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Abstract
CO2 (dry) reforming of methane (DRM) is a signi�cant and useful reaction from the standpoint of
effective utilization and conversion of two main greenhouse gases to value-added synthesis gas. To
achieve highly e�cient and stable DRM reaction, a Silicalite-1-encapsulated ultra�ne Ni nanoparticle
catalyst(Ni@S-1)by using Ni phyllosilicate (Ni-PS) as precursor was newly developed. This Ni@S-1
catalyst exhibited negligible coke deposition (0.5 wt.%) evaluated at 600°C for 5 h. Additionally, this
Ni@S-1 catalyst presented high and stable catalytic performances and maintained the Ni nanoparticles
with ultra�ne size (< 7 nm) at 850°C for 24 h. Therefore, this Ni@S-1 catalyst showed good suppression
of coke formation and high resistance to nickel sintering and thus was promising for DRM reaction.

1 Introduction
Global warming and climate change caused by the emission of greenhouse gases (GHGs) from human
activities have become severe issues [1–5]. Given that, dry (CO2) reforming of methane (DRM, as shown
in Eq. 1) provides an effective way to e�ciently remove and convert two leading greenhouse gases, CH4 
+ CO2, into valuable syngas (i.e., CO and H2) with a theoretical H2/CO molar ratio approximately 1[6–8].
This syngas can be used as feedstock to synthesize value-added oxygenated chemicals and long-chain
hydrocarbons via Fischer-Tropsch reactions [9–12].

The Nickel (Ni) based catalysts have shown high DRM activity, abundant resources, and relatively low
cost, so Ni catalysts are believed to be the most promising for DRM reaction [13–17]. However, the
traditional Ni-based catalysts cannot meet the industrial application because of their fast deactivation
under harsh DRM conditions [9, 18]. According to the thermodynamics calculation in Fig. 1, the coke
deposition would be severe when the reaction temperature was below 700°C. On the other hand, the
reaction temperature should be higher than 800°C to achieve a high single-pass conversion of CH4 and
CO2, but the Ni sintering was favorable to occur at such high temperatures [2]. Therefore, it is necessary
to develop a highly active and stable Ni-based catalyst with high suppression of coke formation and
good resistance to Ni sintering for DRM reaction.

Signi�cant efforts have been devoted to overcoming the problems. It was reported that the nucleation
process of the carbon was inhibited over the small Ni particles with a size of < 7 nm [19–21]. That is,
carbon deposition could be suppressed by preparing a catalyst with ultra�ne Ni particles. Another well-
known strategy to restrict coke formation is con�ning Ni particles in porous materials to get an
encapsulation structure since the space in those porous supports for coke deposition was limited[2, 3, 22,
23]. Additionally, it has been con�rmed that the porous support-encapsulated Ni catalyst also showed
excellent sintering resistance attributed to the spatial con�nement effect of the support and/or strong
metal-support interaction [24–27]. Given all these, immobilization of ultra�ne Ni nanoparticles (NPs)
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inside various porous materials, such as SiO2 [28–31], Al2O3 [25, 32], ZrO2 [24, 33, 34], etc., with core-shell
and yolk-shell structure have been proposed and explored. These catalysts showed high DRM activity and
good coking-/ sintering-resistant abilities. Notably, as mentioned above, considering the strong
endothermicity of the reaction, the DRM reaction generally proceeds at relatively high temperatures (> 
800°C) to achieve high e�ciency. However, most encapsulated Ni catalysts reported to date suffered
from the partial collapse of the porous shell layer at temperatures higher than 800°C due to the presence
of water produced by the concurrent reverse water-gas shift reaction (RWGS, Eq. 2) in the DRM process.
This side effect may lead to the formation of unencapsulated Ni particles and gradual Ni sintering and
thus resulting in unrecoverable deactivation. Therefore, encapsulation of Ni NPs inside thermally stable
support is essential for application at high temperatures.

Featured by the high thermal stability (especially siliceous zeolites such as Silicalite-1), rigid framework,
regular channels, and high speci�c surface area, zeolite has been a better candidate to con�ne Ni NPs
[16, 23, 35, 36]. With these points in mind, our group successfully prepared Silicalite-1-encapsulated Ni
catalyst (Ni@S-1) using amorphous silica-encapsulated Ni-oxide (NiOx@SiO2) as the Ni precursor [18].
This NiOx@SiO2 was �rst formed in the microemulsion solution, followed by adding the powdery
NiOx@SiO2 intozeolite mother liquor. After hydrothermal synthesis (HTS), it was con�rmed that the
needle-like Ni phyllosilicate (Ni-PS) was formed on the primary crystal grain boundary of Silicalite-1
particles (Ni-PS@S-1) and that it was converted to Ni NPs by the reduction process. Thus, the Ni@S-1
catalyst exhibited high DRM activity with excellent inhibition ability for carbon deposition and high
thermal stability due to the immobilization of ultra�ne Ni particles within the Silicalite-1.

Ni-PS was reportedly synthesized under hydrothermal conditions in an alkaline solution [16, 37–40], and
as described above, the formation of needle-like Ni-PS was observed within Silicailte-1 after HTS. Hence,
we developed a new preparation method for encapsulated catalysts using Ni-PS as a Ni source.

Herein, to achieve highly e�cient and stable conversion of CH4 and CO2 to syngas by DRM reaction, we
developed Silicalite-1-encapsulated Ni catalyst (Ni@S-1) by a new method, in which direct addition of Ni-
PS as Ni source into the zeolite mother liquid, followed by hydrothermal synthesis (HTS). The Ni-PS was
con�ned within the S-1 particle, and ultra�ne Ni particles were successfully formed in the inter-crystalline
pore of the S-1 particle after reduction (Ni@S-1). In this research, we proposed a new method for
preparing encapsulated catalyst and demonstrated the high suppression of coke deposition, good
resistance to Ni sintering, and extended durability for DRM reaction over the Ni@S-1 catalyst.

2 Experimental

2.1 Chemicals
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Nickel (II) nitrate hexahydrate (Ni(NO3)2.6H2O, > 99%), ammonia solution (> 28 wt.%), tetraethyl
orthosilicate (TEOS, > 95.0%,), tetrapropylammonium hydroxide aqueous solution (TPAOH, 10% in H2O),
and distilled water were purchased from

FUJIFILM Wako Pure Chemical Industries, Ltd., Japan. In this study, all chemicals were purchased
commercially without further puri�cation. Distilled water was used throughout the experiment.

2.2 Catalyst Preparation
The phyllosilicate-derived Ni@S-1 catalyst was prepared in two steps. Firstly, 3 wt.% Ni-PS was prepared
by hydrothermal synthesis (HTS) method as follows: preparation of nickel ammonia complex solution
(Ni[NH3]6)2+) by adding calculated amounts of 1M of nickel nitrate aqueous solution to diluted ammonia
solution. Then, the Si source (TEOS) was added to the prepared nickel ammonia complex solution. After
stirring and hydrolysis of TEOS for 2 h. The resulting mixture was transferred into a Te�on-lined
autoclave reactor and hydrothermally treated in a tumbling oven at 100°C for 72 h. After HTS, the Ni-PS
powder was obtained by centrifugal treatment, washed with distilled water three times, and dried
overnight at 110°C, followed by calcination in air at 550°C for 12 h.

Then, the Silicalite-1-encapsulated Ni nanoparticle catalyst with nominal Ni loading of 1 wt.%. (Ni@S-1)
was prepared by using the obtained Ni-PS powder as the Ni source. First, the TEOS, TPAOH, and distilled
water with a molar composition of SiO2: TPAOH: H2O (1: 0.33: 50) were mixed and stirred overnight to
form homogenous zeolite mother liquors. Then, the as-synthesized 3 wt.% Ni-PS was added to zeolite
mother liquor and stirred for another 6 h. The resultant slurry was moved to a 100 mL Te�on-lined
autoclave and was hydrothermally treated at 100°C for 72 h. After the second HTS treatment, the solid
product was collected by centrifugation, washed with distilled water three times, and dried at 110°C
overnight. Finally, the prepared sample was calcined in a mu�e furnace at 550°C for 12 h to remove the
organic template.

For comparison, two reference catalysts were prepared. At �rst, the 1wt.% Ni-PS (donated as Ni-PS) was
prepared by the same procedures as the preparation of Ni-PS mentioned above. Another sample was
prepared by the conventional impregnation method with theoretical Ni loading of 1 wt.% supported both
on the surface and inside of Silicalite-1 zeolite. The Silicalite-1 support for the Ni/S-1 catalyst was
prepared using the same molar compositions of SiO2, TPAOH, and distilled water for Ni@S-1 preparation.
However, the hydrothermal temperature was set at 180°C to get a Silicalite-1 zeolite with high crystallinity
and fewer defects. Then, the as-prepared Silicalite-1 zeolite was impregnated with the Ni(NO3)2.6H2O
solution dissolved in ethanol. Then, the obtained mixture was stirred with a glass rod for 30 min,
evaporated at room temperature overnight and dried at 110°C for 3 h. Finally, the obtained solid was
calcined in a mu�e furnace at 550°C for 12 h. The resulting sample was denoted as Ni/S-1.

2.3 Catalyst Characterization
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The Ni loading of the as-synthesized samples was detected by X-ray �uorescence (XRF, Supermini,
Rigaku Co., Ltd., Japan). The crystallinity and phase identi�cation were evaluated using X-ray diffraction
(XRD, SmartLab, Rigaku Co., Ltd., Japan) with Cu Kα radiation (λ = 0.154 nm), operating at 30 kV and 10
mA, a scanning rate of 4°/min, and a step size of 0.02°. Diffraction peaks were recorded in a 2θ range of
5–60°.

The morphology of the samples was observed by a �eld-emission scanning electron microscope (FE-
SEM, S-5200, Hitachi Ltd., Japan) with an acceleration voltage of 1 kV. The shape and size of the Ni
species in the prepared samples were observed using a �eld-emission transmission electron microscope
(FE-TEM, H-7650 Zero A, Hitachi Ltd., Japan) operated at an acceleration voltage of 120 kV.

The porosity of the catalysts was studied via the nitrogen adsorption-desorption isotherms (BELSORP
mini X, Microtrac MRB, USA) at 77 K. The speci�c surface area was analyzed using Brunauer-Emmett-
Teller (BET) method. The micropore volume was calculated based on the t-plot method.

The redox property of the samples was measured by H2-temperature programmed reduction (H2-TPR).
The measurement was carried out using a �xed-bed reactor equipped with a mass spectrometer
(BELMASS, MicrotracBEL, Inc., Japan). Typically, 0.4 g of the shaped sample was precalcined in the air at
400°C for 1 h and then cooled down in Ar stream to 100°C. After the temperature was maintained for 90
min, the gas stream was switched to 5% H2/Ar gas. Subsequently, the sample was heated from 100 to
900°C at a ramping rate of 10°C/min and then held there for 1 h. The hydrogen consumption and
reduction temperature of the Ni species were estimated by the decrease in the intensity of m/z = 2 of the
mass spectrometer.

Finally, the amount of carbon deposition on the spent catalysts was analyzed by the Thermogravimetric
analysis (TG-DTA, TG 8120, Rigaku Co., Ltd., Japan). The spent catalyst sample was heated in the air
(100 mL/min) at a ramp rate of 10°C/min to 900°C and kept at 900°C for 1 h.

2.4 Catalytic Performance Evaluation
The catalytic activity and stability of the prepared catalysts for DRM reaction were evaluated in a down-
�ow �xed bed reactor under atmospheric pressure. In detail, 270 mg of the pelleted catalyst (300–
600µm) was packed into a quartz tube reactor and then reduced in 60 mL/min of 50 vol.% H2/N2 at
850°C for 1 h. Subsequently, adjusting the system to the targeted reaction temperature in the N2 stream
and then feeding 80 mL/min of the reaction gas (CH4: CO2: Ar = 20: 20:40 mL/min) and 10 mL/min of He
gas (functioned as internal standard gas) into the reactor. The coking suppression ability of the catalyst
was measured at 600°C and GHSV of 20,000 mL/g/h. The sintering resistance and durability of the
catalyst were assessed at 850°C and GHSV of 20,000 or 400,000 mL/g/h with different durations. The
GHSV value was adjusted by diluting the catalyst with blank Silicalite-1 or SiO2 to change the absolute
amount of catalyst loaded into the reactor.
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The e�uent gases analysis was carried out using online gas chromatographs (GC-8A, Shimadzu Co., Ltd.,
Japan) equipped with an active carbon column connected to a thermal conductivity detector (TCD). The
CH4, CO2, H2, CO, and He gases were detected in all the experiments. The conversion of methane (XCH4),
CO2 (XCO2), the H2/CO molar ratio, and carbon balance were de�ned as follows:

X CH4 (%) = (1 - FCH4,out/ FCH4,in) × 100%

X CO2 (%) = (1 - FCO2,out/ FCO2,in) × 100%

H2/CO = FH2−out/ FCO−out

Carbon balance (%) = FCO−out/ (FCH4,in-FCH4,out+ FCO2−in- FCO2−out) × 100%

where Fi, in and Fi, out are the inlet and outlet �ow rates of component i, respectively.

3. Results And Discussion

3.1 Characterization of the as-prepared samples
Several characterization techniques were performed to con�rm whether the preparation of the Ni-PS by
the HTS method was feasible and successful. As shown in Fig. S1, the needle-like Ni-PS with strong
metal-support interaction was successfully synthesized. Then, the obtained 3 wt.% Ni-PS powder was
added to zeolite mother liquor as the Ni source to prepare the Ni@S-1 catalyst.

Then, the as-prepared catalysts were characterized. As indicated by the XRD patterns in Fig. 2, Ni@S-1
and Ni/S-1 exhibit characteristic diffraction peaks corresponding to Silicalite-1 zeolite (JCPDS 44–0696),
suggesting the well-crystallized MFI zeolite was synthesized. On the contrary, the diffraction pattern of
reference Ni-PS has only a very broad peak and no peaks indicative of crystalline phases, indicating the
presence of fully amorphous SiO2. Notably, no NiO or other Ni species were detected by XRD observed
over all the three samples because of its lower loading content and good dispersion of the very small NiO
particles. As shown in Fig. 2(b), there were no distinct differences in peak position and intensity of XRD
patterns before and after H2 reduction, showing the high thermal stability of the Silicate-1 zeolite.
Besides, the characteristic peak of metallic Ni or other Ni species were not found in all the catalysts,
identifying the formation of ultra�ne and highly dispersed Ni NPs in each catalyst. These results were
also evidenced by SEM observation in Fig. S2. The Ni@S-1 and Ni/S-1 catalysts showed typical
morphology of MFI zeolite. For comparison, the Ni-PS exhibited totally irregular and randomly distributed
shape, which is consistent with that typically observed for amorphous silica.

Table 1 lists the Ni loading of the samples measured by XRF. All the three samples exhibited comparable
Ni loading to the nominal value. Hence, most Ni atoms were recovered during the preparation. Figure 3
presents the nitrogen adsorption–desorption isotherms of the samples after H2 reduction, and the
associated BET surface area and micropore volume results are summarized in Table 1. Ni@S-1 with SBET
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= 459 m2/g and Vmicro.= 0.12 cm3/g and Ni/S-1 with SBET = 441 m2/g and Vmicro.= 0.18 cm3/g exhibited
the typical type I isotherms for microporous materials, indicating that the signi�cant micropores were
developed in these catalysts. In contrast, a relatively small N2 uptake in the micropore �lling stage was
observed for Ni-PS, verifying that the Ni-PS sample contained a smaller number of micropore with a
surface area of 137.6 m2/g and micropore volume of only 0.01 cm3/g. From the results of XRD and N2

adsorption measurements, we can conclude that the Ni@S-1 with Silicalite-1 structure using Ni-PS as Ni
source was successfully prepared.

 
Table 1

Properties of the prepared catalysts after H2 reduction at 850°C for
1 h

  Ni@S-1 Ni/S-1 Ni-PS

Ni loading measure by XRF (wt.%) 0.99 1.02 0.97

BET surface area (m2/g) 459.3 440.5 137.6

Micropore volume (cm3/g) 0.119 0.180 0.01

Next, the H2-TPR analysis was performed. Figure 4 depicts the hydrogen consumption as a function of
temperature during the process of H2-TPR. As the temperature increased, for Ni/S-1 catalyst, a major and
broad reduction peak ranging from 400 to 650°C (peaked at ca. 560°C) should be attributed to the
reduction of NiO supported on the outer surface of Siliclaite-1 zeolite with weak interaction. Meanwhile, a
minor peak at 700–900°C was associated with NiO introduced into the zeolite channels with improved
interaction [18]. In contrast, the large reduction peak at 600–900°C for NiO@S-1 and NiO-PS was
assigned to the reduction of Ni-PS to metallic Ni [41]. This illustrated the formation of Ni-PS in Ni@S-1.
Based on the �ndings above, the Ni species immobilized in Silicalite-1 showed strong metal-support
interaction in comparison with the NiO deposited on the external surface of Silicalite-1 zeolite.

Then, after reduction by H2 at 850oC for 1 h, the TEM observations were undertaken to check the
morphology and distribution of Ni particles. As presented in Fig. 5(a)-(b), ultra�ne Ni NPs in the Ni@S-1
sample were uniformly and well distributed over the S-1 host and had a narrow size distribution from 1 to
8 nm and average diameter of 2.9 nm, which is the expected size of Ni (< 7nm). This demonstrates that
the Ni NPs should be embedded in the Silicalite-1 crystal and hence showing good anti-sintering ability.
By contrast, as can be seen from Fig. 7(c)-(d), Ni NPs with wider size distribution from 2 to 16 nm and
with a larger mean size of 4.9 nm were detected for Ni/S-1, suggesting the agglomeration of Ni particles
situated on the surface of the Si-1 zeolite occurred in H2 stream. For sample from Ni-PS, Ni NPs were 4.3
nm in mean size and moderately distributed over the amorphous silica. The narrower size distribution of
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Ni NPs in Ni-PS compared to that of Ni/S-1 thanks to the stronger interaction between Ni species and
silica of the phyllosilicate structure.

On the basis of the characterization results, we concluded that adding Ni-PS as Ni source to zeolite
mother liquor, the Ni-PS was successfully anchored in Silicalite-1 crystal after HTS. Then, ultra�ne Ni NPs
could be formed and encapsulated in Silicalite-1 after H2 reduction.

3.2. Evaluation of coking suppression for DRM at 600 oC
The anti-coking performance of Ni@S-1, Ni/S-1, and Ni-PS samples in DRM reaction was evaluated at
600oC, where coke formation was preferable and speedy according to the calculation of
thermodynamics. Before the reaction, the catalysts were pre-treated in hydrogen at 850oC for 1 h. Notably,
the dashed lines plotted in Fig. 6 represent the thermodynamic equilibrium values estimated by the
assumption that the DRM and concurrent RWGS reached equilibrium without coke formation. As shown
in Fig. 6, Ni@S-1 and Ni-PS catalysts reached the thermodynamic equilibrium for CH4 conversion, CO2

conversion, and H2/CO ratio and maintained their activity for 5 h, and the carbon balance for them was
kept at ca. 100% during the reaction. All these imply that Ni@S-1 and Ni-PS exhibited high DRM activity
and excellent ability for suppression of coke formation. Comparatively, the Ni/S-1 catalyst exhibited
comparable CH4 conversion, but lower CO2 conversion, higher H2/CO ratio, and lower carbon recovery in
gaseous products than that of the former two catalysts, indicating that the side coke formation reactions,
e.g., methane decomposition (Eq. 3) [42] and/or the CO disproportionation reaction (Eq. 4) [43], were
promoted over Ni/S-1 catalyst.

Next, TG measurement was employed to calculate the amount of coke deposited after DRM reaction. As
listed in inset of Fig. 6d and Fig. S3, the accumulated coke contents were 0.5 wt.% for Ni@S-1, whilst it
was 40.9 wt.% for Ni/S-1.

Then, the morphology of the spent catalysts observed by SEM and TEM was carried out to con�rm the
coke accumulation. Figure 7 shows that negligible carbon species were observed on the spent Ni@S-1
and Ni-PS catalysts, whereas numerous �lamentous carbons were found on the spent Ni/S-1 catalyst.
These results coincide well with the results from the catalytic performances.

From these results, we can conclude that most of the Ni NPs of Ni@S-1 catalyst should be con�ned
inside of the support, thus resulting in the internal space around the Ni NPs for coke deposition was
limited and preventing the aggregation of the Ni particles. Therefore, the Ni catalysts with encapsulation
structure could effectively inhibit coke formation. Contrarily, for the Ni/S-1 catalyst, relatively more Ni
particles were located and exposed on the external surface of Silicalite-1with weak interaction, so the
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agglomeration of the Ni NPs easily occurred and tended to form larger particles. Consequently, the large
amount of carbon was favorable to grow on its surface, manifesting the Ni/S-1 prepared by the
conventional impregnation method was not suitable for industrial application. As for Ni-PS catalyst, the
coke content was 0.9 wt.%, the good suppression of coke formation of the Ni–PS catalyst may be due to
the strong metal-support interaction of phyllosilicate material that gives rise to Ni sintering resistance to
form large Ni particle at moderate temperature, thus showing its suppression towards coking[41, 44].

3.3. Evaluation of thermal stability for DRM at 850oC
Then, the Ni@S-1 and Ni-PS catalysts were further evaluated at 850oC to investigate their resistance to Ni
sintering and thermal stability. Not surprisingly, both catalysts reached thermodynamic equilibrium in Fig.
8 due to the high reaction temperature and low GHSV employed, and hence the active sites and residence
time are enough to achieve equilibrium values.

More importantly, as shown in Fig. 9, the Ni NPs in the spent Ni@S-1 catalyst after reaction at 850oC for 5
h were still well dispersed and the average size slightly increased to 4.3 nm in Fig. 9b. In contrast, the Ni-
PS sample suffered from severe sintering, the average size of nickel particles dramatically increased to
ca. 8.3 nm after reaction (Fig. 9d), and several nickel particles with diameters greater than 10 nm were
detected. Combined with the N2 adsorption and XRD measurements in Fig. S4 and Table S1, such
discrepancy revealed that Silicalite-1 exhibited high thermal stability and the Ni nanoparticles con�ned in
Silicalite-1 zeolite possessed good resistance to sintering. Contrarily, the structure of amorphous silica in
Ni-PS collapsed and then the serious Ni sintering occurred.

Finally, the longevity experiments over Ni@S-1 and Ni-PS catalysts were conducted at 850°C and GHSV of
400,000 mL/(g-cat⋅h) to clear distinguish and examine the intrinsic activity, stability and durability under
severe conditions. As displayed in Fig. 10, Ni-PS showed lower initial activity than that of the Ni@S-1
owing to the larger Ni particle and less active sites in this catalyst. Furthermore, the quick deactivation
with the reaction time was detected for Ni-PS. The CH4 conversion, CO2 conversion, and H2/CO ratio
declined signi�cantly from 81.0%, 88.5%, and 0.89 to 73.8%, 83.6%, and 0.85, respectively, which veri�ed
the poor stability of the Ni-PS at high reaction temperature. Comparatively, the initial conversions of CH4

and CO2 and products yield over Ni@S-1 catalyst almost reached to thermodynamic equilibrium values
even at such high GHSV, identifying its superior catalytic activity due to the presence of highly dispersed
ultra�ne Ni NPs. After running for 24 h, the CH4 and CO2 conversions slightly reduced from 93.4–85.2%
and 97.0–92.7%, respectively, illuminating the relatively stable performance of the Ni@S-1 catalyst.
Therefore, the Ni@S-1 could produce and maintain ultra�ne Ni NPs during DRM due to the encapsulation
structure and high thermal stability of the zeolite support.

4 Conclusions
A new and facile strategy to prepare Ni@S-1 catalyst with encapsulation structure and ultra�ne Ni
nanoparticles was successfully developed, in which the Ni phyllosilicate was synthesized and added to
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zeolite mother liquor as Ni source. The TEM, H2-TPR, and XRD measurement results veri�ed that the Ni
phyllosilicate was embedded inside the Silicalite-1 zeolite after hydrothermal synthesis, leading to the
formation of highly dispersed Ni nanoparticles with the average size of 2.9 nm con�ned in the Silicalite-1
zeolite after H2 reduction. This Ni@S-1 catalyst reached thermodynamic equilibrium activities and
showed negligible coke deposition of 0.5 wt.% at 600°C for 5 h after DRM reaction. Moreover, the
encapsulation structure and high thermal stability of the Silicalite-1 support enabled Ni@S-1 to restrict the
migration and aggregation of Ni NPs and thus keeping the ultra�ne Ni NPs (< 7 nm) and exhibiting rather
high and stable catalytic performances at 850°C for 24 h. Therefore, the Ni@S-1 using Ni-PS as Ni source
showed high suppression of coke formation and good resistance to Ni sintering due to the formation and
maintenance of ultra�ne Ni nanoparticles in thermally stable Silicalite-1 zeolite support.
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Figures

Figure 1

The thermodynamic calculation of DRM reaction. (Reaction conditions: CH4: CO2: Ar = 2: 2: 5, 1 bar)

Figure 2

XRD patterns of the as-prepared catalysts: (a) after calcination at 550°C for 12 h and (b) after H2

reduction at 850°C for 1 h
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Figure 3

N2 adsorption isotherms of the as-prepared catalysts after H2 reduction at 850°C for 1 h.
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Figure 4

H2-TPR pro�les of the as-prepared catalysts
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Figure 5

TEM images and corresponding Ni particle size distribution of (a–b) Ni@S-1, (c–d) Ni/S-1, and (e–f) Ni-
PS after H2 reduction at 850°C for 1 h.

Figure 6
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Catalytic performances of the as-prepared catalysts for DRM reaction at 600 oC as function of time on
stream: (a) CH4 conversion, (b) CO2 conversion, (c) H2/CO ratio, and (d) carbon balance and

correspongding coke content after reaction in inset (reaction conditions: T = 600 oC, 1 bar, CH4/CO2/Ar/
He = 20/20/40/10mL/min, GHSV=20,000mL/(g-cat⋅h)) 

Figure 7

SEM (a1-c1) and TEM (a2-c2) images of spent catalysts after DRM reaction at 600 oC for 5 h: (a) Ni@S-1,
(b) Ni/S-1, and (c) Ni-PS.

Figure 8

Catalytic performances of the as-prepared catalysts in DRM reaction at 850 oC as function of time on
stream: (a) CH4 conversion, (b) CO2 conversion, (c) H2/CO ratio, and (d) carbon balance (reaction

conditions: T = 850 oC, 1 bar, CH4/CO2/Ar/ He = 20/20/40/10mL/min, GHSV=20,000 mL/(g-cat⋅h)) 

Figure 9

TEM images and corresponding Ni particle size distribution of (a–b) Ni@S-1 and (c–d) Ni-PS after DRM
reaction at 850°C for 5 h.

Figure 10

Catalytic performances of the as-prepared catalysts in DRM reaction at 850 oC as function of time on
stream: (a) CH4 conversion, (b) CO2 conversion, (c) H2/CO ratio, and (d) carbon balance (reaction

conditions: T = 850 oC, 1 bar, CH4/CO2/Ar/ He = 20/20/40/10mL/min, GHSV = 400,000 mL/(g-cat⋅h))
[Catalysts were diluted with blank support, e.g. blank Silicalite-1 for Ni@S-1 and blank amorphous silica
for Ni-PS, to decrease the catalyst amount.] 
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