate of catalyst as
well as a stable conversion of CHs & CO at low temperature(550°C) due to its good
refractoriness, low acidity, high mechanical strength, and excellent thermal shocking
resistance.
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Table 1.1. Effect of support on Ni-based catalyst for DRM.

Source Metal Support Reaction Condition Conversion Main findings
(%)
T GHSV CHa4 CO2
) (h™)
Hao et al. Ni Alz03 800 45000 63 69 The conversion increases with
[70] temperature. However Significant

decline in conversion was observed

with TOS
Khajenoori Ni MgO 700 - 355 64 It is clearly observed that MgO
et al. [84] support improves the catalyst activity
Jing et al. Ni MgO-SiO 700 60000 58 - The addition of SiO2 Improves the
[85] catalyst performance as well as the

deactivation resistance capability

Rouibah et Ni ZrO, 700 300000 43.2 50.6 Nickel with zirconium oxide shows
al. [86] lower conversion cerium support;

however, the oxygenated support
improves the catalyst stability

compared to traditional support.




Shin et al. Ni Zr0O2-Al203 700 25000 37.8 50.1 Ni-based zirconia alumina-supported
[87] catalyst shows lower conversion
compared to solely zirconium-based
catalysts.

Wolfbeisser Ni Ce02-ZrO2 600 60000 52 72 Nickel with cerium-zirconium mixed
etal. oxide shows high conversion
[52] compared to the CeO2-supported

catalyst
Elsayed at Ni Ceo.6Zr0.402 300 68000 10 10 60% CeO> and 40% ZrO; appear to
be the feasible ratio for Ce, and Zr
al. [15] .
mixed supported catalyst.
Hadian et Ni MA 550 300000 22 20 Ni-based MA-supported catalyst
shows lower deactivation
al. [17]
Rashmi et Ni MA 600 300000 14.1 16.8 The performance of MA supported
al. [37] catalyst appears more effective

than the Ni/Al2O3 catalyst.
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1.8.3 Addition of second metal:

Ni-based catalysts also suffer from catalyst deactivation due to carbon deposition [17, 37]. It
has always been suggested the addition of the second metal enhances the catalytic activity by
lowering the carbon deposition [37, 88-90]. Bimetallic catalysts perform better than
monometallic catalysts mainly due to their surface composition, electronic configuration, and
interaction support-metal bonding [70-72]. Beneficial effects of the Ni-based bimetallic
catalysts with noble metals like Pt, Rh, and Ru were reported [69, 72, 74, 91, 92]. Toey et al.
[97] reported that the addition of 1% Pt with the Ni-based catalyst enhances the catalyst activity
by 1.66 times that of monometallic catalysts. However, it has also been reported that the
addition of noble metals is not effective as it has limited availability and expansiveness. In this
regard, the transitional metal is preferable from an economic perspective. Cobalt (Co) has
recently attracted much attention among transition metals [37, 93, 94]. It has also been reported
Ni-Co bimetallic catalyst shows better metal dispersion and strong metal-support interaction to
prevent carbon deposition [37, 39, 95]. Rouibah et al. [86] reported that the Ni-Co bimetallic
catalyst shows better conversion compared to the monometallic catalyst in terms of catalyst
dispersion and activity for DRM. Hale et al. [98] also reported that the addition of second metal
enhances the catalyst performance compared to the monometallic catalysts. Chang et al. [96]
prepared Ni-Ca /CeZrO; catalysts using molten salt and concluded that the addition of a small
amount of Ca increases the catalyst performance by a few folds compared to Ni-based catalysts.
Recently, Rashmi et al. [37] studied the effect of second metal on this Ni-based catalyst and
reported a small amount of Co improves the catalyst performance by 1.8 times compared to the
Ni catalyst and decreases the deactivation of the catalyst by 1.05 times (Table. 1.2). The
performance of Ni-Co catalyst mainly depends on the metallic ratio of the supported catalysts.
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Table 1.2. Effect of bi-metallic catalyst for DRM.

Source Metal Preparation Reaction Condition Conversion Main findings
loading | Type of catalyst method (%)
(%) T GHSV CHs | CO2
(°C) (h*)
Sengupta The addition of Co on Ni-
etal. [41] 15 Ni-Co/Al,0s IWI 600 30000 23 | 39 |Dased ~AlOs supported
catalyst  enhanced  the
conversion and lowered the
deactivation rate of the
catalyst compared to
monometallic catalyst.
Rouibah et - Ni-Co/MgO CP 700 28 42 Ni-Co bimetallic catalyst
al. [86] shows better conversion
' compared to the
monometallic catalyst
Chang et 5 Ni-Ca Molten salt 700 60000 72 79 The addition of a small
amount of Ca increases
al. [96] /CeZrO; the catalyst performance
by a few folds compared
to Ni-based catalysts.
Toey et al. 6 Ni-Pt /Al,O3 ALD 600 - 30 - The addition of (1%) Pt
[97] increases the catalyst
activity and enhances the
catalyst deactivation
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compared to the
monometallic  Ni/Al2O3
catalyst.

Hale et al. 8 Ni-Co/ CeO> IWI 700 - 75 79 The bimetallic catalyst

enhances the catalyst
[98] .

performance for oxide-
supported catalysts
compared to traditionally
supported catalysts.

Rashmi et 15 Ni-Co/ MA IWI 600 300000 19.65 | 20.86 | The Ni-Co catalyst with

al. [37] 3:1 improves the catalyst

performance by 1.8 times
compared to the Ni
catalysts

IWI = Incipient wetness impregnation
ALD= Atomic layer deposition
CP= Co-precipitation
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1.9 Catalyst preparation:

The preparation of catalysts material includes various spectrums of the preparation methods
such as impregnation, precipitation, sol-gel, and chemical assist method [2]. The preparation
of supported catalysts material includes a broad spectrum of methods, such as impregnation,
deposition, ion exchange, and precipitation [101]. Preparation technology is never known for
sure as they are being used in industry because of proprietary reasons. Hence, general
procedures commonly used will be illustrated. The incipient impregnation method is one most
common methods for the preparation of heterogeneous catalysts. The amount of water has been
calculated to impregnate the metal-support solution according to the required water for the
pores of support and the water already involved in the salt precursor. A well-mixed metal
support interaction formed after a complete impregnation in the desired amount of water.
However, the big particle size of the catalyst was also reported for the catalyst prepared by the
impregnation method. Additionally, the calcination and high-temperature reduction of the
catalysts in the H> environment are required for the activation of the metal sites. In the context,
many approaches have been made to prepare catalysts using different techniques to form an
extremely small size and highly metal-dispersed catalyst. Recently one-step studies showed a
more impressive and remarkable outcome in catalyst activity and cost by reducing the
calcination and reduction steps. The B-based chemical reduction method employs chemical
hydrides such as NaBH4, KBH4, and NH3BH3, which is considered a novel approach for the
DRM. Recently, Jing et al. [13] proposed that the B-treated Ni catalyst improved the coking
resistance capacity mainly due to similar chemisorption of B and carbon on the Ni catalyst.
Fouskas et al. [14] suggested that B atoms can effectively block carbon diffusion into nickel
lattice, mainly by occupying the subsurface site of the first surface layer. Takanabe et al. [15]
reported that the B-based catalyst synthesis process showed a significant increase in the
conversion of CHs & CO; and a very low deactivation rate of the catalyst compared to
traditional methods. Among them, NaBHa4 is non-toxic, stable, and non-combustible, appeared
to be a potential compound for the synthesis of heterogeneous catalysts. This method is simple
and often provides better dispersion of the metal on the support and does not generate any
waste [16-18].
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1.10 Introduction of boron:

Several efforts have addressed the deactivation of Ni-based catalysts because of graphitic
carbon formed over the surface during the DRM, which eventually blocks the active sites of
the metals [102, 103]. However, the first principal studies suggested that the activity of Ni-
based catalysts can be enhanced by the addition of a small amount of boron [103-105]. Xu et
al. [102, 104] described that the addition of B on the metal surfaces helps enhance the catalytic
activity and promotes low catalyst deactivation during the reaction as B exhibits similar
chemisorption over the Ni surface. Aggelos et al. [105] prepared a B-containing (Ni/ y-Al203)
catalyst using H3sBOs by calcination followed by reduction and showed low carbon formation

compared to the non-B catalyst.

There have been many efforts made to suppress the deactivation of Ni-based catalysts listed in
Table 1.3. The first principle studies using density function theory (DFT) by Jing Xu et al.
[106] suggested the promotion of B over the Ni surface can reduce the deactivation rate by six
times than the without B catalysts. The reason behind this coking resistance capacity
improvement is due to similar chemisorption of B and carbon particles over the Ni surface.
Chen et al. [108] performed experimental partial oxidation of methane reaction with B
modified Ni-Al>O3 catalyst and suggested B reduces the deactivation of the catalyst by 3-fold
due to the active site of the Ni. DFT work by kong et al. [110] concluded a similar conclusion
as Jing et al. [102] that the Ni surface can reduce the deactivation rate by six times more than
the unpromoted Ni. In addition to that, Saeys et al. [106] reported in their first principle study
that the B promotion is effective for Ni-based catalysts. An experimental work by Fouskas et
al. [103] also reported the significantly smaller size of Ni particle obtained by the addition of
B, which further helps to enhance the activity of the catalyst and suppress the carbon
deposition. Eva et al. [77] used Co/Al>03 by using H3BO3z as the B source to perform propane
decomposition reaction and observed the addition of a small amount of catalyst improved the
catalyst deactivation rate, which is the most important aspect in order to commercialize the

catalyst.
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Table 1.3. Effect of B on deactivation of the catalyst

Author Catalyst B-Source

Mark et Co-B -

al. [106]

Jing et al. Ni-B -
[106]

Chenet Ni-B/ Al,O3 KBH.

al. [108]

Jingetal. Ni-B/ Al,O3 H3BOs
[105]

Mark et Co-B/Al,O3 H3BO3
al. [109]

Kong et Co-B DFT
al. [110]

Fouskas Ni/Al>O3 H3BO4
et al.
[103]

Alyetal. Pt-B/Al0s H3BO4
[61]

Evaetal. Co/Al,O3 H3BO4
[77]

DFT = Density function theory
POM = Partial oxidation of methane
FTS = Fischer-Tropsch synthesis

Process to used

DFT

DFT

POM

SRM

FTS

FTS

DRM

DFT and
Dehydrogenation of
propane

Propane
decomposition

Remark

B promotion reduced the
deactivation rate by six
times

B occupy Ni sub-surface
sited to prevent
deactivation

Improved carbon
resistance capacity of the
catalyst by the addition of
B

B reduced the deactivation
of the catalyst

B and C display similar
binding energy over the
Co. Experimentally
achieved B reduces
deactivation rate by 6-fold
compared to without B
promotion

B promotion reduced the
deactivation rate by six
times

B reduced the size and
deactivation rate

The addition of 3 wt % of
B decreases deposited
carbon of carbon by 3-fold

The addition of a small
amount of B helps to
reduce the deactivation of
the catalyst.
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1.11 Research objective:
From the above, it appears that the deactivation of the catalyst is a major issue for the DRM.
Although the noble metals-based catalysts reported a highly active and low sensitive but their
high cost and have limited-availability increased interest in transition metals. Among the
transition metals, Ni-based catalysts are the most preferable and frequently used at an industrial
scale. The bimetallic catalyst improves the performance of the catalysts in terms of dispersion,
active sites of metals, and activity of the catalysts. Several studies also suggested the formation
of graphitic carbon for bimetallic catalysts during DRM, which deactivates the catalysts. In this
regard, the B-modified catalysts showed impressive results. Hence, the objectives of this thesis
are as follows.
1. Develop suitable Ni-based catalysts which can improve the catalyst performance and
the coking resistance capacity.
2. Experimental validation of the first-principles DFT studies suggested that the activity
and stability of Ni-based catalysts can be enhanced by the addition of a small amount
of boron (B) [106-107].
3. The optimization B amount for the Ni-based catalysts by using NaBHa as a source of B
and monitoring the metal reduction behavior by adding NaBH4 solution.
4. The optimized B amount was further implemented for the bi-metallic catalysts and
compared with the monometallic and traditional synthesized catalysts.
5. The effect of further Hz-reduction of optimized catalysts needs to be studied to evaluate

the change in structural, compositional, and performance.
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1.12 Summary:

From the above extensive literature survey, it appears that the development of Ni catalyst for
dry reforming is a crucial step to produce syngas by the utilization of greenhouse gases (CO>
and CHys). Support for the DRM catalyst plays and important role in the synthesis of syngas as
it directly impacts the dispersion of metal, refractoriness, and the thermal shocking resistance
ability, especially for the higher reaction temperature. Many investigators have worked on the
Ni-based catalyst and focused on the support and promoters to improve catalyst activity for
DRM. The catalyst support constitutes a vital role in enhancing their catalytic performance [37,
40]. Traditionally y-Al>O3 has been used as the support of Ni-based catalyst for DRM reaction;
however, the poor stability of y-Al,O3 support at the higher temperature was reported [37, 69].
Researchers found magnesium aluminate spinel (MA) is a promising support for Ni-based
catalysts as it showed a good thermal shocking resistance ability and high melting temperature
(2135°C). The MA-supported Ni-based catalyst reported a low deactivation rate and a stable
conversion of CH4 & CO- due to its good refractoriness, low acidity, high mechanical strength,
and excellent thermal shocking resistance [16, 17, 45, 99]. A recent study reported a
comparative study of supported traditional (Ni/y-Al.O3) catalysts with Ni/MA for DRM and
reported Ni/MA to be more active and stable [37].

The addition of a second metal and modifying the support can help the catalyst improve its
performance in terms of metal dispersion, active sites, conversion, and prevention from early
deactivation. In this regard, Co appears to be one of the promising second metals for Ni-based
catalysts as the suggested noble metals are extensive and limited available. However, the
performance of Ni-Co bimetallic catalyst mainly depends on the ratio of the metallic
components, which often changes with the catalyst modification, preparation method,
treatment procedures, and reaction condition that need to be investigated thoroughly [37, 100].
Unfortunately, the catalyst deactivation due to the deposition of carbonaceous material on the
catalyst surface is still the most challenging issue for the DRM as it forms resilient graphitic
carbon, which occupies the metal active surface sites. Table. 1.3 suggested B-modified
catalysts show impressive results. A series of DFT works reported enhancement of catalyst
activity by the addition of a small amount of B over the surfaces of the catalyst. However,
experimental validation of B-containing catalysts for reforming reactions is yet to be verified.
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Chapter 2

Experimental

25



2.1 Catalysts preparation:

2.1.1 Support preparation:

Many approaches have been made for the preparation of support magnesium aluminate (MA).
Among the existing preparation method, such as co-precipitation, solgel, and high-temperature
calcination method, the MA preparation by high-temperature calcination appears to be the
easiest and most affordable method suggested in previous studies [33, 37]. Recently, Katheria
et al. [33] suggested the preparation of MA by the calcination of MG30, Sasol, Germany)
Mg2xAl2(OH)ax+4CO3.nH20 (Aluminum magnesium hydroxy carbonate) MG30 powder at
900°C for 4h. Kumari et al. [37] also suggested the same method of preparation. Hence, the
support MA was prepared by the calcining aluminum magnesium hydroxy carbonate at 900°C
for 4h with a heating rate of 10°C/min [33, 37, 114].

2.1.2 Catalyst preparation by the traditional method:

The incipient wetness impregnation (IWI) method appears to be traditional catalysts
preparation method for the dry reforming of methane (DRM) process. Initially, the required
amount of Ni(NOz3)..6H20 (Sigma Aldrich, Australia, purity >99.99%) and Co(NO3)2.6H-O
(Sigma Aldrich, Australia, purity >99.99%) was impregnated with pre-synthesized support
(Table 2.1). The impregnated paste was dried in an oven, followed by gradual calcination up
to 500°C to generate the supported metal oxide species. Before the reaction, this catalyst was

reduced at 600°C with 10% H> in the reactor itself.

Table 2.1. Amount of metal and support required for the preparation of catalysts.

Composition Amount of metal Amount of H,O
required (ml)

(g)

100% Ni 0.353 1.747 0 235

75% Ni 25% Co 1.310 0.435 2.33

50% Ni 50 % Co (353 0.874 0.874 234

25% Ni 75% Co 0.353 0.437 1.307 235

100% Co 0.353 0 1.75 2.30
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Figure 2.1. Schematic representation of the Ni and/or Co catalysts by the traditional IWI catalysts
preparation method.

2.1.3 Catalyst preparation by NaBHa4 reduction method:

The B-containing monometallic Ni, Co, and bimetallic Ni-Co over MA-supported catalysts
were prepared by the NaBH4 reduction method. NaBHa is used here with the aim of two
reasons; first, for the reduction of metal (MO to M°) as NaBHa is a highly reducing agent, and
for the doping of B over the catalyst’s surfaces. For the preparation of catalysts by NaBH4
reduction method, the calculated amount of support MA was dissolved in the water followed
to the addition of metals salt precursor [Ni(NO3)2.6H.O (Sigma Aldrich, Australia,
purity >99.99%) and Co(NOs3)..6H20 (Sigma Aldrich, Australia, purity >99.99%)] continues
stirring. The color of the metal-support solution changes according to the concentration of
Ni(NO3)2.6H.O and/or Co(NOs3)..6H>0O. The metal-support solution was then put in the
ultrasonic bath for 30 min to get a well-mixed solution. Meanwhile, a NaBHa4 solution was
prepared with the help of 10 mL ethanol and 10 mL deionized water. 0.250 g of NaBH4 was
added to the ethanol-water solution, which was immediately transferred to the well-mixed
metal-support solution with continuous stirring (300 rpm and 40°C) [113, 114]. A color change
of all catalysts was observed, which turned dark black color due to the reduction of metal due
to the liberated H> from the NaBHj4 solution (Fig. 2.2). As a result of this synthesis process, a
well-mixed product was formed, which was filtered, and the collected cake was dried in a
vacuum oven at 60° C for 12 h and then used as the catalyst for DRM without any further

calcination and Hz-reduction steps.
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Figure 2.2. Schematic representation of the one-step NaBH4 reduction for (Ni-Co)-B/MA catalysts
for the dry reforming reaction.

2.2 Catalyst characterizations:
2.2.1. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis:

The quantitative analysis of the prepared sample can be done by using Thermo-Fischer XR
(2013) inductively coupled plasma-optical emission spectroscopy (ICP-OES) analyzer. The
principle used by the ICP-OES analyzer suggested the ions can absorb energy by the
movement of electrons from the ground to the excited state, then the excited atoms release
light at a particular wavelength due to the electron transition to the lower energy level
(usually the ground state). Based on the observed calibration curve, the specific
concentration of the element can be found. In order to get the accurate concentration of each
element, the sample preparation for the ICP-OES analysis is very crucial. The calculated
amount of catalysts was digested in the HNO3z (5%) solution. The 10 mg of the prepared
catalyst was dissolved in the HNO3 solution, and the solution was heated at 60°C with

continuous stirring until the solid particle was completely digested in the acid solution.
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2.2.2 X-Ray diffraction (XRD) analysis:

The XRD analysis uses for the identification of materials phase based on their diffraction
patterns. XRD analysis is a non-destructive analytical method for the analysis of crystalline
materials. The Bruker D8A XRD with copper X-ray source and automated sampler were used
to analyze the prepared catalysts. A powdered sample of Ni, Co, and Ni-Co-based catalyst was

analyzed using a LynxEye position-sensitive detector was used.
2.2.3 H2temperature-programmed reduction (H2-TPR):

A Chembet-3000 equipped with a thermal conductivity detector (TCD) H»-TPR was used to
examine the reduction behavior of prepared catalysts. The reduction of oxide from the
present metal oxide (MO) catalysts was monitored in the equipped mass spectrometry
acquired in the Hz environment to reduce MO to M°. The prepared catalysts initially ramped
up the temperature in the N2 environment till the desired temperature was reached. The Ho-
TPR spectra were further acquired to the spectra with the H2(10%)/N2 mixture. The TCD
showed the hydrogen consumption during the H>-TPR experiments. The degree of reduction

was also calculated from the Hz-consumption profile [37].

2.2.4 Hz temperature-programmed desorption (H2-TPD):

the Ho-TPD technique is used to determine the interaction of the catalyst's solid surfaces with
the gases. The adsorption and desorption of the carrier gas (He) gives information to calculate
the dispersion and active sites of the metal surfaces. Hence, to determine the dispersion and
surface-active sites present on the surface of the catalyst, the H>-TPD experiments were
performed, and the profiles were recorded using catalyst characterization equipment BELCAT
Il (Fig. 2.4). For this, N treated catalyst sample of about 0.035 g was taken and treated with
10% Ha/Ar with 30 ml/ min at 50 °C. The assumption was much such Hz adsorbed and desorbed
were the same [37]. At 50 °C, samples were flushed with N2 for 30 min; then, the temperature

was ramped with N2 at 10°C/min.
3.2.5 Surface area analysis:

The Brunner-Emmett-Teller (BET) was used to determine the surface area of the catalysts.
Micrometric 3-Flex instruments with a separate degassing unit were used to analyze the
surface area of the prepared material. The BET analysis gives important information on their
physical structure as the area that can be altered during the synthesis of the catalysts. The

surface area of the catalysts increases with the pores of the particle. In order to get the surface
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area, 50 to 100 mg of catalysts were degassed in the degassing unit at 323 K for 12 h. After
proper degassing of the catalysts, the catalyst was placed in the Micrometric 3-Flex

instrument with the presence of liquid Na.

2.2.6 X-ray photoelectron spectroscopy (XPS) analysis:

The XPS analysis is used for analyzing the surface chemistry of the catalyst’s material by
measuring the elemental composition and electronic state of each atom in the catalysts.
Generally, XRD analysis is unable to provide clear information about the elemental
composition, especially the presence of lighter elements such as B. The Kratos AXIS ultra
DLD XPS (Manufacture: Kratos Analytical, Manchester, UK) is equipped with an Al anode
(AlKo = 1486.6 V) XPS instrument. The spectra were obtained by ray hitting electrons of
the catalyst surface, providing kinetic and binding energy of each element along with the
photoelectron spectrum. The binding energy was recorded from the range of 0-1200 eV to
get all elemental distribution. A separated scan was also recorded for each element of the

catalysts, such as Ni, Co, and B.

2.2.7 Morphological analysis of the catalysts:

The transmission electron microscope (TEM) analysis is generally used to define the
compositional and crystallographic information of the catalysts. The energetic electron's
interactions with the catalyst particles record through the electromagnetic lenses to obtain the
images. A high-resolution TEM was used to get the crystal structures and lattice fringes of the
metal and support to get more insight information. The FEI Talos FS200X G2 field emission
gun (FEG) TEM equipped with highly sensitive Energy-dispersive X-ray spectroscopy (EDS)
detectors for elemental analysis was used to analyze the Ni-Co-B based MA-supported
catalysts (Fig. 2.5). In addition, a scanning transmission electron microscopy (S-TEM) was
also used in this work to obtain the elemental mapping through a high angle annular dark field
(HAADF) for each element of the catalysts to confirm their existence. The sample for TEM
analysis was prepared by the dilution of solid catalysts in the ethanol solution, followed by the
sonicated bath in an ultrasonic bath (UP2200HE 50 kHz, 100 W). Further, a well-mixed liquid

solution was placed on the continuous carbon grid to get the TEM images.
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2.2.8 Raman analysis:

The Perkin-Elmer Spectrum GX Raman spectrometer was used to investigate the
composition of carbonaceous species. The elemental structure of carbonaceous species
presents the used catalyst by evaluating the D-band (structural disorder) and G-band
(Graphitic carbon). The ratio of Intensity of the D-band and G-band (Ip/lg) estimated
the graphitization of the carbon species present in catalysts. The sample for Raman analysis
was prepared by using IR-grade potassium bromide and made mixed powdered in the pellet

form to analyze.

2.2.9 Elemental analysis:

The amount of carbon deposited over catalysts after the dry reforming reaction was evaluated
by the Perkin-Elmer series I CHNS/O Analyzer 2400 elemental Analyzer. The elemental
analyzer is generally used to quantify the amount of carbon, hydrogen, nitrogen, Sulphur,
and oxygen contained in the solid sample. However, the spent DRM catalysts possibly had
some carbon deposition on the catalyst surface, so the amount of carbon present in the spent
catalysts was determined by the CHNS analysis.

2.3 Catalysts evaluation and activity test:

The DRM was carried out in a tubular down flow quartz reactor. The thermodynamic study
of DRM and its highly endothermic nature suggested the reaction proceeds above ~ 640 °C
[37, 115]. Simultaneously, the carbon formation occurs due to CH4 cracking and CO
disproportion reaction in the temperature range of ~557-700°C. Therefore, it is observed
that most of the previous studies performed DRM at 600°C [40]. Further, the reactants (CH4
and COy) ratio plays a vital role in product selectivity (H2:CO). Ayoub et al. [116] suggested
that the reactants ratio of unity is a severe condition for the analysis of the catalyst’s
performance, as a lower reactant ratio (<1) limits the RWGS reaction, and a higher reactant
ratio (>1) lowers the Hz production. The conversions of CHz and CO3, along with the H2:CO,
are the function of the reaction time of DRM. The decline in conversion and syngas
selectivity with time on stream (TOS) is one of the most significant issues for DRM due to
the deactivation of the catalyst. Therefore, a catalyst with superior activity and resistive to
graphitic carbon deposition is highly desirable. GHSV is related to the residence time for the

interaction between the catalyst and the feed gases. The GHSV can facilitate the reactant’s
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conversions by providing satisfactory catalyst-reactant interaction. Habibi etal. [117]
reported that the conversion of reactants decreases with increasing GHSV. The main reason
for the decrement in conversion with increasing GHSV is the decrease in the contact time of
the reactants with the catalyst and the decrease in catalyst bed temperature. It is also reported
that the higher value of GHSV and small particle size can minimize the amount of internal
and external mass-transfer limitations. Hence, from the above discussion, it appears that at a
reaction temperature of 600°C, CH4: CO, ~unity and GHSV (~300000 h?) is the severe
condition to examine the prepared catalysts. The Weisz-Prater and Mears’ criteria were used
with the reaction data to determine the internal and/or external mass transfer effect and
observed the negligible impact of internal and external mass transfer effects with adopted
reaction condition (Table. D1-D2) [37, 118]. About 0.20 g of the freshly prepared catalyst
was loaded in the reactor and heated to 600° C in an N2 (inert) environment. The temperature
of the catalyst bed was monitored using a K-type thermocouple (Fig. 2.6). The bed height
was uniform for all catalysts, i.e., ~ 0.01lm, to prevent the formation of any type of gas
channeling. Once the temperature reached 600° C and became stable, the pure (99.99 %)
feed gases (CH4 and CO3) with N2 gases in a 1:1:3 ratio were introduced into the reactor. A
gas hourly space velocity (GHSV) was calculated for the feed gases was 3x10° h™ [40]. The
product gas collected from the reactor was analyzed by gas chromatography (GC). The Gas
hourly space velocity (GHSV) was maintained at 3x10° h'* during the DRM reaction. The
K-type thermocouple was introduced to monitor the temperature in the vicinity of the
catalyst bed. The thermocouple was placed above the bed of catalyst for the avoidance of
any possible effects of this thermocouple to the catalysts. The desired temperature was
maintained before the reaction in the N2 environment. The feed gases were entered to the
reactor by maintain the volumetric flow rates with the help of the mass flow controllers
(MFCs) manufactured by the AALBORG Scientific. The produced gases (Hz2, CO and
unreacted CH4 and CO3) was collected with the help of a gas bag that further injected to the
gas chromatography (GC, Agilent 6890) to analyze the gas concentration (Fig. 2.7).
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Figure 2.3. A schematic diagram of the catalyst arrangement in the reactor.
2.3.1 Gas hourly space velocity (GHSV):

The GHSV is the volume of gas (typically expressed at standard conditions) entering the
reactor per hour per gram of catalyst. The GHSV can be calculated according to the following

formula.

Volumetric flow rate of gas feed gas
GHSV= ( = 2k

) hL [37].

Volume of catalyst

2.3.2 Residence time is the ratio of catalyst pallet weight to the molar flow rate of the gases.

. . Catalyst ight
Residence time =( e el

) Kgeat. S mol?

Molar flow rate of the feed gas

2.3.3 Conversions of feed gases are defined as the ratio of the number of moles converted to

the moles in; it can be calculated as follows.

moles CHy,, —moles CHy

CHy conversion (%) = 100 x ( ) [39].

moles CHy,,
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moles COZin —moles COz .

CO2 Conversion (%) =100 x ( ) [39].

moles COZin

2.3.4 Yield of syngas:

The of syngas is the ratio of the converted product to the total moles converted.

molesHp .

H. yield (%) = 100 x ( ) [37].

2 X moles CHa,

moles COqut

CO yield (%) = 100 x ( ) [37].

moles CH4in+ moles COZin
2.3.5 Carbon balance:
The carbon balanced (%) is the total moles of carbon in the product stream to the moles of

carbon in the feed.

(Cs) (%) = 100 X (

moles CH,,,+moles COz_  smoles COyys )
moles CH,, + moles COp,

2.3.6 Turnover frequency (TOF):

The TOF is also calculated for both CH4 and CO: for all the prepared catalysts. The TOF of

reactants number of reactant molecules converted over each surface site per second [37, 39,

41].

TOFCH4 (S'l) - (Flow rate CH, )* (Conv CH,4 (%) )* (L)

W cat 100 Mg
-1y — (Flowrate CO; |, ,ConvCO; (%) |, 1
TOF¢o, (™) = ( W eat )* ( 100 ) ( Mg )

Where Wez is the weight of the catalyst in g and Ms is the surface metal sites in moles/g
calculated from Hz-uptake data from H>-TPD.
2.3.7 Rate of reactions:

(-ra)=(

M) mol S‘l Cm‘3
Wcat

Where Vo= Volumetric flow rate (cm3.s™).
Weat = Weight of catalysts.
Xcn,= CHa conversion.

Csis the concentration of reactant (CH4) entering to the reactor for the reaction mol /cm?,

_ Pxycu, -3
Cs= 7 (mol.cm™).

Where, P = Pressure (1 atm).

R = Gas constant = 82.06 cm?® atm/K.mol.
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Figure 2.4. A schematic diagram of the setup for the testing of prepared catalyst and kinetics
analysis for DRM reaction.
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2.4 Computational methods:

The generalized-gradient-approximation (GGA) and Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional were used for electronic structure calculation of the model
catalyst under the DFT formalism [119, 120]. The three-layer surface of 75Ni-25Co (111) was
established by the optimized bulk 75Ni-25Co, shown by p (2x1) super cell and with a vacuum
region of 12 A°. The bottom layer was fixed at the equilibrium bulk position while the top two
layers were relaxed. The convergence threshold was set to 1.0 x 10~* eV/atom for SCF, 1.0 x
10~*eV/atom for energy with a (4x4x1) Monkhosrst-Pack grid. The effect of spin polarization
was considered to calculate the energy of the model surface [121]. The adsorption energy (Eads

expressed in eV) was calculated according to the following formulae:
Eads = =~ (E(X/75Ni — 25C0) — E(75Ni — 25C0) — NxE()
X
Where (E(X/75Ni — 25Co) and E(75Ni — 25Co) are the total energy of the optimized surface

of Ni-Co with adsorbate of B /carbon and optimized 75Ni-25Co surface, respectively, Ex) is

the energy of free atom of B/carbon and Ny is the number of carbon/B atoms per unit cell [102].
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3.1 Results and discussion:

The elemental composition was examined for the prepared B(x)-Ni/MA catalyst by the
inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis, and the
observed results are shown in Fig. 3.1. The ICP-OES results showed that the Ni amount in all
catalysts is between 13.3-14.4 wt.% instead of the aimed 15 wt.%. The amount of B was found
to be ~ 0.9, 2.8, and 4.3 wt.% for the catalyst B (1, 3, and 5)-Ni/MA. Although the ICP-OES
results indicated a slight decrement in B amount compared to that aimed for, it is confirmed
the varying amount of B in the different samples. Further, the BET surface area of the B(x)-
Ni/MA catalysts was measured and listed in Table. 3.1. The surface area of the support MA

was higher and decreased with increasing Ni and B loading. It has been reported that the

decrease in the surface area of the catalysts is due to the blockage of pores [16]

= b

Nisvia

8(1)

-Ni/via

S@)-Nimyy S(5-Nifa

Figure 3.1. ICP-OES analysis results for all B(x)-Ni/MA and Ni/MA catalysts
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Table 3.1. Structure properties of the B(x)-Ni/MA catalysts.

Sample Surface area
(m?/g)
MA 98
Ni/MA 79
B(1)-Ni/MA 76
B(3)-Ni/MA 75
B(5)-Ni/MA 68

The XRD pattern disclosed the phase analysis of the B(x)-Ni/MA catalyst. In Fig. 3.2, the
diffraction pattern of MA was observed at 26= 31.15 (220), 36.52 (311), 44.08 (400), 58.68
(511), and 65.13° (440) (JCPDS Card No. 77-1203) [33, 122, 123]. The reduction of metal salt
in the presence of NaBHj4 resulted in the formation of Ni-B species, observed at 260 = 44.78°
(130) (JCPDS No. 17-0335) [124, 125] along with the metallic Ni, identified at the peak
position 20=44.4 (111), 51.67 (200) and 76.53° (220) (JCPDS Card No. 04-0850) for the B
containing catalysts [126, 127]. In some cases, the weak intensity of Ni peaks could be an
indication of the uniform distribution of small-size reduced Ni species over the surface as the
incorporation of B restricts the crystal growth [40, 122]. The NiO peak was only observed for
the non-B catalyst at 20 = 62.23 (220) and 79.31° (110) (JCPDS Card No. 47-1049) [39, 40].
No separate peak was identified for any form of B, which is not surprising as it is difficult for
boron oxide (BO) to have a crystalline phase [103].
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Figure 3.2. XRD of the samples for all B(x)-Ni/MA and Ni/MA catalysts

The change of catalyst reduction behavior of different catalysts was investigated by the Ho-
TPR analysis, as shown in Fig. 3.3. For the non-B catalyst, as there was no NaBH4 reduction,
the consumptions of H> were higher compared to other catalysts. Two clear peaks were
observed for H2 consumption at different temperature ranges, which corresponds to weak and
medium metal-support interactions [128, 129]. The peak observed in the range of 300-400°C
reflected the reduction of weakly interacted bulk NiO [128, 129]. The H, consumption around
the temperature range 550-650°C was observed, corresponding to the reduction of smaller
surface particles [51, 128]. The peak intensity decreases with increasing the B%, as increasing
NaBH4 amount enhanced the extent of reduction of Ni species leading to less consumption of
H> during TPR suggested SMSI for the B(3)-Ni/MA and B(5)-Ni/MA catalysts demonstrated
in Fig. 3.3. Further, to understand the impact of B in catalyst performance, all B(x)-Ni/MA
catalysts were tested for DRM.
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Figure 3.3. H>-TPR analysis of the samples for all B(x)-Ni/MA and Ni/MA catalysts

Fig. 3.4(a) displays CH4 conversion with time on stream (TOS) for all catalysts. The minimum
CHas conversion (%) is observed for the Ni/MA, and the trends indicated a substantial
decrement in conversion after 90 min and continued further. The maximum conversion of CH4
at TOS 90 min was about 17.30% for the B(3)-Ni/MA, which is 3.16 times higher than the non-
B catalyst. These differences in conversion persisted throughout the reaction interval. It was
also observed that the conversion increased with the amount of B up to 2.8 wt.% and then
decreased. Moreover, the decline (%) in CHa4 conversion was also calculated for the catalysts
and reported in Fig. 3.4(b). The decline (%) was observed ~5 and ~1.7 times higher for Ni/MA
and B(5)-Ni/MA, respectively as compared to B(3)-Ni/MA. The higher decline (%) for B(5)-
Ni/MA attributed to poor texture of B over the Ni surface [56, 103]. These results were further
compared with the previous studies for B and non-B catalysts are listed in Table. 3.2. The
conversion of CH4 and CO, were higher and stable for B-containing catalysts with low ,
however, some authors reported higher conversion that could be due to the higher reaction
temperature and low GHSV [116]. In addition, the turnover frequency of methane
(TOFcy,) was also calculated for the best performing B(3)-Ni/MA and Ni/MA catalysts by
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using Ho-TPD (Fig. Al) and conversions data, at TOS 30, 120, and 240 min. The calculated
TOFcy, at different time interval was 0.271, 0.311, and 0.289 s for B(3)-Ni/MA and 0.129,

0.119 and 0.091 for Ni/MA at TOS 30, 120, and 240 min, respectively.

a » Ni/MA o B(1) “Ni/MA b
20 ~ a B 3)—NI/MA v B(5)-Ni/MA 501
c
o o
0 < 30-
g 12 8
3 L
Ov €% 20 4
5 8-
10 H
4
T y T y T " T ' 0-
50 100 150 200 250 Catalyst

TOS (min)
Figure 3.4. The catalytic performances of prepared catalysts in the DRM with GHSV of 3x10°h? (a)
CH, conversion, (b) Decline (%) for CHa.

The CO2 conversion was slightly higher than the CH4 due to the reverse water gas shift reaction
[40]. However, the conversion of CO. (%) trend was similar to CH4 for all the catalysts
presented in Fig. 3.5(a). The highest conversion of CO2 was 29.87%, observed for B(3)-Ni/MA,
which was 3.5 times higher than the Ni/MA. Further, the decline (%) in CO2 conversion was
also calculated and reported in Fig. 3.5(b). Similar to CH4 decline (%), the insignificant decline
in CO2 conversion was observed for the B(3)-Ni/MA compared to non-B Ni/MA catalyst. The
H>-treated non-B Ni/MA was also performed and reported in Fig. A2. Interestingly, the further
H-reduced non-B catalysts was also significant compared to the B(3)-Ni/MA catalysts.
Recently, Rashmi et al. [37] reported a decline in CO2 conversion by ~56% at TOS 3h in Table.
3.2. Furthermore, the production of syngas (Hz: CO ratio) also demonstrates the performance

of the catalyst for DRM [37, 40, 52].
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Figure 3.5. The catalytic performances of prepared catalysts in the DRM with GHSV of 3x10°h? (a)
CO; conversion, (b) Decline (%) for CO..

Fig. 3.6 reveals the ratio of produced syngas for all the prepared catalysts. The syngas
production also followed a similar trend as CH4 and CO> conversion. It was also noted that the
higher B (%) catalyst does not promote conversion further; a possible reason is that the catalyst
with higher B (%) has a chance to possess less amount of metallic species the higher amount
of Ni-B species resulting in weakening of SMSI leading to lower methane activation [103].
Recently, Zhu et al. [130] suggested that the higher amount of B (%) increases the surface
acidity of B-doped CN/SBA catalysts, affecting CO> activation. Furthermore, the H2:CO ratio
for B(3)-Ni/MA (~0.6) was higher than that of non-B Ni/MA (~0.3). Previously reported work
with Ni/MA catalysts also suggested a similar H2:CO ratio of ~0.4 at similar reaction conditions
[37]. These results suggest that the presence of 3 wt. % B reasonably enhanced the catalyst

performance.
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Figure 3.6. The ratio of syngas for the prepared catalysts in the DRM with GHSV of 3x10°h'*

Table. 3.2. Comparison of catalyst performance with literature results for DRM.

Catalyst | Prepara | Surface Reaction Conversion Decline C- Ref
tion area Condition (%) (%) deposition
Method
(m?2g?) T GHSV CHs | CO, | CHs | CO2 | (9c.Gead)
B(3)-Ni/ NaBH, 66 (6(% 300000 | 17.3 | 29.8 9.7 23 0.037 Prese
MA reduction nt
work
Pd-Nb 2 Wi 185 750 60000 83.7 90.3 6.6 5.5 0.156 [42]
Pb-NDb0.5 183 44.2 67.8 11.3 25.5 0.084
Pb-Nb 1 191 56.5 49.8 37.0 24.1 0.033
Ni/Al Wet 163 860 1200 71.5 96 - - 0.180 [131]
Ni/Ce-Al | impregna 136 726 | 96.8 0.170
tion
Ni/ IwI 164 600 | 300000 | 135 - - 0.17 [41]
Al;O3
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B-Ni/ Wet co- 196.0 700 30000 55.0 | 65.0 - - 0.028 [103]
Al,O3 impregna

tion
Ni/Lao4sS | Combust 11.80 700 26400 | 36.50 | 43.50 | 48.15 | 62.23 - [132]
ro34TiO3 ion
NiPt/Ceos | Sol-gel 13.7 750 30000 68 - - 0.007 [27]
Pro202-5
Ni/MA IWI 35.98 600 | 300000 | 14.1 | 16.8 | 48.89 | 56.92 0.34 [37]
B- IWI 215.6 800 | 360000 | 76.69 | 83.70 | 07.23 | 7.53 - [56]
Ni/SBA-
15
B- NaBHa - 750 120000 | 69.5 - 05.39 - - [133]
Co/ZrO, and

NHsBH;3
Ni/MA Solgel 97.11 600 12000 26.1 | 322 - - - [134]
Ni/MA Co-pre 95.0 600 180000 | 35.8 | 37.2 - - - [17]

Note: IWI- Incipient impregnation method
Co-pre- Co-precipitation method
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Further investigation was performed to find the reasons behind the enhancement of catalytic
activity. The XPS analysis of B(3)-Ni/MA and Ni/MA was conducted to gain insight into
the chemical environments of major elements, and the results are displayed in Fig. 3.7. The
survey spectrum revealed peaks of Ni, Mg, Al, O for both B(3)-Ni/MA and Ni/MA catalysts
and a sharp peak of B for B(3)-Ni/MA catalyst.

Full Survey o

N2 B(3)-Ni/MA

Intensity (a.u.)

460 | I |
Binding Energy (eV)

I
0 200
Figure 3.7. XPS analysis of Ni/MA and B(3)-Ni/MA catalysts with a full survey of each element.

Fig. 3.8 shows the XPS spectrum of B(3)-Ni/MA with the specific resolution for Ni 2p. The
Ni 2p peaks after deconvolution reflected the presence of 2pss2, 2p12 electrons with their
corresponding satellite peaks. Peaks position at binding energy (eV) 852.6 and 870. 3 eV
were attributed to the presence of Ni 2ps2 and Ni 2pi electrons of Ni-B species,
respectively [62, 135]. Similarly, the position of the peaks at binding energy (eV) at 853.5
(psr2) and 872.3 eV (pu2) confirmed the presence of Ni2* along corresponding satellite peaks
(Fig. 3.9) [136, 137]. The sample contains Ni-B species and metallic Ni° formed during
NaBHj, reduction, as indicated in the XRD and TPR profiles. It can be realized that the Ni?*
was reduced to Ni® by produced syngas during synthesis, and peaks analysis suggested the
presence of ~58.29 % Ni and ~41.71 % NiO for B(3)-Ni/MA. The decomposition of NaBH4

in water-ethanol also formed metal hydroxide due to increases of OH™ as the pH of the

I I
600 800 1000 1200
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solution increases [113]. No corresponding peak of Ni® was observed for Ni/MA (Fig. 3.9)

as there is no reduction of Ni%* to Ni° in the absence of NaBH..

Real plot Ni%Ni-B —— Ni?*
Satellite  ------ Cumulative fit

Ni 2p

B(3)-Ni/MA

Intensity (a.u.)

| v I ' | ' | v I
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Figure 3.8. XPS analysis of B(3)-Ni/MA for Ni 2p
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Figure 3.9. XPS analysis of Ni/MA for Ni 2p

The high-resolution core-level XPS spectrum identified the presence of B observed (Fig.
3.10) for B(3)-Ni/MA. The single peak at 189.7 eV appeared because of metal-B interaction
due to electron transfer from B to metal, suggesting metal boride-like species formation
during NaBHa reduction [138, 139]. As expected, no peaks of B were identified for non-B
catalysts. Moreover, the formation of amorphous borides can be realized as there is no

corresponding peak identified in XRD as well

T T T T T T T T T T T T T T T
845 850 855 860 865 870 875 880 885
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Figure 3.10. XPS analysis of B and non-B Ni/MA catalysts for B 1s

The HR-TEM and HAADF-STEM analysis was also performed for the B(3)-Ni/MA and
Ni/MA catalysts reported in Fig. 3.11. A wide range of particle sizes was observed for B(3)-
Ni/MA catalyst due to the formation of Ni° and Ni-B species in Fig. A3. Comparatively smaller
Ni particle size was measured for the B-promoted catalyst with the average particle size around
7 nm, which is 2.3 times lesser than the non-B Ni/MA catalyst represented in Fig. A4. A nano-
rod type structure was observed of the Ni® and the Ni-B species for the catalyst in Fig. 3.11a,
spacing of 0.203 and 0.30 nm were observed that correspond to the Ni® (111) and Ni-B species
(Fig. 3.11b and c) [140-142]. The formation of Nix-B helps enhance the catalytic activity and
promotes low catalyst deactivation for DRM, as B exhibits similar chemisorption over the Ni

surface.
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Figure 3.11. HR-TEM image and lattice fringes for B(3)-Ni/MA (a) High resolution image (b) Lattice
fringe for Ni® and (c) Lattice fringes of Ni-B

The HR-TEM image of the non-B Ni/MA catalyst is presented in Fig A6. The Ni/MA catalyst
d-spacing observed about 0.24 and 0.26 nm verifies the presence of NiO and Ni(OH): structure
(Fig. 3.12a and b), which is in line with the XRD and H»-TPR results [143, 144]. The Particle
size distribution of the Ni/MA catalyst showed in Fig. A7 was about 17.39. Further, the EDS
pattern (Fig. A8) of with and without B catalysts was performed to reconfirm the elemental
distribution of the catalyst, a sharp peak of Ni, Mg, Al, and O were observed for both catalysts
and weak B peak for B(3)-Ni/MA catalyst in Fig. A5. No Na was observed in the EDS analysis,
which is in line with the XPS and XRD results.
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Figure 3.12. HR-TEM image and lattice fringes for Ni/MA (a) High resolution image (b) Lattice fringe
for NiO.

Further, the HAADF S-TEM shows the elemental distribution for both catalysts. Fig. 3.13
shows the presence of all elements for B(3)-Ni/MA catalyst with the uniform distribution of B
with Ni particle. However, this Ni and B distribution was absent in the Ni/MA catalyst in Fig.
3.14. The presence of support Ni, Mg, Al, and O was observed for both catalysts. These
characterization results suggested that the B-containing catalyst prepared by the NaBH4 method
appears to be a single-step catalyst reduction method for the preparation of a B-associated Ni-
based catalyst for the DRM reaction. It is evidenced that B is bonded with Ni along with the
presence of metallic Ni°. The presence of Ni-B species over the surface restricted the metallic
Ni crystal growth leading to smaller particle size and uniform distribution over support. The
B-promoted catalyst also revealed remarkable structural differences in particle size distribution
compared to the non-B catalyst. The smaller particle size eventually increases the surface-

active sites for DRM and the catalytic activity. The same Ni-B species also affected the Ni-
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Chmethane interaction during DRM and reduced carbon formation.

B(3)-Ni/MA B(3)-Ni/MA

Ni-B(3)/MA

500 nm

B(3)-Ni/MA

500 nm

Figure 3.13. STEM HAADF elemental distributions for B(3)-Ni/MA catalyst.
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Figure 3.14. STEM HAADF elemental distributions for Ni/MA catalyst.

3.2 Analysis of spent catalysts:

The spent catalysts were characterized by the XRD elemental, Raman, XPS and HR-TEM
analysis to analyze the nature of deposited carbon on the catalyst during the DRM. The XRD
patterns show the peak of carbon at 26 ~26.8° for Ni/MA and B(3)-Ni/MA catalysts in Fig.
3.15 [52, 103]. The support MA peaks observed at 26=31.15 (220), 36.52 (311), 44.08 (400),
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58.68 (511), and 65.13° (440) (JCPDS Card No. 77-1203) and Ni peaks observed at the peak
position 20=44.4 (111), 51.67 (200) and 76.53° (220) (JCPDS Card No. 04-0850) respectively
[33, 122, 123]. No Ni oxidation was observed after the reaction.

(a) N/MA —— (b) B(3)-Ni/MA (*)MA (&)C
* Ni (111)
Ni-B (130)
S
L
2>
‘n
[
o
IS
20 l 30 l 40 l 5I0 . 60 . 70 l 80

20°

Figure. 3.15. XRD analysis of spent Ni/MA and B(3)-Ni/MA catalysts.

The amount of deposited carbon on the surface of the catalyst after the 4h reaction was
measured and presented in Table Al. The carbon content was observed ~ 0.037 (gc.gear L) for
the B(3)-Ni/MA, which is ~2.4 times lesser than non-B Ni/MA, due to the presence of B and
comparatively small size of Ni particle reported in Fig. A8 and 9. The significantly low carbon
deposition due to the presence of B and relatively small Ni particle size is in line with the
previously reported studies [103]. Recently, Chai et al. [132] also reported that the small size
of Ni particles weakened the ability of C formation on the surface of the catalyst listed in Table.
3.2. Inaddition, the amount of carbon formation was normalized with total methane conversion
(assuming methane cracking as the most significant carbon source) in 4h, as the % conversion
is varied with different catalysts and the obtained results are presented in Fig. 3.16.
Interestingly, the total amount of C was >11 times lesser for B(3)-Ni/MA than non-B Ni/MA
(Fig. 3.16).
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Figure 3.16. Elemental (CHNS/O) analysis of spent Ni/MA and B(3)-Ni/MA catalysts.

The Raman analysis was also performed to examine the characteristics of the deposited carbon.
Fig. 3.17 shows the Raman spectra for Ni/MA and B(3)-Ni/MA. Two peaks were observed at
about 1310 cm™ for D-band (structural disorder) and 1595 c¢cm ** G-band (Graphitic carbon).
The ratio of D-band intensity and G-band intensity (Io/lc) estimated the graphitization of the
carbon species. The higher values of Ip/lc for B(3)-Ni/MA (2.95) represent the poor
graphitization and the presence of a larger fused carbon ring on the catalyst [129].
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Figure 3.17. Raman Spectroscopy analysis of spent Ni/MA and B(3)-Ni/MA catalysts

The XPS analysis of the spent Ni/MA and B(3)-Ni/MA was also performed to identify the
elements' chemical environment changes during DRM. The presence of Ni, Mg, Al, O, and
carbon particles was recognized for both B and non-B catalysts, with an additional peak of B
for B(3)-Ni/MA catalysts (Fig. 3.18). The sharp peak of B was identified at 189.7 eV in the
high-resolution core-level XPS spectrum for the B-containing catalyst and reported in Fig.
3.19. There was no loss of B during the DRM reaction at 600°C, indicating strong interaction
of Ni-B species and eliminating the possibilities of elemental B [138]. There was no peak of B
in Ni/MA.
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Figure 3.19. XPS B 1s analysis of spent Ni/MA and B(3)-Ni/MA catalysts.

The cumulative fit spectrum of specific resolution for Ni 2p electrons with corresponding
satellite peaks for B(3)-Ni/MA is represented in Fig. 4.20. A sharp Ni° peak was identified at
binding energy 852.6 and 870.3 eV (Fig. 3.20) suggested that the metallic state remained
unoxidized during DRM. While, for Ni/MA, the Ni?* corresponding to NiO was identified at
853.5 eV (par2) along with the peaks of metallic Ni at binding energy 852.6 eV (Fig. 3.21). The

result suggested the partial reduction of NiO by produced syngas during DRM [136, 137].
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Figure 3.20. XPS analysis of spent B(3)-Ni/MA catalyst for the Ni 2p elemental distributions.
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Figure 3.21. XPS analysis of spent non-B Ni/MA catalyst for the Ni 2p elemental distributions

Furthermore, the C-1s peak was observed for the spent catalysts (Fig. 3.22), confirming the
formation of carbon during DRM. Three carbon peaks observed that correspond to sp?
(graphitic), sp® (non-graphitic), and oxygenated carbon species were identified at 284.6,
285.9 and 289.3 eV (Fig. 3.22) [48, 145]. However, for the Ni/MA, the graphitic carbon
was 2.3 times higher than B(3)-Ni/MA (Fig. 3.23) [146-148]. The results evidenced low
graphitic carbon deposition for the B(3)-Ni/MA, which is in line with the Raman analysis,
explaining the higher catalytic performance in DRM. For further insightful analysis, HR-
TEM of the spent catalysts was carried out (Fig. A9). The presence of graphitic structure
observed for Ni/MA catalyst in Fig. A9. However, a nanotube-like structure was observed
for B(3)-Ni/MA (Fig. A10) that could be oxygenated and non-graphitic, as shown by
Raman XPS analysis [77]. The particle size determination of catalysts suggested a
comparatively bigger Ni particle formed after the reaction than the fresh catalyst due to the
possible agglomeration and carbon deposition. However, the particle size growth for spent-
Ni/MA (increases from 17 to 29 nm) was ~3 times higher than the spent-B(3)-Ni/MA
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(increases from 7 to 11nm), indicating the presence of B restricted the agglomeration along

with carbon deposition and avoided decrement in catalytic activity.
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Figure 3.22. XPS analysis of spent B(3)-Ni/MA catalyst for the C 1s elemental distributions.
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Figure 3.23. XPS analysis of spent B(3)-Ni/MA catalyst for the C 1s elemental distributions

3.3 Role of boron:

A series of B-containing B(x)-Ni/MA catalysts were synthesized by the NaBH4 reduction
method appears as a one-step catalyst preparation method as NaBH4 plays two crucial roles -
doping of B and reduction Ni-salt to Ni® and Ni-B. The detailed investigations of the catalysts
confirmed the presence of metallic Ni and Ni-B species. It is also realized that smaller particle
size (~7 nm) for the B-containing catalyst than the non-B Ni/MA (17 nm). It is generally
accepted that the smaller Ni size helps enhance catalyst performance and suppress the
deactivation of the catalysts for DRM, an optimized size of 6-9 nm suggested in a number of
reported studies [103, 149, 150]. The B(x)-Ni/MA catalysts tested for the DRM reaction, which

further revealed catalyst with 3 wt.% B showed excellent performance among the prepared
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catalyst with 2.61 times higher TOF¢y, compared to the non-B catalyst. The decline in
conversion was also insignificant, about ~9.7% for the B(3)-Ni/MA catalyst compared to the
Ni/MA catalyst (~49%). The drop in non-B (Ni/MA) catalyst conversion was also reported in
the recent literature listed in Table 3.2. Extremely low C deposition was observed over the
catalyst surface due to the B at the subsurface sites of Ni surfaces that block C diffusion into
nickel lattice as B and C both exhibits similar chemisorption on Ni surface, as suggested by Xu
et al. [105]. Interestingly, the Raman analysis disclosed the nature of deposited carbon over the
catalyst surface and suggested a graphitic (carbon) free catalyst for the B(3)-Ni/MA catalyst
compared to non-B Ni/MA catalyst due to higher values of Ip/lg value that further verified by
the XPS analysis of the spent catalysts. The retainment of B after the DRM was also revealed
by XPS analysis of spent catalysts, which means B was successfully seated at the subsurface
site that possessed difficulty for the resilient carbon to form over the surface. B-containing
catalyst helps to control the surface acidity of the catalysts and improve the metal-support
interactions for the DRM [103, 151, 152].
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3.4 Outcomes:

The current study shows enhancement of catalyst performance by adding B by the one-step
NaBHjs catalyst reduction method for the DRM reaction. The catalyst preparation method using
NaBH; appears to be the prime source of dispersing B on Ni-based catalyst and a
straightforward way for reducing metal salts. The B(x)-Ni/MA catalysts enhanced the
conversion of CHs and CO; and promoted graphitic free DRM reaction. The maximum
conversion was CHs: 18.75% and CO3: 30.61% for B(3)-Ni/MA catalyst and the corresponding
TOF¢y,was 0.31 st which is 2.61 times higher compared to non-B catalyst. Interestingly, the
deposition of resilient graphitic carbon for the B catalyst was significantly lower (~11 times)
than the non-B catalyst. It was found that the presence of B facilitated the formation of Ni-B
species along with metallic Ni (reduced by NaBH4), controlled the particle size and stabilized
the metallic state, and influenced the Ni-C interaction leading to the advancement in catalytic

performance and diminution in deactivation.
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Chapter 4

NaBH; assisted synthesis of B-(Ni-
Co)/MgAl,O4 nanostructure for catalytic
dry reforming of methane

This chapter is published with title “NaBHj, assisted synthesis of B-(Ni-
Co)/MgAl,O4 nanostructure for catalytic dry reforming of methane ” by
MD Shakir, Manohar Prasad, Koustav Ray, Siddhartha Sengupta,
Apurba Sinhamahapatra, Shaomin Liu, Hari Vuthaluru in ACS applied
nano material.
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4.1 Results & discussion:

4.1.1 Compositional and structural analysis:

The prepared catalysts [B-Ni/MA, B-(75Ni-25Co)/MA, B-(50Ni-50Co)/MA B-(25Ni-
75C0)/MA and B-100-Co/MA] were characterized by using ICP-OES to find out the elemental
composition as shown in Table. 4.1. The results showed ~14 wt.% of total metal content, and
the ratio of Ni/Co as 2.94, 1.03, and 0.35 for B-(75Ni-25C0)/MA, B-(50Ni-50Co)/MA, B-
(25Ni-75Co)/MA respectively. The B content ranges from 2.4 to 2.8 wt %, that confirmed the
presence of B and NaBH4 acted as source for B. As NaBHg is highly reducing agent so it is
very important to evaluate the reduction behavior of the catalysts prepared by the NaBH4
reduction method. The H>-TPR analysis was performed for all NaBH4 assisted B-containing
catalysts reported in Fig. 4.1. Generally three peaks is expected in the H>-TPR profile for non-
reducing synthesis method for Ni-Co/MA catalysts reported in the previous studies, A similar
H>-TPR profile were observed for the non-B 75Ni25Co/MA (Fig. B1), which attributes to the
weak, medium and strong interaction of metal-oxide (MO) and support reducibility behavior
of the catalyst [37, 51, 129]. However, the NaBH4 reduced Ni-rich catalysts showed only two
H> consumption peaks which corresponds to the reduction of weak and medium interacted MO
[37, 51, 128, 129]. The H2 consumption observed at a lower temperature (300-350°C) is
attributed to the reduction of the bulk metal oxide (MO) cluster, which has a weak interaction
with the support [128, 129, 153]. The H, consumption at 430-450°C is observed due to the
medium interaction of the metal oxide with the support [51, 129]. Interestingly, reduction of
MO at higher temperature (>600°C) was not observed for Ni-rich NaBH4 reduced catalyst that
represents the reduction of MO during the synthesis of catalysts. However, a high temperature
peak (647.6°C) was observed for monometallic B-Co/MA catalyst suggested comparatively
poor reduction of MO [51, 128]. The H> -TPR profile of the bimetallic catalysts displayed
dissimilarities compared to the monometallic catalysts also suggesting the co-existence of Ni
and Co. Further, the degree of reduction (DOR) of the catalysts was also calculated from Ho-
TPR profile reported in Table. 4.1. A comparatively low DOR was observed for bimetallic
catalysts indicating a greater extent of reduction of catalyst prepared by NaBH4 reduction
method. The BET surface area of all catalysts [B-Ni/MA, B-(75Ni-25Co)/MA B-(50Ni-
50C0)/MA, B-(25Ni-75C0)/MA and B-100-Co/MA] was also performed and listed in Table.
4.1. The surface area of bi-metallic catalyst was almost similar ~70 m?/g, whereas the surface

area for monometallic B-Co/MA catalyst was higher that could be due to poor dispersion of
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Co over the support surface. However, the catalysts surface area is not directly relatable to the

reactivity of catalysts for DRM reported in previous studies [16].

Table 4.1. Structural properties of the MA supported and metal loaded B-containing catalysts.

Sample

B-Ni/MA
B-(75Ni
25C0)/MA

B-(50Ni
50Co0)/MA

B-(25Ni
75C0)/MA

B-Co/MA

Composition 2

(wt 9%0)

Ni Co B
13.76 - 2.75
10.89 3.71 2.68
6.79 6.58 2.80
3.87 11.14 2.62

- 13.98 2.45

Surface area®
(m2/g)

75.59

69.98

70.29

69.67

74.01

Degree of
reduction ¢ (%)

21

19

16

16

29

Active sitesd

(mmol/g)

0.143

0.165

0.156

0.112

0.138

a|CP- OES; PBET, °H,.TPR; ¢H,.TPD
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Figure 4.1. H,-TPR profiles of as-prepared samples by the NaBH, reduction method.

The XRD analysis was performed for NaBH4 reduced as-prepared catalyst (Without any heat
treatment) and N treatment catalysts (Fig. 4.2). The peaks for support MA were observed at
20: 31.34, 36.80, 44.85, 59.40, and 65.34° corresponding to JCPDS Card No. 77-1203 in Fig.
B2 [33, 99, 122]. The peaks related to Ni/Co species was not so prominent for as-prepared
catalysts (Fig. 4.2a) due to poor crystallinity of Ni/Co.
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Figure 4.2a. XRD pattern of NaBH, reduced catalysts as-prepared catalysts without any further
treatment for B-Ni/MA, B-(75Ni-25C0)/MA B-(50Ni-50C0)/MA, B-(25Ni-75Co)/MA and B-100-
Co/MA catalysts.

Fig. 5.2b they appeared after annealing at 600°C in N2 environment. The peak at 20 = 77.30°
were observed for the metallic-Ni (JCPDS Card No. 04-0850) for B-Ni/MA, B-(75Ni-
25C0)/MA, B-(50Ni-50C0)/MA, B-(25Ni-75C0)/MA and B-100-Co/MA catalysts and
observed same for non-B catalyst in Fig. S2 [40, 99, 122]. The formation of B-Ni, B-Co and
B-Ni-Co was also observed at 20 = 44.78° (JCPDS No. 17-0335) represents the presence of B
in form of Ni and Co boride which is in-line with the previous studies reported for the catalysts
synthesized by the NaBH4 reduction methods [124, 125, 154]. A weak peak at 26 =62.21°
(JCPDS Card No. 47-1049) was indicated for the presence of NiO or CoO due to the partial
reduction of the catalysts during the synthesis by the NaBH4 reduction method [39, 40, 99].
However, no separate peak of Co was appeared for bimetallic catalysts due to the multi-peaks

overlapping [37, 40, 51]. However, the oxide phase of B which is B.O3 were also not identified
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in XRD profile that generally appears at 20 = 27.4 and 39.8° which suggested difficulty of the
formation of the amorphous glassy phase of B compounds [103, 155, 156].
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Figure 4.2b. XRD pattern of NaBH,reduced catalysts as-prepared catalysts after N treatment at 600°C

for B-Ni/MA, B-(75Ni-25C0)/MA B-(50Ni-50C0)/MA B-(25Ni-75C0)/MA and B-100-Co/MA
catalysts.

The XPS analysis was performed for both B and non-B (75Ni-25Co0)/MA catalysts to gain
insight into the chemical environment of the elements like Mg, Al, Ni, Co, O and B. Fig. 4.3
shows full survey XPS spectrum indicating the presence of Mg, Al, Ni, Co and O for both
catalyst B and non-B catalysts. Additionally, a sharp B peak were also observed for the B-
(75Ni-25C0)/MA catalyst in Fig. 4.4 showed a high-resolution core-level XPS spectrum of B
1s. The peak at 189.4 eV suggested the interaction of metal-B, which is in line with the XRD
analysis that revealed the formation of Ni-Co-B at 20 = 44.78° (Fig. 4.2b) and reported studies
about the formation of metal-boride by NaBH4 method [111, 157-161]. There was no oxidizing
(B203) or alloy B formation which generally appears at BE 188.1 and 192.5 eV [162].
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Figure 4.3. XPS analysis of B-(75Ni-25C0)/MA and non-B 75Ni-25Co/MA catalysts with a full

survey of each element.
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Figure 4.4. XPS analysis of B-(75Ni-25Co)/MA catalysts for B 1s.

The high-resolution core-level Ni 2p XPS spectrum for B (Fig. 4.5) and non-B (Fig. 4.6)
showed multiple peaks after deconvolution, including peaks for 2ps;, 2p12 electrons, and
corresponding satellite peaks. The observed peaks for both B and non-B catalyst at binding
energy 852.7 and 870. 4 eV with a split-split coupling of 17.7 eV, were attributed to Ni 2ps.2
and Ni 2p1» electron, respectively of metallic state of mixed Ni-Co-B [136, 137, 162].
However, the peaks observed at 853.4 (ps2) and 872.4 eV (pu2) for B-catalyst confirmed the
Ni2*, which is in-line with the previous studies [162]. A strong presence of corresponding

satellite peaks was also recorded for Ni® and Ni?*.
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Figure 4.5. XPS analysis of B-(75Ni-25C0)/MA catalysts for Ni 2p.
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Figure 4.6. XPS analysis of non-B 75Ni-25Co/MA catalysts for Ni 2p.

Further, the high-resolution core-level Co 2p XPS spectrum for B (Fig. 4.7) and non-B (Fig
4.8) catalysts. It also confirmed the metallic Co (2ps/2:778.0 and 2p1/2:794.0 eV) for both B and
non-B catalysts and Co?* (2pss: 779.2, 2p312:799.1 eV) for B catalyst [162]. As conclusion, the

surface composition of nano-particle B-(75Ni-25C0)/MA catalyst contains metallic M° and

M?* formed Metal-B interaction. The catalyst prepared by one-step NaBH, reduction method

appears promising method for reduction of metal salt to metal and incorporates B. The above

XPS analysis is in line with the XRD and H.-TPR analysis.
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Figure 4.7. XPS analysis of B-(75Ni-25Co)/MA catalysts for Co 2p.
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Figure 4.8. XPS analysis of non-B 75Ni-25Co/MA catalysts for Co 2p.

4.1.2 Morphological analysis:

The HR-TEM analysis was performed for the N> treated B-(75Ni-25C0)/MA catalyst (Fig.
5.9). A nano rod-type Ni-Co-B grafted on the two-dimensional flakes of support MA were
observed with the metallic Ni-Co and Ni-Co-B species. The higher magnified image (Fig. B3)
revealed the presence of the metal nano-rods type structure with average size ~ 6-7 nm. Further,
the lattice fringes of the metal and support was clearly observed. The d-spacing 0.21, 0.203 and
0.30 nm that attributed to presence of alloy Ni-Co and Ni-Co-B species [140-142]. The B
interacted with number of Ni-Co nanospacies and form B-(Ni-Co)x, same observation reported
in the previous studies [114, 141, 163-165]
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Figure 4.9. HR-TEM image and lattice fringes for B-(75Ni-25C0)/MA catalysts with the lattice fringes
of Ni, Co and Ni-Co-B along with the support MA.

Fig. 4.10a represents the EDS analysis of the catalyst that also confirmed the presence of Ni,
Co, Mg, Al, O and B with a zoomed B spectrum (Fig. 4.10b). The EDS compositional analysis
results are in line with the ICP-OES analysis of the catalyst within £1% (Table. B2). The SAED
pattern displays the bright dots and dotted rings corresponding to metal and MA support,
respectively (Fig. 4.10c) [30]. It has been reported that the nano-rods offers a higher number
of surface-active metal sites for the catalytic reaction [122, 166].

78



- Spectra from Area 1

Spectrum

Intensity (kCounts)

Ni-Ka

Energy (keV)

ity ACounty)

Figure 4.10. (a) ESD profile (b) Zoomed image and (c) SAED pattern of B-(75Ni-25Co0)/MA catalyst.

The elemental mapping using HAADF S-TEM analysis for catalyst represented in Fig. 4.11. A
clear distribution of individual particle was observed for the B-(75Ni-25C0)/MA catalyst

prepared by the one-step NaBH. reduction method.
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Figure 4.11. S-TEM HAADF elemental distribution of B-(75Ni-25C0)/MA catalyst.

4.1.3 H>-Temperature programmed desorption (H.-TPD) and metal
dispersion:

The prepared catalysts [B-Ni/MA, B-(75Ni-25Co)/MA  B-(50Ni-50Co)/MA  B-(25Ni-
75C0)/MA and B-100-Co/MA] were also characterized by Ho-TPD shown in Fig. 4.12. The H>
desorption profile followed similar trends for all catalysts. Two major peaks were observed for
all the B containing catalysts, a lower temperature peak observed at ~100-135°C and a higher
temperature peak at ~600°C. The bimetallic catalysts showed a broader and intense peak for
physisorbed H> compared to the monometallic catalysts suggested a higher ability of H»
adsorption due to the addition of second metal and presence of more metallic content in the bi-
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metallic catalysts.
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Figure 4.12. H,-TPD profile of B-Ni/MA, B-(75Ni-25C0)/MA B-(50Ni-50C0)/MA B-(25Ni-
75Co)/MA and B-Co/MA catalysts.
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The Hz-uptake from the H>-TPD were also calculated and listed in Table. B1. The metal
dispersion (%) from this Ho-uptake presented in Fig. 4.13. The maximum metal dispersion was
6.46% for B-(75Ni-25Co)/MA, which is ~1.52 times higher compared to the previous work for
non-B similar 75Ni-25Co/MA catalyst reported by Kumari et al. [37] was ~4 times higher from
the Ni/MA catalyst reported by N Hadian et al. [17]. Furthermore, the metal dispersion was
observed decreased with increasing Co content for the bimetallic catalysts. Similar results were
also reported for Ni-Co/Al;O3 catalyst [37, 41]. The higher metal dispersion for B-(75Ni-
25C0)/MA could result from the synergic effect of Co addition in a particular ratio of Ni/Co =
3 and the presence of B. In addition, the active sites of the catalyst were also calculated from

the H>-TPD profile and reported in Table. 4.1. The trend of metal active sites was in line with



the metal dispersion with highest value of 0.165 mmol/g for B-(75Ni-25C0)/MA catalyst.
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Figure 4.13. Metal dispersion (%) of B-Ni/MA, B-(75Ni-25C0)/MA, B-(50Ni-50Co)/MA, B-(25Ni-
75Co0)/MA and B-100-Co/MA catalysts.

4.1.4 Catalytic activity:

Fig. 4.14 shows CH4 conversion with time on stream (TOS). The highest conversion observed
for the B-(75Ni-25C0)/MA, which initially increases in the first hour and then shows a nominal
decrease up to 4 h. Initially, the CH4 conversion for B-(75Ni-25C0)/MA was 19.82%, which
was ~1.21 times higher than the conversion observed for B-Ni/MA catalyst. The difference in

conversion almost remains unaltered throughout the reaction TOS 240 min. It was also
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observed that the addition of Co is beneficial in terms of conversion specifically for Ni/Co ratio
3. Interestingly, all the B containing catalysts showed an insignificant decline in conversion
throughout the reaction. For further understanding, the non-B 75Ni-25Co/MA was also studied,
and almost similar initial conversion was witnessed. However, it decreases continuously with
TOS, which suggested a strong influence of B that was incorporated during NaBH4 reduction
method in terms of consistent conversion throughout reaction period. Further, a prolonged TOS
24 h reaction was performed to observe the catalysts deactivation of the catalyst and compared
it with the non-B 75Ni-25Co/MA catalyst. Fig. 4.14a’ shows the CH4 conversion decreased
dramatically for non-B catalyst around 18% over the reaction period 24 h while B-containing
catalyst was showing only 4% decline in the same reaction period. This reaction result verifies
the theoretical (DFT) work that the B-containing catalysts can effectively block carbon

diffusion into nickel lattice, mainly by lowering the Eags of C [104].
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Figure 4.14. (a) The CH. conversion with TOS of prepared catalysts in the DRM with GHSV of 3x10°
h? for B-Ni/MA, B-(75Ni-25C0)/MA B-(50Ni-50C0)/MA, B-(25Ni-75C0)/MA, B-100-Co/MA and
non-B 75Ni-25Co/MA catalysts (&) Long reaction for B-(75Ni-25C0)/MA and non-B 75Ni-25Co/MA
catalysts.
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Fig. 4.15 represents the CO> conversion profile for different catalysts and follows a similar
trend to that of CH4 conversion. However, CO. conversion always observed higher than CH4
due to reverse water gas shift reactions which is in line with the previous reported works [37,
40, 41]. The CO2 conversion was 33.47% for B-(75Ni-25C0)/MA was higher than that of the
B-Ni/MA catalyst. In the case of a long reaction, the decline in CO2 conversion for B-(75Ni-
25C0)/MA catalyst was only around 5% whereas the decline for non-B catalyst was around
26% in Fig. 4.15b/. Additionally, the turnover frequency (TOF) for CH4 and CO, was also
calculated for B-(75Ni-25C0)/MA using H2-TPD and conversions data. The calculated TOF ¢y,
at different time interval is 0.280 + 0.012, 0.299+ 0.022, and 0.284 + 0.010 s* at TOS 30, 90,
and 240 min, respectively. Similarly, the calculated TOF, at different time interval is 0.471
+0.028, 0.480 +0.039, 0.474 + 0.027 s*at TOS 30, 90, and 240 min, respectively. These values
are close to the previously reported TOFprm for Ni-Co/MA catalyst at TOS of 30 min (0.27 for
100Ni/MA and 0.41 for 75Ni-25Co/MA) but unlike the present work, it declines significantly

over the reaction period [37].
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Figure 4.15. The CO; conversion with TOS of prepared catalysts in the DRM with GHSV of 3x10°h*!
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for B-Ni/MA, B-(75Ni-25C0)/MA, B-(50Ni-50C0)/MA, B-(25Ni-75Co)/MA, B-100-Co/MA and non-
B 75Ni-25Co/MA catalysts (b’) Long reaction for B-(75Ni-25C0)/MA and non-B 75Ni-25Co/MA
catalysts

The ratio of produced H> and CO is also important to study different catalysts for DRM [37,
40, 41, 52]. Fig. 4.16 shows the produced syngas ratio (H2: CO) for the B and non-B 75Ni-
25Co/MA catalysts. The Hz: CO ratio followed a similar trend as that of the conversions (CH4
and COy). It was observed that the Co catalysts is facilitating CO formation while Ni was
favouring hydrogen formation. For the bimetallic catalysts, the ratio of Ni/Co decides
production of syngas ratio and Ni/Co = 3 ratio catalyst [B-(75Ni-25Co)/MA catalyst] provides
a maximum H; formation with a ratio of 0.62 with CO. further, the B and non-B 75Ni-
25Co/MA catalysts was also analyzed for long TOS 24h reaction period that follows the similar
trend as conversions (CHs and CO2) in Fig. 4.16¢. The decline in produced syngas was
significant for 75Ni-25Co)/MA catalysts which was ~2.61 times than the B-containing [B-
(75Ni-25C0)/MA] catalyst. Further the carbon balance (Cg) was calculated to verify the
activity test and products formation. The Cg (%) was 96.13% for B-Ni/MA, 95.31% for B-
(75Ni25C0)/MA, 95.69% for B-(50Ni50C0)/MA, 96.23% for B-(25Ni75C0)/MA, and 96.79%
for B-Co-B/MA catalysts. The low value of Cg (%) was observed for B-(75Ni25Co)/MA
catalyst due to the higher CH4 conversion. Ray et al. [76] also reported the more affinity
towards the CH4 and favoured CO disproportion reaction are the causes of the poor carbon

balance.
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Figure 4.16. The H,:CO ratio with TOS of prepared catalysts in the DRM with GHSV of 3x10°h for
B-Ni/MA, B-(75Ni-25C0)/MA, B-(50Ni-50C0)/MA, B-(25Ni-75Co0)/MA, B-100-Co/MA and non-B
75Ni-25Co/MA catalysts (c¢/) Long reaction for B-(75Ni-25Co)/MA and non-B 75Ni-25Co/MA
catalysts.
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4.1.5 Analysis of used catalysts:

The spent catalysts were characterized by the XRD, ICP-OES, elemental analysis, and Raman
spectroscopy to analyze the deposited carbon on the catalyst during the reaction. In Fig. 4.17,
the XRD patterns indicate carbon formation at 26 ~26.8° [52, 103, 153]. However, no peak for
carbon was observed for Co rich catalysts [B-(25Ni-75Co)/MA and B-Co-B/MA] due to their
low methane conversions. Further, the absence of MO peaks suggested no oxidation of metallic
species during the reaction. The composition of B was identified by the ICP-OES analysis of

the spent catalysts and observed that there was no loss of B during the reaction.
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Figure 4.17. XRD pattern of spent catalysts for B-Ni/MA, B-(75Ni-25Co0)/MA, B-(50Ni-50C0)/MA B-
(25Ni-75Co)/MA and B-Co/MA catalysts.

The amount of deposited carbon on the catalysts surface were also calculated and presented in
Fig. B4. It was observed that the carbon content is higher with Ni-rich catalysts and lower with
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Co-rich catalysts. The maximum carbon deposited on the catalyst with Ni: Co ratio 3:1. The
results suggested that in presence B, carbon deposition is linearly related to conversions. In
addition to that the produced carbon during DRM was normalized with the total mole methane
converted (assuming methane cracking as the most significant carbon source) presented in Fig.
4.18. The total amount of C was ~2.8 times higher for non-B 75Ni-75Co/MA than the B
containing B-(25Ni-75Co)/MA catalyst.
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Figure 4.18. Amount of carbon deposition of spent catalysts normalize with the methane produced for
B-Ni/MA, B-(75Ni-25C0)/MA, B-(50Ni-50C0)/MA, B-(25Ni-75C0)/MA, B-100-Co/MA and
traditional non-B 75Ni-25Co/MA catalysts.

The Raman spectroscopy (Fig. 4.19) of B-containing catalysts exhibited two peaks at ~ 1310
cm* and 1595 cm™ for D-band (attributes to structural disorders) and G-band (attributes to C-
C stretching vibrations of pair of sp? carbon) [40, 167-169]. The intensity ratio of the D and G
bands (1°/1°) estimates the degree of disorder in the formed carbon species [40, 167-169]. The
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highest value of 1°/1° was observed as 3.17 for B-(75Ni-25C0)/MA, and it decreases with Co
amount. The higher value indicates poor graphitization of the formed carbon on the spent
catalyst due to the presence of B and 3:1 Ni:Co ratio [129]. The TEM image of spent B-(75Ni-
25C0)/MA shows carbon nanotube formation (Fig. B5).
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Figure 4.19. Raman analysis of B-Ni/MA, B-(75Ni-25C0)/MA, B-(50Ni-50Co)/MA, B-(25Ni-
75Co)/MA and B-100-Co/MA catalysts.
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4.2 Density Functional Theory (DFT) Calculations:

The effect of B on the surface of 75Ni25Co catalyst was evaluated by the DFT calculations to
provide a theoretical insight. The adsorption energy (Eags) of C at various sites and their effects
with the presence of B atom at different sites were calculated for the 75Ni-25Co catalyst. The
carbon atom was adsorbed at the twofold bridge, threefold FCC hollow, and HCP hollow sites
(Fig. B6), and the calculated Eags was tabulated in Table. 5.2. The Eags of carbon (Eags C) at the
HCP hollow and FCC hollow sites are around -6.913 eV and -6.816 eV, which are in line with
the previously reported value of -6.861 eV (-662 kJ/mol) and -6.789 eV (-655 kJ/mol)
respectively [102].

Further, B was kept fixed at HCP hollow site on the surface of 75Ni-25Co, and C adsorbed at
other possible sites. It is clear from Table. 4.2 that Eags C at various sites is decreased to around
0.5 eV in the presence of B. Interestingly, the decrement of Eags energy denotes weaker C
adsorption in the presence of B [21]. On the other hand, the values of Eags C for different sites
in the presence of surface B decreased more relative to the values of Eags C in the presence of
B at the subsurface, which denotes weaker C adsorption at surface [21]. Additionally, the Eads
B at HCP hollow site, FCC hollow site, and subsurface are -5.908, -6.178, and -6.443 eV,
respectively, indicating subsurface is the preferred site for adsorption of B as compared to
surface HCP hollow site [102]. Thus, adding a small amount of B may effectively block these
sites for carbon and force carbon atoms to remain on the 75Ni-25Co catalyst surface for the

reaction, consequently preventing the coking.
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Table 4.2. The adsorption energy of carbon at different sites in the absence and presence of
B.

C adsorption site Eads C (eV)
absence presence of B at presence of B at the
of B HCP hollow site subsurface

Twofold between -6.871 -6.344 - 6.660
bridge site Ni-Co

between -6.913 -6.578 -6.677
Ni-Ni

HCP hollow site -6.913 -6.333 -6.677

FCC hollow site -6.816 -6.706 -6.925

4.3 Effect of B and Ni: Co ratio:

The characterization of the catalysts confirmed the presence of rod-like metallic Ni-Co alloy
and metal borides on MA flakes. The metal dispersion (%) from H.-TPD also suggested a
definite improvement in metal dispersion for the prepared catalysts in the presence of B,
compared to the non-B catalyst. The observed trend of the metal dispersion was also reported
previously [37]. The Ho-TPR and XPS plot confirmed the reduction of the catalyst by using
NaBHa, and the DOR (16 %) demonstrated the formation of the M?* and M-B interaction. The
DRM reaction results revealed that the catalysts prepared by NaBHa treatment enhanced the
performance. The results evidenced that the Ni: Co ratio of 3:1 influenced the conversion, and
B controlled the formation of carbon. Further, a DFT study also reveals that the presence of B
(Ni:Co =3:1) significantly reduces the catalyst deactivation as the presence of B lowers the
adsorption energy (E,q4s) of C by ~0.5eV, which is in line with the previous theoretical work
[104]. Usually, blocking the surface site may decrease methane activation. However, in this
study, B facilitates methane activation by increasing the exothermicity of CH4 dissociation
[133]. The inclusion of B into the catalyst matrix leads to advancements in multiple aspects
like a greater extent of reduction, higher metallic dispersion, stabilize the metallic state,
activation of the reactants, and lower carbon deposition. B also stabilizes the metallic state by

decreasing the possibility of metal oxidation during the reaction as it helps to maintain the

91



amounts of formed C and O at the surface [133].
4.4 Outcomes:

The present study developed B-containing Ni-Co bimetallic catalyst, which offered a steady
conversion of CHs and CO; for the DRM with a reasonable H,:CO ratio. The catalyst was
prepared by a unique and one-step method that uses NaBHj as a critical reagent for metal salts
reduction and as a B source. The developed catalyst’s performance was better than the catalyst
prepared without using NaBHys in reactivity and resistance towards carbon deposition. Also,
the severe H> reduction step during preparation was not required for the developed catalyst,
which is often used traditionally. The maximum TOF¢y, and TOF o, were found to be 0.299
and 0.480 s respectively for catalysts containing 10.89 wt% of Ni, 3.71 wt% of Co, and 2.68
wit% of B [(B-(75Ni-25C0)/MA], which were 1.50 and 1.17 times higher than the similar non-
B catalyst. Interestingly, the carbon deposition was found to be extremely low (~3.57 times
lesser than the non-B) and of non-graphitic nature. B also helps in hindering the formation of
carbon on the catalyst surface. Furthermore, the DFT calculation also revealed the adsorption
energy (E,qs) of C on (Ni-Co =3:1) catalyst significantly reduces the deactivation of Ni-based
catalysts with B’s presence by ~0.5eV. Besides the importance of B inclusion, the study also
realizes that a particular metallic ratio (Ni-Co =3:1) is also crucial for the supported bimetallic
catalyst to achieve maximum activity and stability for DRM. Finally, the present study provides

a new strategy to perform carbon-free DRM without compromising the activity.
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Chapter 5

Synergistic effect of NaBH4 followed by
H, reduction towards advancement of
catalytic activity of B-(75Ni25Co)/
MgAIl,O4 for dry reforming of methane

This manuscript is ready to communicate in journal “Synergistic effect
of NaBH, followed by H; reduction towards advancement of catalytic
activity of (75Ni25C0)-B/MgAl,O4 for dry reforming of methane” by
MD Shakir, Siddhartha Sengupta, Apurba Sinhamahapatra, Shaomin
Liu, Hari Vuthaluru.
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5.1 Results and discussion:

5.1.1 Composition and structural analysis:

The prepared B-containing (B-(75Ni25C0)/MA)) catalysts were further reduced and compared
with as-prepared catalysts to change in performce after Ho-treatment at 600°C. Both catalysts
were characterized by ICP-OES to identify the elemental composition of metals and boron
showed in Table 5.1. As expected, the composition of Ni and Co were around ~14 wt% for
both as-prepared and further catalysts. The amount of B content were also observed similar
~2.65 for both catalysts that confirmed the dispersion of B on the catalyst and NaBH4 acted as
a source. Further, the reduction effect and degree of reduction for both further reduced and as-
prepared catalysts were revealed by the H>-TPR analysis. In Fig 5.1 the reduction profile
showed two different temperature peaks crossponded to the Hz-consumption corresponds to
weak and medium metal-supported interactions [51, 128, 129]. The peak observed at
temperature (300-350°C) represents the reduction of weakly supported interacted bulk metal
oxide (MO) [128, 129, 153]. The Hz consumption at 430-450°C was observed for the medium
interacted MO with support [51, 114, 129]. Eventually, no peak observed for high temperature
(>500°C) region, which represents the reduction of smaller surface particles due to the
reduction of the catalyst during preparation. As catalysts were pre-reduced with Hx for further
reduced catalyst, the TPR profile was observed as expected low-intensity peaks. These results
suggested absence of MO as it converted to M° due to additional Hz-reduction step . Further,
the degree of reduction (DOR) revealed about the reducibility of the catalyst for both catalysts
presented in Table 5.1. A comparatively low degree of reduction was observed for H>-reduced
catalysts indicating a greater extent of reduction compared to the as-prepared catalyst due to

the additional Hz-reduction step.

Table 5.1. Structural properties of the support MA and metal-loaded B-containing catalysts.

Sample | Surface Pore Pore Composition Degree of Metal
Area Volume Size (wt %0) reduction | dispersion
2 3 o) o)
(M2fg) | em¥g) | (M) T T g (% (%)
Ho- 62.31 0.1522 10.315 | 10.66 | 3.62 | 2.65 3.56 7.11
reduced
As 69.98 0.1059 | 11.3821 | 10.89 | 3.71 | 2.68 19.87 6.46
prepared
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Figure 5.1. H,-TPR analysis of as-prepared and Hz-reduced B-(75Ni25C0)/MA catalysts.

The XRD analysis of B-(75Ni25C0)/MA catalyst was performed for the N»-treated and H.-
reduced (Fig. 5.2). For support (MA) peaks were observed for both catalyst at 20: 31.34, 36.80,
44.85, 59.40, and 65.34° corresponding to JCPDS Card No. 77-1203[33, 99, 122]. Whereas the
peaks related to Ni/Co species are not observed to be so sharp for N2-Treated catalyst due to
low crystallinity; however, they appeared so prominent for Ho-treated catalyst, and peaks
appeared at 20 = 44.78°and 77.30° corresponding metallic-Ni/Co (JCPDS Card No. 04-0850)
[40, 99, 122]. For. However, no separate peak was evident for cobalt due to multi-peak
overlapping [37, 40, 51]. A weak peak at 20 =62.21° observed for the N»-treated catalyst
reflected the presence of NiO or CoO due to the partial reduction of the catalyst during the
synthesis by the NaBH. reduction method (JCPDS Card No. 47-1049)[39, 40, 99]. This result

was in line with obtained TPR data. There was no BO or metal-boride peak observed, which
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suggested the amorphous formation phase of boron compounds [103]. The surface areas of N-
treated and H-reduced B-(75Ni-25C0)/MA catalyst were also determined by Brunauer—
Emmett-Teller (BET) analysis Table 6.1. The surface area of support MA was 86.70 (m?/g),
which is more than the metallic B-(75Ni25C0)/MA catalyst that is because of the dispersion of
active components in the pores of support [12]. The surface area of the N»-treated was 69.98,
which is ~1.12 times more than the catalyst was H»-reduced catalyst due to the partial reduction
and presence of NiO. However, further Ho-reduced catalysts have higher M° with a DOR of
3.56%.
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Figure 5.2. XRD analysis of as-prepared and H-reduced B-(75Ni25Co)/MA catalysts
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5.1.2 XPS Analysis:

The XPS analysis for as-prepared and Ho-reduced B-(75Ni25Co0)/MA catalyst to observe the
elemental distribution of major existing elements. Fig. 5.3 shows the full XPS survey spectrum
in which the presence of Mg, Al, Ni, Co, O, and B can be very clearly seen. [113]. The high-
resolution XPS spectrum for B particle showed in Fig. 5.4. A single peak observed at binding
energy 189.4 eV reflects the metal-B interaction by NaBH4 treatment and formed metal boride.
General BO peak appears at ~187.2 and ~192.5 eV, which is the absence in the plot, and a
strong peak at 189.4 eV is observed for elemental B [138, 139].
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Figure 5.3. XPS analysis of as-prepared and further Hz-reduced B-(75Ni-25C0)/MA catalysts
with a full survey of each element
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Figure 5.4. B 1s XPS spectrum of as-prepared and further H.-reduced B-(75Ni-25C0)/MA
catalysts.

The specific resolution of dominated metal (Ni 2p) XPS spectrum for as-prepared and Ho-
reduced B-(75Ni25Co0)/MA catalysts showed in Fig 5.5 (a and b). The multiple peaks after
deconvolution were observed as Ni 2ps;2 and 2p12 and corresponding satellite peaks. Fig 5.5a
showed Ni 2p spectrum for as-prepared B-(75Ni25C0)/MA catalyst, the peaks observed at
852.7 and 870. 4 eV attributed to the presence of Ni 2ps2 and Ni 2p. respectively of Ni
metallic [136, 137]. Whereas the peaks observed at 853.4 (psi2) and 872.4 eV (p12) reported
the presence of the Ni?* of NiO along with the corresponding satellite peaks [136, 137].
However, the further Hz-reduced B-(75Ni25C0)/MA catalyst showed only metallic Ni peaks
at binding energy 852.7 and 870. 4 eV in Fig. 5.5b, which is in-line with the H>-TPR and XRD

analysis.
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Further, the core-level Co 2p XPS spectrum showed in Fig. 6.6 (a and b) for as-prepared and
H»-reduced B-(75Ni25C0)/MA catalysts. The spectrum confirmed the presence of metallic Co
(2p312:778.3 and 2p1/2:794.1 eV) and Co?* (2pzr2: 779.4, 2p32:799.3 eV) of CoO for as-prepared
catalysts in Fig. 5.6a [170]. However, the further reduced catalyst showed the metallic peak
Co° Fig. 5.6b. Hence it is evident that the complete reduction of metals (Ni and Co) phase for
further reduced catalysts. The above analytical characterization techniques showed there are
distinct physiochemical properties for as-prepared and further Hz-reduced B-(75Ni25Co)/MA

catalysts. The impact of these changes was further analyzed by their catalyst activity

performance.
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Figure 5.6. Co 2p XPS spectrum of B-(75Ni-25C0)/MA catalysts (a) as-prepared and (b)

Further H,-reduced catalysts.

5.1.3 Catalytic activity:

The DRM was performed with the as-prepared and Hz-reduced B-(75Ni25C0)/MA catalyst in
a fixed-bed reactor at 600°C and atmospheric pressure with a GHSV of 3x10° h! to evaluate
the activity of the catalyst. The Mears’ and Weisz-Prater criteria were used for this reaction
data and observed there are no effects of any internal and external mass transfer under these
reaction conditions (Table. D1-D2) [37, 118]. Moreover, the equilibrium conversion (CH4:53%
and CO2:63%) is less than that of reported conversions of CH4 and CO2 under similar
conditions [37, 171]. A 24 h long reaction was performed for both catalysts; the sample was
collected every 30min from the reactor to analyze the conversion using gas chromatography
(GC). Fig 5.7 shows CHa4 conversion with time for both as-prepared and H-reduced B-(75Ni-
25C0)/MA catalyst. The highest conversion pattern was observed for the Hz-reduced, which is
obvious as we observed from the characterization of the catalyst that the further reduction helps
to improve the dispersion and more Ni%Ca® metallic form. In the beginning, the conversion of
the Ho-reduced catalyst shows 30.45%, which is around 1.48 times higher than the as-prepared
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catalyst. After 24h of reaction completion, the Hz-reduced conversion dropped by ~15 %, while
the as-prepared catalyst dropped only by 4% throughout the reaction period, this could be due

to the deposition of C on Ni° site for Hp-reduced catalysts compared to the as-prepared

catalysts.
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Figure 5.7. The CH4 conversion of Ho-reduced and as-prepared B-(75Ni-25C0)/MA catalysts in the
DRM at 600°C and GHSV of 3x10° h! with time.

Fig 5.8 represents the CO- conversion of both as-prepared and Hz-reduced B-(75Ni25Co0)/MA
catalyst and follows a similar trend to CH4 conversion. The CO2 conversions of both catalysts
were higher compared to the CH4 conversions due to the reverse water gas shift reaction
(RWGS) [1, 2]. The initial conversion of CO- for H,-reduced was higher (42.24%) compared
to the as-prepared catalyst (32.47%). However, the decline in conversion was more for Ho-

reduced by around 2.4 times at the end of the reaction.
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Figure 5.8. The CO; conversion of Hx-reduced and as-prepared B-(75Ni-25C0)/MA catalysts in
the DRM at 600°C and GHSV of 3x10°h* with time.

The produced Hz and CO ratio plays a vital role in the identification of catalyst
performance. Fig. 5.9 shows Hz: CO ratio for both catalysts. It is seen that the Ho: CO ratio
for all catalysts is less than one due to the reverse water gas shift reaction (RWGS) reaction,
which consumed Hz. The further Hz-reduced catalyst produced a higher value of 0.88 at the
very beginning, while the as-prepared catalyst was 0.6251. However, there was a slight
increment in the ratio was observed for the as-prepared catalyst in the initial 2h then it
dropped to 0.512. The drop in syngas was higher for further reduced catalyst, around 0.35,
while the drop in as-prepared catalyst was only around 0.11. Further, the TOF ¢y, was also
calculated based on methane conversion represented in Fig. 5.10. The TOF¢y, of Ho-
reduced catalysts was higher compared to the as-prepared catalyst. The difference in
TOF ¢y, was about 0.0612, which gradually decreased with time, and was about 0.0181 at

24h of the reaction period. This reaction result represents that the further reduction helps to
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increase the conversion and syngas ratio due to the presence of M° compared to as-prepared
catalysts at the beginning of the DRM, but for a long reaction, both catalysts showed similar

results afterward 5h of reaction period.

0.9

H, reduced
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Figure 5.9. H,: CO ratio of H.-reduced and as-prepared B-(75Ni-25C0)/MA catalysts in the DRM
at 600°C and GHSV of 3x10° h't with time.
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Figure 5.10. Variation of turnover frequency of methane at different for as-prepared and further
H.-reduced B-(75Ni-25C0)/MA catalysts
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5.1.4 Analysis of spent catalysts:

The catalyst after the reaction was also characterized by Raman and elemental analysis to study
the catalyst deactivation during the reaction due to the deposition of carbon. Fig. 5.11
represents the Raman analysis of spent catalysts of as-prepared and further reduced B-(75Ni-
25C0)/MA catalysts. The Ip/lc was similar for further reduced catalysts compared to the as-
prepared catalysts, with a higher value ~3 suggested there was no graphitic carbon in the spent
catalysts. Further, the elemental analysis of spent catalysts for both as-prepared and further
reduced catalysts was also performed. Fig C1 showed the presence of C (gc.gcart) was 0.409
for the further reduced catalyst which is 2.7 times higher than the without H>-reduced catalyst.
Interestingly, the amount of catalysts was observed to be similar when normalized with the
produced methane (gc.gear :.moles CH4 converted™) in Fig. 5.12, which represents the further

H»-reduction step was not provided any additional advantage to limit the carbon deposition.
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Figure 5.11. Raman analysis for spent as-prepared and further H,-reduced B-(75Ni-25Co0)/MA

catalysts
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Figure 5.12. Analysis of carbon deposited by elemental analyzer for spent as-prepared and further
Ho-reduced B-(75Ni-25C0)/MA catalysts.
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5.2 Outcomes:

The DRM was studied over 15 % bimetallic B-(75Ni25C0)/MA supported catalyst over the
support MA with further Hz-reduced catalyst and as-prepared catalyst to observe its impact on
the reaction performance and also on the deactivation of the catalyst over a long reaction time.
From the characterization of both catalysts using XRD, it was observed that sharp peaks of Ni
in the Hz-reduced catalyst. However, there was a peak of NiO for the as-prepared catalyst with
two peaks of Ni also observed in Ho-TPR with a high degree of reduction compared to the Ha-
reduced catalyst. XPS measurements also revealed the exact scenario of the elements with Ni
2p @r2) and Ni 2p /2) for NiO and Ni° as-prepared catalyst, while Ni° was observed for further
reduced catalyst. Most interestingly, the reaction result reveals that the further reduction of the
catalyst improves the catalyst performance in terms of CHs & CO; conversion, Hz: CO ratio,
and TOF. However, the carbon deposition was similar for both as-prepared and further reduced

catalysts.
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A comparative Kinetics and carbon
deposition analysis for single-step
NaBH; assisted boron and non-boron
75N125C0o/MgAl,O4 catalysts
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6.1 Results and discussion:

The kinetic analysis of catalysts was investigated for both the boron and non-B 75Ni25Co/MA
catalysts. As the conversions of feed gases (CH4 and COz) are the function of temperature as
showed in Fig. 6.1. The conversion of CH4 was observed linearly increased with the
temperature for both catalysts. However, the conversion of B-containing catalysts was higher
compared to the non-B catalysts, these conversion differences between the two catalysts was
well maintianed for all the tempratures (773-973K) . The B-(75Ni25C0)/MA catalysts
conversion was ~ 3.9 at 773K, that was ~1.12 times higher than the non-B 75Ni25Co/MA

catalysts. However, this factor was slightly increased with the temperature and was ~ 1.21 at
973K.
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Figure 6.1. The conversion of methane with temperature for B and non-B catalysts.

The CO:z conversion for both B and non-B 75Ni25Co/MA catalysts was observed in Fig. 6.2.

The CO> conversion increased linearly for both catalysts, with a higher conversion for B-
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containing catalysts than for the non-B catalysts. The B-(75Ni25Co)/MA conversion was ~ 6.7
at 773K, which was 1.13 times higher than the non-B 75Ni25Co/MA catalysts; the factor
slightly increased with the temperature and was ~ 1.18 at 973K. These conversions data
revealed that the B-containing catalysts enhanced the performance of the catalyst for higher

temperatures compared to the non-B catalysts.

70 -

B-(75Ni25Co)/MA

o
o
1

o
o
1

CO, Conversion (%)
] &
1 1

D
o
1

—a
o
1

| ' | | " |
800 850 900 950
Temperature (K)

Figure 6.2. Carbon dioxide conversion with temperature for B and non-B catalysts

Furthermore, the rate of reaction was calculated for both B and non-B catalysts. The reaction
rate was increased with the temperature for both catalysts. However, the reaction rate for the
B-containing catalyst was slightly higher than for the non-B catalysts. This calculated rate of
reaction was further used to plot the temperature profile to calculate the apparent activation

energy.
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Table 6.1. Change of concentration and rate of CH4 with temperature for with and without B catalyst.

Temperature Concentration Rate
(K) (mol.cm) x (10°°) (mol stcm3) x (10°%)
B-(75Ni25C0)/MA 75Ni25Co/MA

773 5.04 4.48 4.22
823 4,74 9.55 7.23
873 4.47 15.32 13.68
923 4.22 26.51 25.52
973 4.01 30.09 29.94

The slope of the rate of reaction versus inverse temperature plot gives activation energy (E)
and gas constant (R) ratio. The rate of reaction for methane conversion for both B and non-B
75Ni25Co/MA catalysts showed in Fig 6.3. A linear decline in the rate of reaction was observed
with temperature for both B and non-B catalysts, and a straight line was observed for both
catalysts with an insignificant difference. Further, the activation energy calculated from the
plot was ~66.67 kJ/mol for B-(75Ni25Co)/MA catalysts. However, the activation energy of the
non-B catalyst was slightly higher ~66.94. In addition, the activation energy for CO> was also
calculated from the rate of reaction versus temperature plot for both B and non-B catalysts.
However, the low values of activation energy of carbon dioxide were obtained compared to
methane, which could be due to the strong affinity of the CO2 with the oxides showed in Fig.
6.4. Similar to the CHs trend, the CO> rate versus temperature plot linearly declined with
temperature for both catalysts. The activation energy was calculated as ~55.20 kJ/mol for B-
(75Ni25C0)/MA catalysts, slightly lower than the non-B 75Ni25Co/MA catalyst. The low
values of activation energy of carbon dioxide were obtained due to the strong affinity of CO; with the
oxides. These results conclude that the B modification improves the catalyst performance
without lowering its activation energy. Further, the effect of internal-external mass transfer was
also evaluated by Mear’s Criteria suggesting the generated reaction data is in a kinetic regime
(Table. D1-D2).
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Figure 6.3. The rate of reaction for methane verses temperature for B and non-B catalysts.
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Figure 6.4. The rate of reaction for carbon dioxide versus temperature for B and non-B catalysts.

The obtained activation energy for both B and non-B catalysts was further compared with the
previously reported catalysts in Table 6.2. Recently, Zhang et al. [8] reported the activation
energy of methane as 69.40 kJ/mol for Ni-Co/Al-Mg-O catalysts at the higher temperature
range of 923-1023K. Another study by Qiao et al. [14] with Ni/CeMgAl catalyst showed an
activation energy of 65.52 kJ/mol in 773 -873K. Gallego et al. [174] studied the activation
energy of samples Ni/La>O3 catalyst at the temperature range of 893-963K and reported higher
activation energy than Ni/CeMgAl and Ni-Co/Al-Mg-O catalyst. Nandini et al. [175] reported
lower activation energy for 13.5Ni-2K/10CeO.- Al2O3 catalyst for the temperature range of
873-1073K. The traditional DRM catalyst Ni/y-Al.Os shows impressive lower activation
energy of 50.90 kJ/mol for the temperature range of 773-973K. The recent study by Kumari et
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al. [37] reported the activation energy of 59.16 kJ/mol for the 75Ni25Co/MA catalyst.

However, the catalysts' activation energy depends on many factors such as the active metal

sites, support, another metal, synthesis procedure, operating conditions, reactants ratios, and

the promoters such as B [1].

Table 6.2. Compared activation energy data obtained from reported work at different temperatures with
the current study for with and without B catalyst.

Source Catalyst Temperature | Activation References
Range (K) energy of
CHa4
(kJ/mol)
Current work B-(75Ni25Co)/MA 823-923 66.67 -
Current work (75Ni25Co)/MA 823-923 66.94 -
Zhang et al. Ni-Co/Al-Mg-O 923-1023 69.4 [172]
Qiao et al. NiisCeMgAl 773-873 65.5 [173]
Zhang et al. Ni/y-Al203 773-973 50.9 [24]
Gallego et al. Ni/La203 773-973 70.0 [174]
Lemonidou et Ni/CaO/Al203 893-963 106.7 [71]
al.
Nandinietal. | 13.5Ni-2K/10CeO»- 873-1073 46.1 [175]
Al>O3
Kumari et al. 75Ni25Co/MA 823-923 59.16 [37]

6.1.1 Analysis of spent catalysts:

The spent catalysts were characterized by the ICP-OES and elemental CHNS analysis for both

118



B and non-B catalysts at different temperatures in Table 6.3. The composition of Ni, Co, and
B was identified by the ICP-OES analysis, and it was observed that the metal-contained B-
containing catalysts were not significantly dropped after the DRM reaction. However, the
lowest value is ~ 9.89 wt. % was observed at 773K since the higher carbon deposition for DRM
at a lower temperature. This trend was similar for both Ni and Co. interestingly, the B wt. %
remained the same for all temperatures, showing strong B-Ni-Co interaction that resisted
catalysts from the deactivation. However, the Ni and Co wt. % was observed to be lower than
the B-containing catalysts due to the deactivation of catalysts during the dry reforming reaction.
Further, the amount of deposited carbon was evaluated by the elemental analysis for both B
and non-B catalysts listed in Table 6.3. The amount of carbon deposition was increased with
the temperature for both catalysts. However, the carbon deposition was ~5.72 times higher for
non-B catalysts than the B-containing catalysts at 773K. At the higher temperature, the carbon
deposition for non-B catalysts was ~4.63 times higher than the B-containing catalyst. The lower
carbon deposition for B-containing catalysts was observed due to the fact that the B effectively
sited on the subsurface site of metals where generally carbon used to occupy, resulting the
deactivation of catalysts shown in Fig. 6.5.

Table 6.3. Compositions and elemental analysis of spent B and non-B catalysts at different temperatures
for DRM reactions.

Temperature ICP-OES analysis Elemental analysis
(K) (Wt %) (GerGeat™)
B-(75Ni25C0)/MA | 75Ni25Co/MA | B-(75Ni25C0)/MA | 75Ni25Co/MA
Ni Co B Ni Co

773 989 | 348 | 244 | 8.14 2.69 0.046 0.262
823 10.11 | 351 | 241 | 811 2.61 0.040 0.224
873 10.23 | 3.54 | 243 | 8.69 2.97 0.037 0.196
923 10.53 | 3.58 | 2.45 | 9.26 3.08 0.026 0.148
973 10.62 | 3.62 | 2.44 | 9.89 3.18 0.019 0.087
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Figure 6.5. A mechanistic representation of bimetallic 75Ni-25Co/MA catalysts for traditional and
NaBHj; assisted single-step B-containing catalysts for DRM.
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6.2 Outcomes:

The present study developed a kinetic study for the B and non-B bimetallic 75Ni-25Co/MA
catalysts for the temperature range from 773-973 K. The conversion of CHs and COz linearly
increased with increasing temperature. The concentration and rate of reaction for CH and CO>
were also calculated from conversion and reported to increase with temperature. However, the
reaction rate was comparatively higher for the B-containing catalyst than for the non-B catalyst.
Further, the calculated activation energy revealed the B-containing catalysts had low activation
energy compared to the non-B catalysts. The spent catalysts were characterized by the ICP-
OES and elemental analysis. The loss of metal (Ni and Co) was insignificant compared to the
non-B catalysts. Interestingly, the retainment of B was observed in spent catalysts at all
temperatures. The carbon deposition was extremely low ~5.8 times lesser than the non-B
catalysts. In-depth study suggested that the presence of a small amount of B helps a catalyst to
achieve good B-metal dispersion and stable metallic species. Finally, the present study provides
a new strategy to perform carbon-free DRM with B-containing catalysts for the temperature

range of 773-973K without compromising the activity.
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Conclusions and recommendations
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7.1 Conclusions:

The current study concludes the enhancement of catalyst performance with doping of a small
amount of B on Ni-based catalyst surfaces by the single-step NaBH4 reduction method for the
DRM reactions. The catalyst preparation method using NaBH4 appears to be the prime source
of dispersing B on Ni-based catalysts and a straightforward way for reducing metal salts. The
B(x)-Ni/MA catalysts enhanced the conversion of CH4 and CO> and promoted graphitic-free
DRM reaction. The maximum conversion was 2.8 wt. % B-containing B-Ni/MA catalyst and
the corresponding TOF ¢y, was 0.31 s, which was 2.61 times higher than the non-B Ni/MA
catalyst. Interestingly, the deposition of resilient graphitic carbon for the B catalyst was
significantly lower (~11 times) than for the non-B catalyst. It was found that the presence of B
(~2.8 wt.%) facilitated the formation of Ni-B species along with metallic Ni (reduced by
NaBHys), controlled the particle size and stabilized the metallic state, and influenced the Ni-C

interaction leading to the advancement in catalytic performance and diminution in deactivation.

The developed one-step NaBHs4 method for the B (2.8 wt.%) containing Ni-Co bimetallic
catalysts offered a steady conversion of CH4 and CO; for the DRM with a reasonable H2:CO
ratio. The B-modified catalyst’s performance was better than the catalyst prepared by the
traditional impregnation method in terms of reactivity and resistance toward carbon deposition.
Additionally, the severe H> reduction step during preparation was not required for the
developed catalyst, which is traditionally used. The in-depth study suggests that the presence
of a small amount of B helps a catalyst to achieve good B-metal dispersion and stable metallic
species. The lattice spacing and the elemental distribution confirmed the presence of Ni, Co,
and Ni-Co-B. The maximum TOF¢y, and TOF¢,, were found to be 0.299 and 0.480 st
respectively, for catalysts containing 10.89 wt% of Ni, 3.71 wt% of Co, and 2.68 wt% of B
[(B-(75Ni-25Co0)/MA], which were 1.50 and 1.17 times higher than the similar non-B catalyst.
Interestingly, the carbon deposition was extremely low (~5 times lesser than the non-B) and of
non-graphitic nature. B also helps in hindering the formation of carbon on the catalyst surface.
The amount of deposited carbon was 0.039 g/gear: for the developed catalyst, while 0.106 g/gcar
! for the catalyst that does not contain B. Besides the importance of B inclusion, the study also
realizes that a particular metallic ratio (Ni-Co =3:1) is also crucial for the supported bimetallic
catalyst to achieve maximum activity and stability for DRM. Additionally, the DFT calculation
also revealed the adsorption energy (E,qs) of C on (Ni-Co =3:1) catalyst significantly reduces

the deactivation of Ni-based catalysts with B's presence by ~0.5eV. Thus, adding a small
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amount of B may effectively block these sites for carbon and force carbon atoms to remain on

the 75Ni-25Co catalyst surface for the reaction, consequently preventing the coking

The bimetallic B-(75Ni25C0)/MA catalyst was further reduced with H> to observe the effect
on the DRM reaction compared with the as-prepared B-(75Ni25C0)/MA catalyst. A complete
reduction of catalysts (degree of reduction of 3.56 %) was observed for further H-reduced
catalyst along with the enhancement of the metal dispersion. A sharp peak of M° was observed
in the XRD spectrum for the further Ho-reduced catalyst. However, there was a peak of M° and
MO peak present for the as-prepared catalyst. For more clarity, the XPS analysis revealed the
exact scenario of the elements with Ni 2p (3/2) and Ni 2p (1/2) for NiO and NiO for the as-
prepared catalyst while only NiO was observed for further Ho-reduced catalyst that was in line
with the XRD and H»-TPR results. Interestingly the reaction result reveals that further Ho-
reduction improves the catalyst performance in terms of conversion and Hz: CO ratio at the
initial phase of the reaction. However, the difference in conversion and produced H: CO ratio

was similar to the as-prepared catalyst at TOS 24h. In addition, the TOF¢y, was also

comparable for both catalysts after 4h of the reaction period, suggested the further Ho-reduction
of NaBH3 reduced B-(75Ni25Co0)/MA catalysts showed high conversions only at the initial
phase of reaction and became same as as-prepared catalysts after 4-5h of reaction. The
characterizations of spent catalysts suggested graphitic-free DRM after 24h; the amount of
deposited carbon was similar for both further Ho-reduced and as-prepared B-(75Ni25Co)/MA
deposition with normalization with the methane conversion. Furthermore, a kinetic study for
the B and non-B bimetallic 75Ni-25Co/MA catalysts suggested that the conversion of CH4 and
CO:2 linearly increased with increasing temperature. The concentration and rate of reaction for
CHg and CO. were also calculated from conversion and reported to increase with temperature.
However, the reaction rate was comparatively higher for the B-containing catalyst than for the
non-B catalyst. Further, the calculated activation energy was observed to be the same for both
catalysts. The spent catalysts were characterized by the ICP-OES and elemental analysis. The
loss of metal (Ni and Co) was insignificant compared to the non-B catalysts. Interestingly, the
retainment of B was observed in spent catalysts at all temperatures. The carbon deposition was
extremely low ~5.8 times lesser than the non-B catalysts. The in-depth study suggests that the
presence of a small amount of B helps a catalyst to achieve good B-metal dispersion and stable
metallic species. Finally, the present study provides a new strategy to perform carbon-free
DRM with B-containing catalysts for the temperature range of 773-973K without
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compromising the activity.
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7.2 Recommendations:

The present study developed a novel catalyst preparation method for low-deactivated graphitic-
carbon-free DRM reaction pathways. The catalyst synthesis by the NaBH4 reduction method
appears to be a promising single-step method of doping B on the surface of Ni-based catalysts.
~ 2.8 wt % of B showed as an optimum amount for 15 wt % of metal-containing catalysts.
Additionally, the bimetallic 3:1 ratio B-containing B-(75Ni-25C0)/MA catalyst appeared as the
best-performing catalyst with low carbon deposition for DRM. Based on current outcomes and
as this method has not been used extensively used so for the future work the recommendations

are as follows.

e Nowadays, peroxide catalysts have been used to solve the catalyst deactivation issue.
However, the preparation of catalysts is too complicated, and losses of metallic

elements are very often, so it would be interesting to observe the effect

e It would be interesting to observe the effect of traditional promoters such as Ca and Mg
on the surface of the B-(75Ni-25Co)/MA catalyst. However, the amount of promoters

should be very optimum to prevent the active site of Ni particles.

e The oxygen storage support, such as ceria and zirconia-based support, can use to effect
on DRM

e The catalysts can be used for other reforming processes, such as steam reforming of
methane and partial oxidation of methane. Additionally, the mixed steam and dry
reforming (Bi-reforming) of methane reaction is another way to produce syngas. The
present B-(75Ni-25C0)/MA catalyst could show some exciting results as the H, and
CO ratio can expect to be higher compared to the DRM.

e Interms of theoretical studies, it would be worthwhile to develop a kinetic model using
simulation tools can be developed to observe the effect of B-(75Ni-25C0)/MA catalyst
at different reaction conditions such as temperature, pressure, feed ratio, GHSV, reactor

size, bed height, particle size and inert gas (N2 and He).
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Figure A3. HR-TEM analysis for B(3)-Ni/MA catalyst
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Figure A5. EDS analysis of B(3)-Ni/MA catalyst
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Figure A6. HR-TEM analysis for Ni/MA catalyst
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Figure A8. HRTEM-EDS analysis of Ni/MA catalyst
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Table Al. Analysis of carbon deposition on spent B and non-B catalyst.

Catalyst Total carbon deposition Carbon deposition with
measured (gcgeart) respect to the methane
conversion(gcgear *MOImethane )

Ni/MA 0.089 0.595
Ni/MA (H; treated) 0.105 0.275
B(3)-Ni/MA 0.037 0.053
B(5)-Ni/MA 0.034 0.076

Average Particle size ~ 28.44 nm

Figure A9. HR-TEM analysis of spent Ni/MA catalyst
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B(3)-Ni/MA

Average Particle size ~ 11.08 nm
Figure A10. HR-TEM analysis of spent B(3)-Ni/MA catalyst
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Table B1. Metallic ratio and H,-TPD for the boron-containing catalysts

Sample Ni: Co Hz-uptake
(umol/ g)
B-Ni/MA - 143
B-(75Ni25Co)/MA 3:1 165
B-(50Ni50C0)/MA 1:1 156
B-(25Ni75C0)/MA 1:3 112
B-Co/MA - 85
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Table B2. The elemental composition of B-(75Ni25C0)/MA catalyst using ICP-OES and EDS

analysis
Element ICP-OES (wt. %) TEM-EDS (wt. %)
Ni 10.89 9.95
Co 3.71 3.23
B 2.68 1.02
0.12
0.1065
% 0.10 -
; S
O = <
S 0.08- 0 2 «
cC O O =
g < % 3 9
083_ 2 r3535'-) o ZL <
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O .01

«—— With boron

Figure B4. Elemental analysis of B and non-B catalysts

Without boron
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(b}
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Figure B5. TEM images of spent B-(75Ni-25C0)/MA (a) Particle distribution (b) High resolution
image
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Figure B6. (a) Pristine 75Ni-25Co , (b) Twofold bridge site (between Ni-Co), (c) Twofold bridge site

(between Ni-Ni), (d) HCP hollow site, (e) FCC hollow site (f) Subsurface site
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D1. Mear’s Criterion for intra-particle transport (Inside particle)

r,* (%)
( Cc De)<(n_BY>

Presented calculations are based on criteria equations from Mear’s D.E. Ind. Eng.

Chem.

Where 3 is the maximum temperature difference that exists within the particle can be calculated

as follows
. (-AH)* DexCs
p=(—F )

(-AH29sx) is the heat of chemical reaction for dry reforming reaction (eq. 4) in kJ/mol reported
247*10% J/mol

» Csis the concentration of reactant (CHas) entering to the reactor for the reaction mol
fem?.
> rqis the rate of reaction calculated as mol.s™tcm-3,
re= Vo*Cey, *Xcn,/ Weat

Table. D1. Mear’s intra-particle calculation

Temperature 75Ni25Co-B 75Ni25Co

(K)

Iy * (rpz) ( n_IBY) g * (rpz) ( n—lsy)

C. D C. D,

773 4.4526*10™ 2.0362 2.136*10°3 2.0162
823 4.4539*10* 2.0359 2.131*10°3 2.0159
923 4.4576*10™ 2.0344 2.119*10°3 2.0144
973 4.4597*10* 2.0338 2.082*10°3 2.0138

ra*(rpz) 1 )
Hence <—Cc l)e) < (n_BY
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D2. Mears Criterion for inter-particle transport (Outside particle):

Mass transfer limitations can be neglected if the Mears Criterion is satisfied.

(—7a") * p*n
k. Cyyp

( ) < 0.15

The above equation is based on criteria equations from Mear’s D.E. Ind. Eng. Chem.

kc is the mass transfer coefficient between gas and particle, cm/sec. The mass transfer

coefficient can be calculated by using Sherwood number as follows ke = Sh*De/dp

Sherwood number (Sh) represents the mass transfer coefficient for transport from gas

interphase to a swarm of catalyst particles, Sh = 2.0 + 0.61*Re%°Sc%33

» The Reynolds number is defined as Re = D*u*p/u, where D is the reactor diameter, u
is the average flow velocity, p is the density of the gas and p is the dynamic viscosity
of the gas.

D =25 (cm)
p =0.2156*10"°(kg/cm?®)
p=0.000000315 (kg/cm.s)
Re=0.00504
Sc=104.23
Sh = 2.0+ 0.61* 2.450%° *104.2°% = 2.000349
ke = Sh*De/dp = 2.14 cm/sec

Inter-particle transport

(-ra)* 1

< 0.15
( kc CAb )
Table D2. Mear’s inter-particle calculation
Temperature (=12 * I*x n
(K) kc CAb
75Ni25Co-B 75Ni25Co-B
773 6.3726%10°11 7.5257*10%°
823 6.3783*10°11 7.5325*1010
873 6.3809*10°11 7.5382*1010
923 6.3852*1011 7.5482*1010

168



973

6.3983*10!

7.5498*101°
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