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Abstract

Carbon dioxide and methane are two main greenhouse gases which are contributed to serious
global warming. Fortunately, dry reforming of methane (DRM), a very important reaction
developed decades ago, can convert these two major greenhouse gases into value-added
syngas or hydrogen. The main problem retarding its industrialization is the seriously coking
formation upon the nickel-based catalysts. Herein, a series of confined indium-nickel (In-Ni)
intermetallic alloy nanocatalysts (InxNi@Si0O;) have been prepared and displayed superior
coking resistance for DRM reaction. The sample containing 0.5 wt.% of In loading
(Ino.sNi@Si0O2) shows the best balance of carbon deposition resistance and DRM reactivity
even after 430 h long term stability test. The boosted carbon resistance can be ascribed to the
confinement of core—shell structure and to the transfer of electrons from Indium to Nickel in
In-Ni intermetallic alloys due to the smaller electronegativity of In. Both the silica shell and
the increase of electron cloud density on metallic Ni can weaken the ability of Ni to activate
C-H bond and decrease the deep cracking process of methane. The reaction over the confined
InNi intermetallic alloy nanocatalyst was conformed to the Langmuir-Hinshelwood (L-H)
mechanism revealed by in situ diffuse reflectance infrared Fourier transform spectroscopy
(in-situ DRIFTS). This work provides a guidance to design high performance coking
resistance catalysts for methane dry reforming to efficiently utilize these two main
greenhouse gases.



1. Introduction

Recently, researchers are trying to overcome the problem of carbon dioxide worldwide, a
main greenhouse gas derived from the combustion of petrifaction energy, which may cause
serious global warming [1-6]. Therefore, it is very urgent to take various techniques to
capture and utilize the carbon dioxide [7,8]. Simultaneously, methane is another greenhouse
gas that causes global warming, the capability of which is 28-36 times higher than that of
COz [9]. Therefore, many techniques have been taken to effectively utilize these greenhouse
gases to obtain value added chemicals [10]. Dry reforming of methane (DRM, CH4 + CO» =
2CO + 2H») is a particularly interesting reaction which can utilize these two main greenhouse
gases together to produce syngas to slow down the global warming [11-14]. Syngas is a
mixture of H> and CO, due to the H»/CO ratio is close to 1.0, which can be used to synthesize
oxygenated hydrocarbons, chemicals and fuels [15,16].

The DRM reaction is a strong endothermic reaction, so it can reach high conversion value at
high temperature [17]. Although noble metals (e.g. Ru, Rh, Pt and Pd) have the advantages of
high activity, slow deactivation rate and low carbon accumulation, nickel based
nanomaterials are considered as the potential industrial catalysts because of their low cost,
high availability and activity for C—H bond activation [18]. Unfortunately, nickel based
catalysts tend to deposit carbon more easily than noble metal catalysts, resulting in rapid
deactivation and blocking the reactor bed quickly [19,20]. As previously reported, carbon
deposition mainly comes from methane cracking reaction (Eq. (1)) and carbon monoxide
disproportionation reaction (Eq. (2)) [21,22].
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Carbon deposition over nickel-based catalysts is inevitable and can only be decreased by
reducing the amount of carbon formation via a variety of ways [23,24]. Many works have
shown that carbon deposition is not easy to form on small nickel particles, thus the resistance
to carbon deposition of catalysts can be improved by controlling the size of nickel particles
[1]. Core-shell structure can effectively inhibit the sintering of nickel particles and play a role
of confinement [2,25,26]. The special confinement effect is conducive to the elimination of
carbon deposition [12,22,27-29]. According to the reported literature, methane cracking
reaction is advantageous at high temperature and low pressure, while carbon monoxide
disproportionation is more likely to take place at low temperature and high pressure [16,30].
A variety of methods have been developed to further improve the coking resistance of nickel
based catalysts, including: (1) support’s effect [21,31,32]; (2) support and -catalysts’
preparation method [33,34]; (3) the temperature of calcinations [35]; and (4) the doping
modification of other metals or metal oxides [36].

Many researchers have been working on nickel-based bimetallic or intermetallic catalysts to
improve their coking-resistance performances. As previously reported, bimetallic or
intermetallic alloy nanoparticles have a special electron coordination effect, which can
improve the resistance to carbon deposition of the catalyst by forming alloys. Doping these
transition metals (Rh, Pd, Pt, Sn, Co, Fe, Mo) into nickel can effectively improve the carbon
deposition resistance of the Ni-based catalysts [37,38]. Many research groups have



demonstrated that the bimetallic Ni-Sn alloy catalysts can effectively inhibit the carbon
formation [36,39]. However, even low addition of Sn, the catalytic performance was
decreased evidently. Kawi’s group also has prepared SiO> supported Ni-Co alloy catalysts by
impregnation method [40]. Co doping can inhibit the aggregation of nickel particles and
enhanced the interaction between Ni and SiO,, compared with monometallic catalysts.
Through the electron transfer between Ni and Co, the sintering of nickel was prevented and
the dispersion of nickel was increased by the doping of Co [40]. A series of Fe-Ni/MgAl,O4
bimetallic catalysts with Fe/Ni ratios of 0—1.5 have been prepared by Vladimir and co-authors
[41]. Their results showed that the Fe/Ni with the molar ratio of 0.7 is the best catalyst with
the highest activity and lowest loss of activity. The y-Al>O3 supported bimetallic PtNi catalyst
and the corresponding single metal Pt or Ni catalyst were prepared for the methane dry
reforming reaction by Busca et.al. and displayed enhanced sintering and coking resistance
[42]. But the high price of Pt limits their use, therefore, it is necessary to study nickel and
other low-priced metal alloy or intermetallic catalysts. Indium (In) as a rare post-transition
metal, plays an important promoter role in many bimetallic or intermetallic alloy catalytic
reactions, e.g., wastewater treatment [43,44], CO oxidation [45] and CO; reduction to CO
[46,47]. However, as far as we know, there are rarely reports of silica confined Ni-In alloy
intermetallic catalyst especially for methane dry reforming, though the indium has similar
properties with Sn.

Herein, a series of confined bimetallic indium-nickel (In-Ni) intermetallic alloy nanocatalysts
(InxNi@Si07) have been prepared successfully. Their catalytic behaviours in methane dry
reforming reaction were investigated in detail, especially for the effect of In modification.
The confined InosNi alloy catalyst displayed outstanding coking resistance for DRM, even
reacted after 430 h, whose carbon deposition can be negligible (Scheme 1). This work could
provide a guidance to design high performance coking resistance catalysts for methane dry
reforming to utilize the two major greenhouse gases and potentially used for industrialization.

2. Experimental
2.1 Catalysts preparation

The confined In-Ni intermetallic alloy catalyst (InxNi@Si02) was prepared by a one-pot
method with bimetallic Ni-In intermetallic alloy nanoparticles (NPs) as cores and porous
SiO, as shell which was similar with our previous reports [25]. Firstly, In(NOs3); and
Ni(NO3)2 aqueous solution (4.32 mL) was quickly added into a mixed solution of
cyclohexane (960 mL) and polyethylene glycolmono-4-nonylphenyl ether (NP-5, 40.32 g).
After stirring for 15 h at 30 °C, concentrated ammonia solution (4.32 mL, 28 wt.%) was
rapidly added into the mixed solution and continued stirring for 2 h. Then, tetracthyl
oxysilane (TEOS, silica source, 5 mL) was dropped into the above mixed solution and
continuously stirred for 48 h at 30 °C. The initially obtained In,O3-NiO@Si0; nanospheres
were collected by using ethanol or methanol to break the micro-emulsion system, and then
centrifuged at 10000 rpm. The collected sample was dried in a vacuum oven for overnight at
40 °C, and then calcined at 600 °C for 2 h with the heating rate of 2 °C min"' and
continuously calcined at 800 °C for 2 h with the same heating rate in air atmosphere to obtain
the In203-NiO@SiO: precursor. Finally, the sample was divided into two parts, one part was
reduced at 750 °C for 2 h in a H, flow (30 mL min™) to obtain the bimetallic InxNi@SiO:



catalysts for characterization, and the other part was used to the following DRM reaction.
Here, the bimetallic In-Ni catalysts (denoted as InxNi@SiOz) with different values of
mp/(mni + mm + msio2)(x = 0.1 wt. %, 0.5 wt.% , 1 wt.%, 3 wt.% and 7 wt.%) were prepared.
In addition, the Ni content over all the samples was fixed at 7 wt.%.

For comparison, the above method was also used to prepare Ni@SiO> and In@SiO; catalysts
by using Ni(NOs3)2 aqueous solution (4.32 mL) and In(NO3); aqueous solution (4.32 mL)
instead of the same amount of In(NO3); and Ni(NO3)> mixed aqueous solution (4.32 mL)
respectively. For In@Si0; catalyst, mn/(mmi + msio2) was maintained at 0.5 wt.%, while for
Ni@SiOxcatalyst, mni/(mn;i +- msio2) was maintained at 7 wt.%.

In addition, In-Ni supported on SiOz was also prepared and used as a contrast. Firstly, the
above one-pot method was also used to prepare pure SiO> nanospheres by using deionized
water (4.32 mL) instead of the same amount of In(NO3); and Ni(NO3)> mixed aqueous
solution, then In-Ni/SiOxcatalyst was prepared by the conventional wet impregnation method.
The sample was collected and dried at 40 °C overnight, finally calcined at 600 °C for 2 h and
800 °C for 2 h in atmosphere. For In-Ni/SiOzcatalyst, mi,/(mni + min + msio2) and mni/(mn; +
msio2) maintained to be 0.5 wt.% and 7 wt.%, respectively.

The inductively coupled plasma atomic emission spectroscopy (ICP-AES) method confirmed
that the final In and Ni loading of all the catalysts were close to the initial values.

2.2 Catalysts characterization

The InxNi@SiO: and related catalysts are characterized by X-ray diffraction (XRD); Nitrogen
physical adsorption; H> temperature-programmed reduction (H2-TPR); NHs, CO> and H»
temperature-programmed desorption (NH3-TPD, CO»-TPD and H>-TPD); Thermo-
gravimetric analysis (TGA); X-ray photoelectron spectra (XPS); Scanning electron
microscopy (SEM); Transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM); In-situ diffuse reflectance infrared spectroscopy (in situ
DRIFTS). The details for the above characterization experiments are presented in the
Supplementary Materials.

2.3 Catalytic evaluation

Dry reforming of methane was conducted in a quartz tube reactor with an inner diameter of 6
mm under atmospheric pressure. Before reaction, sieved catalyst particles (40—60 mesh, 0.3—
0.4 mm) were applied in the activity test. 50 mg of the catalyst was reduced in-situ by H»
(10% Ha, Ar as the balance gas) at 750 © C for 2 h. Then, the dry reforming reaction was
performed with the weight hourly space velocity (WHSV) of 18,000 mL gcih! in a mixed
gas flow (volume ratio of CH4 to CO2 = 1:1, without adding any balance gas). The outlet gas
was cooled by the cycled ice-water to remove the water derived from the reverse water—gas
shift reaction. Using a 102 M gas chromatograph equipped with a TDX-01 column and a
TCD detector to analyze the actual amount of H>, CO, CHs and CO,. The activity was
evaluated at every 50 °C from 550 to 800 °C. To test the reaction stability of the catalyst, all
the measured catalysts were tested for 20 h at 800 °C. The conversions of CH4 (XCH4) and
COz (XCO2) and the molar ratio of H> to CO were calculated according the following



equations:
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It is noted here that Fcha,in and Fcoz,in indicates the CHs and CO, amount in the inlet reaction
feed and Fcuaout, Fco2,out, FH2.0ut and Fcoour refers to the amounts of CH4, CO2, H2 and CO
detected in the outlet effluent.

3. Results and discussion
3.1 Surface and bulk properties of the reduced catalysts

To see the morphology of the freshly reduced catalysts that are ready for DRM reaction,
TEM images of all the reduced InxNi@Si0O> samples were obtained and shown in Fig. 1. It
can be clearly seen that the confined core—shell structured catalysts have been successfully
synthesized, and the silica shell tightly encapsulates the nickel and/or indium-nickel alloy
nanoparticles, like the shape of ‘‘Pitaya”. Interestingly, with the increasing amount of indium,
the appearance of the catalyst gradually changed from a multiple core to a single core
structure, indicating the increase of core size. The mean size of core particles (Ni or In-Ni
alloy), calculated based on over 100 NPs, gradually increased from 3.3 to 6.2 nm with the
increasing of In loading (insertions in Fig. 1). Moreover, Ni tends to expose (111) crystal
plane in InosNi@SiO» [48]. It is reported that Ni (111) facet is effective for the activation of
methane in DRM reaction [49,50]. However, the control catalyst IngsNi/SiO> without a core—
shell structure exhibited a larger In-Ni alloy particle size of 10-20 nm (Fig. S1A). Besides,
pure In-loading sample Inos@SiO2 can also be successfully encapsulated in silica
nanospheres using the same catalyst synthesis strategy (Fig. S1B).

In order to better understand the dispersion of the Ni or In-Ni alloy, a randomly selected
Ino sNi@SiO; particle was characterized with HAADF-STEM, line scan and EDX mapping
testing (Fig. 2). From the line scan image, it is evident that In and Ni species are located in
the same position (Fig. 2B), which can also be confirmed by the EDX mapping analysis. It is
clearly seen that the four elements of In, Ni, O and Si are uniformly distributed in silica
sphere (Fig. 2C-F). Especially, In and Ni elements located in the same position and mainly
distributed at the core area of silica sphere.

The specific surface area, pore volume and pore size distribution of all reduced catalysts were
determined by nitrogen physisorption, the results of which are presented in Fig. 3 and Table
S2. All catalysts displayed type IV adsorption—desorption curve with H3 type hysteresis loop,
indicating the existence of mesoporous structure in these catalysts. The pore size distribution
curves showed two peaks at around 1.3 and 2440 nm, which confirmed the coexistence of
micropores and mesopores in the catalysts. The micropores obviously come from the silica
sphere walls that ensure the reactant gases can reach the active sites of Ni or In-Ni through
these micropores. The mesopores aroused from the pile-up of silica spheres, which can be
directly viewed in the TEM images. As shown in Table S2, the specific surface area of these



catalysts in the range of 85-96 m? g! and the pore volume is in the range of 0.41-0.73 cm’g’
I, The relatively high specific surface areas and pore volumes and microporous silica shell
facilitate the mass transportation of the reactants and products during the DRM reaction.

Fig. 4(A) shows the XRD patterns of all freshly reduced Inx-Ni@SiO; and related catalysts.
For In\Ni@SiO> (x =0, 0.1, 0.5, 1.0, 3.0) catalysts, a broad characteristic diffraction peak of
amorphous SiO; at 26 = 13.59°-28.35° and three separated characteristic peaks of Ni at
44.7°, 51.9° and 76.6° can be observed [51]. With the increase of In loading, the
characteristic diffraction peaks of Ni shift to the lower 26 direction (Fig. 4B), which is
obvious when In- loading reaches 3 wt% (In3oNi@Si0Oz). However, when H = equals 7 wt%
(In7.0N1@Si10.), the Ni2In intermetallic alloy phase emerged with characteristic diffraction
peaks at 30° and 42°. NizIn alloy could not be observed at low doping In contents, suggesting
a highly dispersing of In in Ni particles, which is in agreement with the multiple core
structures observed in TEM images. By comparing with the core—shell structured
InkNi@SiO> catalysts, the ordinary supported InosNi/SiO> catalyst shows a sharp
characteristic peak of metallic Ni at 44.5°, indicating the grain size of Ni in the non-core-shell
catalyst is larger. It is further proved that the confined structure can play a good confinement
effect to obtain small Ni particle.

In order to investigate the state and content of surface elements of all catalysts, the
InxNi1@Si0: and related catalysts were characterized by XPS after reduction with 10% H/Ar
at 750 °C, the results of which are presented in Fig. S2 and Table S3. Fig. S2(A) shows the
XPS spectra in the Ni 2p3.2 region for Ni@SiO; and InxNi@Si0,, giving the electron binding
energies (BEs) in the range of 851.9-853.0 eV that is in accordance with that of Ni° [52]. The
peak position of Ni 2p3, for InxNi@SiO» catalysts (x = 0, 0.1, 0.5, 1.0, 3.0, 7.0) shifted to
lower binding energy with the increasing of In loading. Fig. S2(B) shows the In 3d XPS
spectra of In@Si0O2 and In\Ni@Si0> between 445 and 452 eV [53]. The BEs of In 3ds» and
3d3, over In@SiO> were higher than those InNi@SiO> catalysts (x = 0.1, 0.5, 1.0, 3.0, 7.0).
The above two observations indicate In transfers a certain amount of charge to Ni due to a
higher electronegativity of Ni (1.9) than In (1.7). Li et al. have also demonstrated that In can
transfer electrons to Ni in Ni-In alloys by means of EXAFS [54]. Although the increase of
electron cloud density on the metallic Ni can weaken the ability to activate C—H bond to a
certain extent, and thus slightly reduce the deep cleavage of CHy, methane cracking is still
present in the reaction. The decreasing intensity of Ni 2ps/2 in InxNi@SiO; catalyst infer that
the interaction between Ni and Ni is weakened while between Ni and In is enhanced, and
therefore the Ni particles are not easy to be sintered, resulting in an excellent catalytic
stability.

As shown in Table S3, we have also quantitatively analyzed the surface and bulk composition
of all catalysts using XPS and ICP techniques. Compared with Inos@SiO: catalyst, the
surface molar compositions of In element for In\Ni@SiO> catalysts were reduced. Compared
to Ni@SiO; catalyst, the surface molar contents of Ni over In\Ni@SiO: catalysts are all
smaller. These two phenomena show that after the single metal (Ni or In) catalyst is modified
by adding another metal, there will be a certain interaction between In and Ni. When the
interaction between Ni and In is strong enough, Ni-In bonds will also be formed. By
comparing the surface and bulk compositions, this interaction causes the active components
of Ni and In to move to the center of the silica core, which is also consistent with the TEM



analysis. In addition, the In- modified Ni-In catalyst has a higher CH4 dissociation barrier,
which can inhibit the formation of carbon deposits to a certain extent [55].

The reduction behavior of all catalysts was investigated using H2-TPR technique and the
results were presented in Fig. 5. The TPR profile for the Ni@SiO; catalyst can be divided
into two main reduction peaks. The lower temperature reduction peak around 360480 °C is
attributed to the reduction of NiO to Ni° species with low interaction with the SiO, support.
The peak at 600—745 °C can be ascribed to the reductions of Ni** with strong interaction with
silica shell, which is probably due to the formation of nickel silicate species and the
confinement effect of silica shell [39,56]. However, one more peak at 420-580 °C was
observed for In loaded Inx-Ni@SiO» catalysts compared to the Ni@SiO» catalyst without In
loading. The new reduction peak belongs to the simultaneous reduction of NiO and In,O3
[57], leading to the formation of Ni2In intermetallic alloy as evidenced by XRD pattern in
Fig. 4. It is interesting that the intensity of new reduction peak of InxNi@SiO; at 420-580 °C
increased with the ramping of In content and the reduction peak at 600—745 °C decreased
simultaneously, indicating a stronger interaction between indium and nickel species and an
increasing amount of NizIn alloy in the reduced samples. Table S4 shows the amount of H»
consumed for nickel reduction at 420-580 °C and 600745 °C over InxNi@SiO: catalysts.

3.2 Catalytic performance for methane dry reforming
3.2.1 Catalytic activity

All catalysts were evaluated under the same condition for methane dry reforming, and the
conversions of CH4 and CO» are given in Fig. 6. Due to the strong endothermic property of
DRM reaction, the conversions of CH4 and CO; over In\Ni@SiO> (x = 0, 0.1, 0.5 and 1.0)
catalysts increased sharply with the increase of reaction temperature, and it is obvious that
they nearly reach the equilibrium conversion at 800 °C. Compared to Ni@SiO: catalyst
without In loading, the activity of the In\Ni@SiO> (x = 0.1, 0.5 and 1.0) catalysts decreased
slightly when the In loading is below 1.0 wt.%. Therefore, the addition of a small amount of
In had negligible effect on the activity of the catalyst. However, when In loading up to 3.0
wt.%, the activity of In3.oNi@SiO: catalyst significantly reduced by about 30%. When the
content of In was continuously increased, the activity of In7oNi@SiO> catalyst rapidly
decreased to nearly zero at the tested reaction temperature of 550-800 °C, which indicates the
addition of excess amount of In is unfavorable to the activity of methane dry reforming.
Compared with Ings-Ni@SiO,, the regularly supported Ino.sNi/SiO> catalyst has evident
lower activity due to its larger InNi particle size. In turn, the inferior result on regular
supported catalyst proves the superiority of the core—shell structured materials.

Apparent activation energies were calculated for InxNi@SiO; (x = 0, 0.1, 0.5 and 1.0)
catalysts at high WHSV (72,000 mL ggth™') and low conversion (<15%). As shown in Fig.
S3, the Arrhenius curves for CHs and CO> over the selected catalysts are plotted at
temperature range of 550-750 °C. The kinetic data obtained through the catalyst test were
calculated to exclude the mass and heat transfer limit, respectively (see supplementary
information) [58]. Through calculation, it can be known that all catalyst reaction activation
energy is obtained after eliminating the heat or mass transfer limits between phases and
particles (Tables S5— S8). The apparent activation energy (Ea) of methane is 82 kJ mol™! for



Ni@Si0O; catalyst. With the increase of In content, the activation energy of CH4 increased
from 81 to 101 kJ mol™! for Iny\Ni@SiO: (x = 0.1, 0.5, 1.0) catalysts, which indicates that the
addition of In has a slight inhibition on the activation of CHs. However, the CO» activation
energy for In-doped catalysts InxNi@SiO2 (x = 0.1, 0.5, 1.0) is similar to that of Ni@SiO2
(~45 kJ mol™"), which indicates that the addition of a small amount In has insignificant effect
on the activation of CO,. The activation energy of Ni-based catalysts reported by other
groups lies in the range of 33-104 kJ mol!. Moreover, the activation energy for COa
consumption in this work is very close to those for Ni/MgAl,O4 catalysts reported by Zheng
and co-workers [59]. Thus, the difference in methane activation might be the reason for the
reducing of carbon deposition in the dry reforming of methane over bimetallic catalysts [60].
The DRM reaction starts from the dissociation of methane and carbon dioxide, so when the
dissociation barrier of CH4 and CO; is low, the catalyst can maintain good activity. However,
when the dissociation barrier of CHy is too low, CHs will dissociate quickly, resulting in a
large amount of carbon deposition. Generally speaking, to improve the carbon deposition
resistance of the catalyst, the carbon adsorption capacity needs to be reduced. Therefore, to
obtain a bimetallic DRM catalyst with excellent performance, an appropriate amount of
dopant should be added to produce an appropriate carbon adsorption capacity to ensure the
formation of an appropriate amount of C* and achieve a balance between the activity and
stability of the catalyst [61]. The difference in reaction activity and methane activation energy
between InxNi catalyst and Ni-based catalyst indicates that the addition of a proper amount of
In can inhibit the activation of the C—H bond of CH4 to a certain extent and weaken the
adsorption of C* at the expense of a small amount of methane conversion rate. To inhibit the
role of carbon deposition, the anti-carbon deposition performance of the catalyst should be
improved [55].

3.2.2 Catalyst stability

Generally, stability is an important factor for the industrialization of a new catalyst. To get a
fast comparison of the DRM reaction stabilities over IniNi@SiO> catalysts, we first
performed the short time-on-stream tests of 20 h for all catalysts and then measured a long-
term durability for the selected catalyst (Fig. 7). For Ni@Si0; catalyst without any In doping,
the methane and carbon dioxide conversions started to decrease after 10 h reaction, and they
both dropped about 12% after reacting 20 hours. Nevertheless, for all catalysts with In
modification, the catalytic activities were kept constant during the 20 h reaction. Indeed, In
doping can effectively improve the stability of the catalyst. From Fig. 7(A and B), we can
also see that Ino.1INi@SiO2 and InosNi@SiO: catalysts have higher activity than that of the
rest catalysts at 800 °C. Furthermore, for the non-core—shell IngsNi/SiO; catalyst, the CH4
conversion was also decreased from 72% to about 63% due to its larger size of Ni or In-Ni
particles.

Fig. 7(C) exhibited the Ho/CO ratio of all catalysts during the 20 h stability test. For Ni@Si0>
catalyst, the ratio of H2/CO decreased gradually with reaction time, which indicates that the
reverse water gas shift reaction is getting severe over running time. The Hy/CO ratio of
Ino.1Ni@SiO> catalyst is slightly greater than 1.0, which may be due to the presence of a
slight methane cracking side reaction during the DRM reaction. The methane cracking will
lead to the increase of Ho/CO ratio and the formation of carbon deposition [62]. For
InxNi@Si02 (x = 0.5, 1.0) catalysts, the H2/CO ratio is close to 1.0, which indicates that no



side reactions occurred during reaction. The H>/CO ratio of the In3 oNi@SiO> catalyst is less
than 1.0, which indicates the reverse water gas shift reaction occurred during the DRM
reaction [63]. Different gas hourly space velocities have no influence on the catalyst stability
during 20 h time-on-stream running (Fig. S4).

Based on the above analysis, Ino.sNi@SiO: catalyst showed excellent catalytic activity, short-
time stability and unit H»/CO ratio among the series of InxNi@SiO, catalysts. Thus, it was
selected to perform the long-term durability test. Its performance is depicted in Fig. 8, which
demonstrates that both CHs and CO, conversions remain stable over 430 h and keep constant
at ~ 95% and 96%, respectively. The H»/CO ratio is always close to 1.0, which indicates that
the side reactions occurred during the 430 h operation were effectively inhibited. Thus, the
confined bimetallic In-Ni alloy catalyst (Ino.sNi@Si0O2) showed superior stability in methane
dry reforming. The stable activity of InosNi@SiO; catalyst could be attributed either to the
low amount of carbon formed on the surface of the catalyst or the type of carbon formed does
not block the active sites of the catalysts during the reaction. Moreover, the well dispersed
active metal or alloy might be retained due to the special confinement effect of core—shell
structure. Addition of appropriate amount of In should be one of the other main reasons for
the high performance on the bimetallic catalyst during dry reforming of methane.

In order to get a detailed understanding of the performance of the catalysts synthesized in this
work, we summarized the comparison of the nickel-based alloy catalysts in recent years with
different metal doped and applied for methane dry reforming. The comparison results are
presented in Table S9. It is evidently shown that the confined bimetallic alloy catalyst
(Ino.sNi@Si0O2) showed superior catalytic activity, stability and coking resistance. It should
be noted that there is no addition of any balanced gas in our reaction system, which improves
energy efficiency via avoiding taking away huge amount of energy by diluent gas during such
a high-temperature reaction [64].

3.3 Understanding the effect of in doping on DRM reactivity

From the previous section, we know In doped Inx\Ni@SiO; catalysts showed an excellent
catalytic activity, stability, especially the one with 0.5 wt% In loading (InosNi@SiOz). To get
an in-depth understanding of the effect of In doping on DRM reactivity, we employed
hydrogen, ammonia (Fig. S5) and CO: (Fig. S6) temperature programmed desorption (Ha-
TPD, NH3-TPD and CO,-TPD) techniques to reveal the Ni dispersion, acidity and basicity of
Inx-Ni@SiO; catalysts with their quantitative results shown in Table S10.

It has been reported that the Ni dispersion is a very important factor for DRM catalysts [65].
The results of hydrogen temperature programmed desorption (Table S10) reveal that
Ino sNi@SiO; catalyst has the highest Ni dispersion (19.7%), which is also the reason for its
high activity. When the addition of In is above 0.5 wt.%, the Ni dispersion decreased with the
In loading. Especially for In7.0-Ni@SiO; catalyst, the Ni dispersion dropped to 10.4%, which
is corelated to the lowest activity for DRM reaction. It should be noted that the turn over
frequency (TOF) values calculated at 750 °C with WHSV of 18,000 mL g-ih' of the
confined InNi inter-metallic alloy catalysts are relatively lower than that of primary Ni@SiO»
(Table S10), which should be attributed to addition of In decrease the activation performance
of C—H, which is similar to the Sn modification of the Ni-based DRM catalysts [39]. From



NH3-TPD profiles (Fig. S5) of InxNi@SiO2 (x = 0.5, 3.0) catalysts, one can see two NHj3
desorption peaks at around 100 and 450 °C, which indicates the presence of weak and strong
acid sites on these catalysts [48]. The peak area of In3 oNi@SiO: catalyst is obviously larger
than that of InosNi@SiO; catalyst, suggesting a small amount of In doping has no effect on
the amount of acid sites while excessive In doping will obviously increase the acid sites
content. The relative acidity for InosNi@SiO2 and In3Ni@SiO; was deconvoluted as 0.4 and
1, respectively. The enhanced acidity would improve the adsorption and activation of
methane on the surface of the Ni catalysts [66]. Usually, the catalyst acidity contributes to
carbonaceous deposit, subsequently leading to the catalyst deactivation [53]. The
In3 oNi@SiO> catalyst indeed possess a reduced activity but without carbon formation
(demonstrated in the following parts), suggesting the acidity of In3 oNi@SiO> did not exceed
the threshold of carbon deposition in DRM reaction.

We can see from CO2-TPD curves (Fig. S6) that Inx<Ni@SiO: catalysts exhibit three types of
basic sites: (1) weak basic sites associated with Brensted hydroxyl groups (desorption peak
centered at 90 °C), (ii) intermediate strength basic sites associated with Lewis acid-base,
metal-oxygen pairs (desorption peak centered at 368— 383 °C) and (iii) strong basic sites
related to low coordinated O* anions (desorption peak centered at 448—667 °C). The amount
of In loading influences both total basicity and the distribution of weak, medium and strong
basic sites. The total amount CO> adsorption was summarized in Table S10. The catalyst
Ni@SiO, without In loading shows the highest total basicity, while In3o-Ni@SiO, and
In7 oNi@SiO> catalysts exhibit a significant decrease in the total basicity. Moreover, CO2
desorption is prone to shift towards higher temperatures with increasing In content, showing
the excessive In loading reduces the basicity of the catalyst. Generally, the reduction of
basicity in dry reforming of methane is not conducive to the activity of the reaction, which is
one of the reasons why the activity of In3 oNi@SiO2 and In7.0Ni@SiO: catalysts obviously
decreased (see in Fig. 6). When the In addition was below 0.5 wt.%, the basicity of the
catalysts was barely influenced, which might be the main reason for the high activity at low
doping amount of In. It has been shown that lower doping In 0.5 wt.% results in higher Ni
dispersion but barely influences the acidity and basicity and therefore maintains the DRM
activity and stability very well.

3.4 Understanding the carbon resistance of in doping

In order to investigate the carbon formation of the catalyst after reaction, the TEM images
were obtained for all the catalysts after stability test, as shown in Fig. 9. For catalyst
Ni@SiO2 without In loading, the original core—shell structure is maintained after 20 h
reaction, but the original multicore structure was changed to the mononuclear structure,
which indicates that the active component Ni has been sintered during the reaction. It is also
observed that the surface of the spent Ni@SiO: catalyst has obvious flocculating carbon
formation, and the formation of carbon deposition is easy to cover or affect the Ni active
components [67], which might be the reason for the poor stability of the catalyst during the
reaction. However, for In\Ni@Si0; (x = 0.1, 0.5) catalysts, the multi-core shell structure still
retains after 20 h reaction and no carbon deposition on the surface of the catalysts can be
observed, which shows that a small amount of In doping can inhibit the formation of carbon
deposition in the reaction process and has no effect on the morphology of the catalyst. With
the increasing of doping In content, there was also no formation of carbon on the In\Ni@Si10>



(x = 1.0, 3.0, 7.0) catalysts surface after 20 h reaction, while the nanoparticles in the core
moved to the edge of the shell layer, which was not conducive to the catalytic activity. This
may also be one of the reasons for the decrease of catalyst activity when the doping In
content is higher. In order to judge more accurately whether the active component of catalyst
aggregates after the reaction, we randomly selected 100 nanoparticles to calculate the particle
size. The results demonstrate that the size of Ni or InNi alloy nanoparticles increased over all
the catalysts, in which the core particle size of InosNi@SiO increased slowly (from 3.3 to
6.0 nm). Further increasing the In content, the core particle size increased obviously. These
results show that the large Ni active cluster in the catalyst is not conducive to the reaction
activity [68], which is the reason for the decrease of the activity when the doping of In
content is higher. However, for In-Ni alloy supported on SiO; support, the formation of large
amount of carbon fibers can be observed due to its larger Ni particle size and non-core—shell
structure (Fig. S7).

Fig. 10 shows the XRD patterns of all the catalysts after stability test. All of the catalysts
have characteristic diffraction peaks of amorphous silica and Ni after the reaction. For
Ni@Si0; catalyst, an obvious new characteristic diffraction peak of carbon was found at 28°.
The Ino1Ni@SiO; catalyst also has the characteristic diffraction peaks of weak carbon, for
other In\Ni@SiO; (x = 0.5, 1.0, 3.0, 7.0) catalysts, there is no diffraction peak about carbon
species. This is consistent with the TGA-DSC characterization of the catalyst after this
reaction. Interestingly, the InxNi@Si0, (x = 3.0, 7.0) appeared a new InNi3Cos (PDF#42—
1033) substance [69] characteristic diffraction peak, after 20 h reaction. It might be derived
from the reaction of Niz2In alloy with carbon deposition. For the catalyst after 430 h reaction
(Ino.sNi@Si02), a weak diffraction peak of carbon can be observed, and it also can be seen
that the diffraction peak of Ni becomes sharper than that the fresh reduced catalyst, which
indicates that the grain size of Ni increased after a long time high temperature reaction.
Though Ni crystalline size of Inos-Ni@SiO; after 430 h stability test further increased to
about 17 nm, the carbon deposition was hardly observed due to the confinement effect of the
silica shell.

In order to quantify the size of Ni or Ni2In grain before and after the reaction of the catalyst,
we measured the crystalline size of the catalyst before and after reaction. As shown in Table
S11, we can see that the size was increased in varying degrees after 20 h time on stream test
over all the catalysts, Ino.sNi@SiO» catalyst has the smallest increase in grain size of NizIn or
Ni. This result is consistent with the TEM result. Relevant studies have shown that the grain
(particle) size of Ni or Nizln plays a very important role in the activity and resistance to
carbon deposition [24,70]. Generally speaking, the smaller the grain (or crystalline) size is,
the higher the activity and resistance to carbon deposition of the catalyst are. If the size of Ni
particles can be controlled below 5—6 nm in dry reforming of methane, the activity, stability
and resistance to carbon deposition of Ni-based catalysts can be significantly improved
[71,72]. Obviously, among all the catalysts, the Inos-Ni@SiO» catalyst has the smallest grain
size and the best stability of the active Ni species after reaction, which is one of the reasons
for its good stability and anti-carbon deposition of the catalyst. This result also shows that all
catalysts have sintering phenomenon of Ni or NixIn after reaction, and the addition of
appropriate amount of In can inhibit the growth rate of Ni or NizIn.

As shown in Fig. S8 and Table S2, N> physisorption curves and quantitative results of



specific surface area, pore volume and pore size of the catalyst after reaction are given. For
the Ni@SiO; catalyst after 20 h reaction, the specific surface area was slightly lower than that
of before reaction, but the pore volume was significantly reduced, the decrease of specific
surface area could reduce the dispersion of Ni and increase the grain size of Ni and reduce the
specific surface area of active Ni, and eventually lead to the decrease of catalyst activity and
resistance to carbon deposition. The carbon deposition after reaction will probably block the
pores and eventually lead to a significant decrease in pore volume. After the reaction of 20 h,
the specific surface area and pore volume of the Inos-Ni@SiO: catalyst did not change
evidently compared with that of fresh reduced catalyst. However, for In\Ni@SiO> (x = 1.0,
3.0) catalysts, their specific surface area and pore volume decreased markedly after 20 h
reaction, especially for the In3 oNi@SiO: catalyst, it shows that there is a certain degree of
aggregation during the reaction of catalyst and also may be caused by the blocking of the
pore by formation of InNi3Cos [69], a new substance detected by XRD formed after reaction.
The specific surface area and pore volume of the InosNi@SiO; catalyst decreased
significantly after 430 h reaction due to the grindingly reaction conditions. On the one hand,
it may be owing to the phenomenon of pore shrinkage in the long-term reaction, and on the
other hand, it may be a small amount of carbon deposits formed during reaction blocked
some of the pore channels.

In order to better judge the formation of carbon and the type of carbon deposition after
stability test, the Raman characterization was tested (Fig. 11). It is generally believed that
carbon deposition on the catalyst surface in DRM can be divided into three types: amorphous
carbon, filamentary carbon and bulk carbon deposition [73]. Previous studies have shown that
the D peak in Raman spectrum of carbon deposition is generally located near 1350 cm,
which is characterized by lattice defect and disorder, and belongs to amorphous carbon with
high degree of disorder. The Raman shift near 1600 cm™ is generally considered to be the
vibration of G band as graphite carbon with higher order degree [59,74]. For In\Ni@SiO» (x
=0.5, 1.0, 3.0, 7.0) catalysts after 20 h reaction, there are no carbon peaks observed between
1000—2000 cm!, which indicates that no carbon deposition generated after reaction. For the
Ni@SiO2 and Ing.1Ni@SiO; catalyst after 20 h reaction, there are amorphous carbon and
graphite carbon shown at 1300 and 1600 cm™, respectively. However, the intensity of the two
carbon peaks of Ino.1Ni@SiO: catalyst is much weaker than that of Ni@SiO: catalyst.
Although the Ing sNi@SiO: catalyst after 430 h reaction also produced amorphous carbon and
graphite carbon, the carbon formation rate was way evident smaller than that of Ni@SiO2 or
Ino.sNi/Si0; catalyst, which indicated that proper amount of In in core—shell structure could
inhibit the formation of carbon deposit, even after long time reaction.

In order to quantitatively understand the coking resistance of the confined In-Ni bimetallic
alloy nano catalysts, the spent catalyst was characterized by TGA-DSC technique in air
atmosphere (Fig. 12). As shown in Fig. 12(A), there are about 11% and 17.1% weightlessness
platforms on the TGA diagram for Ni@SiO2 and InosNi/SiO; catalysts, respectively.
Simultaneously, one can see the exothermic peaks caused by the corresponding carbon
deposition combustion in the DSC diagram of Fig. 12(B). This demonstrates that the catalysts
have a certain amount of carbon deposition in the reaction process. For Ino.1Ni@SiO,, there
was about 1.8% weightlessness platform after the reaction for 20 h, which indicated that there
was a very small amount of carbon deposition in the reaction process, the reason of which
might be that the addition of In was too low, and therefore could not effectively inhibit the



formation of carbon deposition. However, For InxNi@SiO> (x = 0.5, 1.0, 3.0, 7.0) catalysts,
no weightlessness step was observed after 20 h reaction, suggesting there was no carbon
formation during the methane dry reforming reaction for 20 h, which further demonstrated
that the addition of appropriate amount of In can effectively improve the resistance to carbon
deposition over the Ni based catalysts. For InosNi@SiO» catalyst, no weight loss for the
catalyst after 20 h reaction and only about 5% of the weightlessness platforms was observed
on the TGA diagram for the catalyst after 430 h reaction, which displayed superior carbon
resistance. It should be attributed to the addition of In can appropriately decrease the
activation of C—H bond of Ni and the confinement effect of the porous silica shell.

3.5 In situ DRIFTs study and possible reaction mechanism

In order to obtain the DRM reaction mechanism on the three catalysts, in-situ diffuse
reflectance infrared spectroscopy (in situ DRIFTS) study was carried out. Fig. 13 is the in-
situ DRIFTS experiment of InosNi@SiO> catalyst with three different reaction gases. The
Fig. 13(A1-Cl1) correspond to the 3D pictures of the Fig. 13 (A—C), respectively. Fig. 13(A)
shows the results of the temperature-programmed reaction of CHs on the IngsNi@SiO;
catalyst, and Fig. 13(A1) can more intuitively observe the existence of each adsorption zone.
In a methane atmosphere, the infrared spectrum shows a strong gas phase methane spectrum
at 3016 cm™ [75,76]. The bands observed in the region of 3680 to 3780 cm™ correspond to
the hydroxyl groups on the support silica [75]. At the same time, it was also observed that
when the temperature increased to 200 °C, the adsorption peaks of bridged CO adsorbed on
metallic Ni appeared at 1950 and 1825 cm™ [77]. CO corresponds to the oxidation of C
produced by the decomposition of CH4 with the oxygen coming from the support, where the
oxygen on the carrier comes from the OH species on the carrier or partially unreduced NiO
[78]. After OH species or unreduced NiO in the catalyst provides O*, oxygen vacancies are
generated on the support. At the same time, in addition to the adsorption bands of the above
species, two stretch bands appeared in the area of 1200-1660 cm™ [79,80]. The adsorption
zone with low wave number is classified as an unknown carbonate species, while the
adsorption zone with high wave number is classified as an unknown carbonate species or
formate species, indicates that carbonate species and formate species may be intermediate
products of methane dry gas reforming.

Fig. 13(B and B1) shows the adsorption of CO; on the catalyst surface. When the gas is
carbon dioxide, a very strong band appears due to the effect of gas phase carbon dioxide.
Different from the methane atmosphere, the catalyst has the same adsorption peak types at
other wave numbers except for the 1475 cm™! more carbonate adsorption band under the CO»
atmosphere [81]. The formation of CO indicates that CO> adsorbs and dissociates on the Ni
nanoparticles of the catalyst to generate CO and O species. In addition, as the temperature
increases, carbonate or formate species are formed, which indicates that CO> adsorbs on the
active component Ni to form carbonate species or formate species. Finally, in the presence of
the two gases CH4 and COo, strong gas-phase CHs and CO: bands can be observed in Fig.
13(C). Very similar to the spectrum in Fig. 13(A), the spectrum in Fig. 13(C) has bands in the
OH and bridging CO regions, and also shows the formation of carbonate or formate, which
further illustrates that the carbonate or formate species are Produced in the reaction as an
intermediate product. Under these experimental conditions, methane may be decomposed into
CHx* species and H*, and carbon species are oxidized and decomposed into carbonate or



formate species.

Fig. 14 shows the experimental results of the in situ DRIFTS spectra of the InosNi@SiO»
catalyst in different reaction atmospheres when the temperature is programmed to 700 °C for
10 minutes. Similar to Fig. 13, Fig. 14(A1-C1) respectively correspond to the 3D diagrams of
Fig. 14(A—C). From the spectrogram of Fig. 14 (A and B), it can be seen that after the CH4
and CO; reaction gases are stopped respectively, strong bands of gas phase methane or
carbon dioxide can still be seen at the beginning. From the spectrogram of Fig. 14(A and B),
it can be seen that after the CH4 and CO; reaction gases are stopped, strong bands of gas
phase methane or carbon dioxide can still be seen at the beginning, and they will disappear
after one minute, and the spectra in other regions were almost the same as the peak patterns
of infrared spectra in the corresponding program heating stage. This means that within a
period of time when the reaction gas is stopped, the CH4 or CO; adsorbed on the catalyst will
still be dissociated to produce corresponding substances until it is completely consumed.
When the mixture of methane and carbon dioxide is stopped at 700 °C, the DRIFTS spectra
of the Ing sNi@SiO; catalyst is shown in Fig. 14(C). It can be observed from the Fig. that the
adsorption bands of CH4 and CO» in the gas phase are also present at first, and disappear after
one minute. The adsorption bands of CO, OH, carbonate and other substances still exists
within 10 minutes after the reaction gas is stopped, indicating that the CH4 and CO» adsorbed
on the catalyst have been continuously dissociated to form intermediate products. Therefore,
the mechanism of DRM reaction on IngsNi@SiO; catalyst according to the in situ diffuse
reflection infrared spectroscopy (DRIFT) study is consistent with the principle of methane
dry reforming reaction on Ni-based catalyst described by many authors in the literature. In
the DRM reaction, methane is adsorbed and activated on the active metal Ni to form CHx*
species and H* species, while CO> is adsorbed on the surface of the support to form
carbonate or formate species. Part of H* can combine with adsorbed CO- to produce formate
species, and further decomposition can produce CO. In addition, some carbonate species may
also be decomposed into formic acid, and then decomposed into CO and O* species. The
carbon-containing species generated by the adsorption and activation of methane may be
oxidized by the oxygen species present in the catalyst itself, or may be oxidized by O*
generated from the dissociation of CO,. The carbon formed by methane cracking can be
oxidized by the oxygen species on the support during the reaction to produce CO, and the
corresponding oxygen vacancies can be supplemented by oxygen produced by the
dissociation of COs». In addition, the carbonate formed by CO: on the surface of the carrier
can also be used as a source of oxygen in the reaction. Fig. S9 and S10 show the results of all
the in-situ diffuse reflection drift experiments of the two catalysts Ni@SiO; and Ino.sNi/SiO>
and the catalyst InosNi@SiO> under the same test conditions. Analysis of the spectrum
results shows that the reaction mechanism of methane dry gas reforming on these two
catalysts is the same as that of the InosNi@SiO; catalyst. The above results revealed that the
reaction over the confined InNi intermetallic alloy nanocatalyst was conformed to the
Langmuir-Hinshelwood (L-H) mechanism, which was not affected by the formation of In-Ni
intermetallic alloy or the shell confinement effect.

4. Conclusions

In summary, a series of confined indium-nickel (In-Ni) inter-metallic alloy nanocatalysts
have been successfully synthesized and displayed superior coking resistance for DRM



reaction, even for the sample with only 0.1 wt.% of In doping. The optimum In loading is 0.5
wt.% (InosNi@SiO2) based on the balance of carbon deposition resistance and DRM
reactivity. Lower In loading tends to decrease the coking resistance, while higher In loading
leads to lower catalytic activity due to the formation of InNi3zCos species. The increase of
electron cloud density on metal Ni can weaken the ability of Ni to activate C—H bond and
decrease the deep cracking process of methane. The binding energy of Nizp3.2 in InxNi@SiO»
catalyst decreases with the increase of In loading, which means the interaction between Ni
and Ni is weakened, and the interaction between Ni and In is enhanced, indicating the Ni
particles are not easy to be sintered. The outstanding carbon tolerance and excellent stability
of the bimetallic InxNi@SiO> (x = 0.5) catalyst is the consequence of electronic and structural
effects of indium and the confinement effect. In addition, the in situ DRIFTS results revealed
that the DRM reaction over the confined In-Ni intermetallic alloy nanocatalyst was
conformed to the Langmuir-Hinshelwood (L-H) mechanism, which was not affected by the
formation of In-Ni intermetallic alloy or the shell confinement effect. This work can provide
a guidance to design high performance coking resistance catalysts for methane dry reforming
to efficiently utilize these two main greenhouse gases.
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Intensity (a.u.)

(A) PDFs#42-1033(Ni,In) (B) PDF#42-1033(Ni In)
Si0, .
N Ni
At By i ' Ni@sio,
o Ni@Sio, | ! '
1 I a 1
| In,@sio, | ' In, J@SI0;
1 I M: WW
b In, Ni@Si0,, ) ! Tn, Ni@sSi0,
' L)
Ui gt . :
1 : In, Ni@$i0, | £ ! In, Ni@$i0,
1 =
L = uwm
£ o I =
. In, Ni@si0, — | In, Ni@Si0,
m H ] |
e g ‘ WMWW
M- : [llmhlﬁ_ﬁﬂzi : [IIMNiI'ESiD:
M M'M & . —_— i
|  In, Ni@SIO, : T -M*meum
| 3 ' In_ Ni@Si0),
. | S n ek ' " ’
A | Ni,In
I
L | 1 e,
In, Ni'Si0), In, NifSiO,
1 20 30 40 S0 60 0 81 90 40 41 42 43 44 45 46 47 48
26 (°) 26 (7)
Fig 4. (A} XRD patterns of all the fresh reduced catalysts and (B) locally enlarged ¥RD diagram.
Ni@Sio, /L
L]
~ [in, @si0, /
= : y
E |, Ni@si
n, Ni@Si0, o
=
=
2 |In, Ni@sio,
=
E In, Ni@Si0,
S |in, Ni@sio,
=~
=
In, Ni@Si0,
In, Ni/SiO,
L - | al T = L]
200 400 600 S00

Temperature ("C)

Fig 5. H,-TPK profiles of all the fresh reduced catalysts.



100
?w 1 ~ &0
$ S
< =
£ %7 g
7 ——ln, NUSIOZ 7 60
@ = s= Equigirium @
gad ° g
g 2 -
- 3
SELR 8
10
04 ——— o —p— >
T T T T T T [} T T T T T T
550 600 650 700 750 800 550 HH G50 700 750 RN

Temperature ("C) Temperature (°C)

Fig 6. Catalytic performance of InNi@Sio, and related catalysts for DRM: (A) CHe conversion and (B) €O, conversion. Reaction conditions: WHSV = 18000 mL gzth™",
P=1atm CHa:COz = 1:1.

100 100 P yy——
- A0 bt — — = + —t—y Py
= Sy =
= &0 ) —=— NiaSIO, i (B) —=— Ni@Sio,
= —o— In, Nig Si0) E 604 —e—In, Ni@Si0,
E 5 —d— In, Ni@Si0,
£ 40+ g, —v—In, NiGaSit),
E__ = —+—In, Ni@Si0,
=R =] ——In, Ni@Si0,
« —— In, Ni/SiO, © Lo —— In, NSO,
" == = Equilibrium data ’
T T T T 0 T T T T
0 H i 15 20 0 5 10 15 20
Time on stream (h) Time on stream (h)
1.2
s e
m 71 — o e |
g 0.8+ . —a—Ni@si0
= (©) ’
-
=]
]
T
= 04
Ay e+ 4
0.0

Time on stream (h)

Fig 7. DRM reaction stability test over freshly reduced In MNi@Si0, catalysts. (A) CHy conversion, (B) OO, conversion and (C) H;/CO ratio. Reaction conditions:
WHSV = 18,000 mL gex ~'h™"; P= 1 atm; CHa:C0z = 1:1; temperature:800 *C.



100 A 1.2
oo - A e

80 o
=
?_\.' 2 0.8+

-

£ E
g g
=0 2
E ——In NiwSi0-450h-CH, conversion (%) = 0.4+
< —-— I|1'UI'l1'@’.:?ill)!-l‘.lli-c(];r comversion (%)

10 e CH, eqquilibrinm data

—+— 0, equilibrium d
€0, equilibrium data —a— [0, 5NH@SI0 430k
0 T 1 T T T 0.0 T T T ] 1
0 100 200 300 400 0 100 200 300 400
Time on stream (h) Time on stream (h)

Fig 8. 430 h stability test of freshly reduced Ing s Mi@Si0; catalyst Reaction conditions: WHSV = 18000 mL g ~'h™": P= 1 atm; CHe:COz = 1:1; temperature 500 C.

i'.r\;..=t|.|; e L A (] .

Fig 9. TEM images and Ni particle size distributions of spent () Ni@S102-20 h, (B) Ina Ni@Si02-20 h,(C) Ina sNi@S5i02-20 b, (D) InyaNi@Si0z —20 h, (E) InsaNi@Sio: —20 hand
(F) InzoNi@%i0: —20 h catalysts.

—— PDF#42-1033(InNi,C, )
Si0, € Ni Ni NiG@Si0,20h
:’f C o In, Ni@$i0, -20h
i N In,  Ni@Si0 -20h
E - In, Ni@Si0) -20h
E InNi.C, . Ir;lﬂlﬁu_, I, Nif@ Si0 -20h

= Y
P In, Ni@Si0)_-10h
C . T, NUSIO 200
. 4 In, NI@SIO,-430h
0 20 4 60 80 100

20 (")

Fig 10. XRD patterns of the spent lng sMNi@Si0, and related catalysts.



S0 - D band G hand

NiGrSil) -2

ETTTIE - AN A‘ I IO

I, Ni@ i) 20
v LYY SPTER
In, Ni@Si0_-20h

In,l\.'inj:-'.‘ii! l:- h

Intensity (a.u.)
:

In, Ni(ﬂ'ﬁﬁiﬂl-lﬂh

In, Ni/Si0,-20h

=100 - L ,J \ In, Nl Sil), 430k

-2000 . ' .
1000 1500 2000
Raman shift (em™)

Fig 11. Raman spectra of all the spent atalysts.

(A) 4o Ni@SI0,-200 (11%) (B)
1004 In, Ni@Si0),-20h (1.8%)
In, Ni@Si0 -20h
= 1 - -30 In, Ni@Si0,-20h
= 904 l:r.l-y.':'“ Tap i
= |[——Ni@Si0-20h(11%) | £ 1— In, Ni@Si0,-20h
] 1 rr '
Z | In, Ni@SiO,-20h (1.8%) = 207 In, NKESH0,-200
= 804 In, Nif@Si0 -20h 8 = NES,40h (5%) a0
[T} [F— 1
2 In, Ni@Si0_-20h
= —— I, Ni@Si0,-20h
70— In, Ni@Si0 -20h
{— In, Ni@Si0,-430h (5%)
—— In, NifSi0,-200 (17.1%)
&l . — . , v 10 T . T T
o 200 400 G 200 o 200 400 . GO 0o
Temperature ("C) Temperature {"C)

Fig 12. (A) TGA and (B} DSC curves of the spent InasNi#Si0;z and related catalysts,



In, Nif@Si0,-CH, [ In, Ni@$i0,-C0O, Formste! () In, Ni@Si0_-CH,-CO, Formaic/ ]
Formnie/  Carbomiis curbpmastes Carbonage carbenates Carbanaey
= cH,  ¢oO,
; E -
- =
i ¥ i
§ £ 2
E =
= = £
W0 ©
100°C -cu, WG =
S07C e S
40000 3500 00 2500 2000 1500 1000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (em”') Wavenumber (em™') Wavenumber (e ')
I In, Wi 50 -CH Al i NS00, Bl T, N itk ACH n
nNESOCH, an asoco, | Oy S0,011,€0, .
carbosates Fonma
c:rhnr'nju|.‘,| m“"‘"‘"i“" 7 g
low on S L i ‘b
i E g
z oM E E =
H £ 3
§ o T 241
£
003300 000 2500 00 1S 1th B B0 20 s 1600 ? 03ty 000 25080000 150 104y
Wavenumber (em™) = Wavenumber jcm™) = Wavenumber jem )

Fig 13. In-situ DRIFTS measurement test of Ing Ni@Si0, catalyst in different atmospheres in the temperature range of 50-700 °C for methane (A, A1), C0; (B, B1), methane
and CO» together (C, C1)
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