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a b s t r a c t

Nowadays more and more significant technologies have been developing to save energy and reduce

emissions. CO2 methanation has been an attractive process to reduce CO2-emissions since it consumes

CO2 with H2 derived from renewable energy sources to produce CH4. However, the poor stability of Ni-

based catalyst for CO2 methanation is still challenging. Herein, two Ni/SiO2 catalysts with different

structure and catalytic properties were prepared by different methods. The Ni/SiO2-AEM nanocatalyst

with a lamellar structure of nickel phyllosilicate was synthesized by a facile ammonia-evaporation

method (AEM), which can conveniently and uniformly disperse nickel species on SiO2. Upon reduction

of nickel phyllosilicate, it can disperse and confine small sized Ni particles (4.2 nm) in the silica support

with a high surface area of 446.3m2/g, leading to the Ni/SiO2-AEM catalyst achieving a high yield of

methane with long-term stability of 100 h under the GHSV of 10,000 mL/(gcat h) and another 60 h with

the GHSV increased to 30,000 mL/(gcat h) at 370
�C. In comparison, the Ni/SiO2-IM catalyst prepared by

the impregnation method obtained lower yield of methane and worse stability under identical condi-

tions. The results indicate that the catalyst with high surface area and strong metal-support interactions

can improve stability.

© 2019 Published by Elsevier Ltd.

1. Introduction

The catalytic conversion of carbon dioxide (CO2) has not only

provided an alternative way to reuse the fossil-carbon resource and

close the anthropogenic carbon cycle, but also synthesized high-

value chemicals and fuels. Considerable work has focused on the

CO2 methanation reaction because it is a thermodynamically

favourable reaction in C1 chemistry (DG298K¼�130.8 kJ/mol) [1],

which can convert CO2 with H2 derived from renewable energy

sources to valuable methane (CH4) under relatively mild conditions

with high energy efficiency [2]. Therefore, developing new catalysts

associated with CO2-utilization through green processes is benefi-

cial for mitigating energy and environment issues. Methane, a

principal component of natural gas, can either be directly used as a

fuel or in other applications such as reforming with CO2 to produce

syngas [3].

The catalysts for CO2 methanation have been intensively
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investigated so far. Among them, the noble metals (Ru, Rh, Pd)-

based catalysts have been well developed due to their high activ-

ity and long-term stability, but their large scale application is

limited [4]. Also, the Ni-based catalysts are much preferred because

of their excellent catalytic performance and a low price compared

to the noble metals. However, the Ni-based catalysts often suffer

the problem of poor stability from carbon deposition, sintering, and

chemical poisoning [5]. In particular, the Ni/SiO2 catalysts prepared

by impregnationmethod (IM) would be deactivated in 20 h (10%Ni/

SiO2-IM [6], 20%Ni/SiO2-IM [7]). Therefore, the biggest challenge for

CO2 methanation over Ni-based catalysts is their poor stability.

Numerous efforts have been taken to develop stable Ni-based cat-

alysts. The state of the art is as following: Firstly, doping the Ni

catalysts with a second metal to form alloy can result in changing

the surface morphology with more small and well-defined NPs [8].

The Ni-Mg [6], Ni-Fe [9], NieRu, Ni-Pd [10], and rare earth (La, Ce,

Sm, and Pr) [11] doped Ni systems were reported to enhance the

activity and stability. Secondly, modifying the supports has been

another strategy to improve the stability [12]. A series of supports

such as SiO2 [7], SBA-15/16 [13], MCM-41 [14], TiO2 [15], Al2O3 [16],

ZrO2 [17], CeO2 [18] andMOFs [19] have been used to prepare stable

Ni-based catalysts for CO2 methanation from the perspective of

improving themetal-support interactions. Thirdly, it is suggested to

design the Ni-based catalysts with special structures like hydro-

talcites and perovskites, which possess higher thermal stability

against sintering [20]. Fourthly, altering preparation methods is

another solution to dealing with the deactivation problem [21]. The

impregnation method (IM) is convenient to synthesize catalysts in

a large scale, but the prepared catalysts often exhibit weak metal-

support interactions and low metal dispersion, especially under

the condition of high metal loading. Hence, more methods are

needed to prepare high-performance and long-lived Ni-based

catalysts. For example, a microwave-assisted method was used to

obtain more Ni active sites and higher nickel dispersed 20%Ni/

Al2O3-Mm catalyst than the comparative 20%Ni/Al2O3-Im catalyst

prepared by IM [22]. The 20%Ni/Al2O3-M catalyst exhibited a good

stability of 72 h for CO2 methanation.

The preparation methods play significant roles in regulating the

catalyst's morphology and influencing the metal-support in-

teractions. Thus, this work is aimed to improve the stability of Ni/

SiO2 catalyst for CO2 methanation via enhancing metal-support

interactions to suppress nickel sintering, which can be achieved

by designing a different preparation method, namely ammonia-

evaporation method (AEM). Different from impregnation method,

the AEM needs to use ammonia aqueous solution and colloidal

silica, which can conveniently and uniformly dispersemetal species

on SiO2 during ammonia evaporation process. The experimental

operation and condition is also facile and mild. Therefore, the AEM

has been widely used to prepare stable Cu-based catalysts for the

hydrogenation of dimethyl oxalate [23], methyl acetate [24],

ethylene carbonate [25], furfural [26], and CO2 [27] to alcohols. The

reason is that Cu-based catalysts prepared by AEM can produce

copper phyllosilicate, which can lead to larger surface area, higher

metal dispersion, and stronger metal-support interactions [27].

However, the Ni-based catalysts prepared by the AEM have been

reported on less frequently than Cu-based catalysts. In fact, the

NieSi based catalysts with rod-like nickel phyllosilicate (NiPS)

prepared by AEM exhibit outstanding stability in many high-

temperature reactions. After a Ni/SiO2-AEM catalyst was reported

to possess good stability for steam reforming of ethanol [28], Zhang

et al. studied a stable Ni/SBA-15 catalyst for dry reforming of CH4

[29]. Additionally, Yang et al. prepared a series of Ni/SiO2 catalysts

with different nickel loading via modified AEM for deoxygenation

of m-cresol to toluene [30]. Although the AME prepared Ni-based

catalysts have been studied for several different processes, until

now, a detailed study on Ni/SiO2 catalysts prepared by AEM for CO2

methanation process has not yet to be published. Therefore, the

novelty of this work is to enhance the stability of Ni/SiO2 catalyst

with unique layered structure for CO2 methanation prepared by a

facile method without using any promoter or noble metal.

In the present work, the Ni/SiO2-AEM catalyst prepared by the

ammonia-evaporation method was chosen as a modelling

approach to improve the catalytic stability for CO2 methanation.

The NiPS was achieved in this catalyst, resulting in a high yield of

methane with long-term stability up to 160 h. A Ni/SiO2-IM catalyst

was also synthesized for comparison by impregnation method. A

variety of characterization techniques such as XRD, TEM and TPR

were used to reveal the reason for the ammonia-evaporation

method being a more suitable route than the impregnation

method to prepare excellent Ni/SiO2 catalysts for CO2 methanation.

2. Experiment

2.1. Catalyst preparation

The Ni/SiO2 with a theoretical nickel loading of 40.0wt% was

synthesized by the ammonia-evaporationmethod. All thematerials

were obtained and used from commercial sources. Briefly, 11.632 g

Nomenclature

AEM Ammonia-evaporation method

IM Impregnation method

DG Gibbs free energy

SBET Specific surface area

Vp Pore volume

GHSV Gas hourly space velocity

SEM Scanning electron microscopy

EDS Energy dispersive spectroscopy

TEM Transmission electron microscopy

XRD Powder X-ray diffraction

XPS X-ray photoelectron spectroscopy

DRIFTS Diffuse Reflectance Infrared Fourier Transform

Spectroscopy

IR Infrared spectra

H2-TPR Hydrogen temperature-programmed reduction

BET Brunauer-Emmett-Teller

NiPS Nickel phyllosilicate

NiO Nickel oxide

SiO2 Silicon dioxide

H2 Hydrogen

CH4 Methane

CO2 Carbon dioxide

CO Carbon monoxide

XCO2 CO2 conversion

SCH4 CH4 selectivity

YCH4 CH4 yield

ICP-OES Inductively coupled plasma optical emission

spectrometry

TCD Thermal conductivity detector

GC Gas chromatograph

NH3-TPD Ammonia temperature-programmed desorption
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of nickel nitrate hexahydrate (Sigma-Aldrich, CAS: 13,478-00-7) was

dissolved in 150mL of DI water (pH¼ 4.82). Then 25mL of

28.0e30.0wt% ammonium hydroxide solution (Sigma-Aldrich, CAS:

1336-21-6) and 11.8 g of 30.0wt% LUDOX®AS-30 (Sigma-Aldrich,

CAS: 7631-86-9) colloidal silica were added (pH¼ 11.32) and stirred

for 5 h at room temperature (pH¼ 10.72). The suspension was

vigorously stirred at 80 �C in a water bath to allow for the evapo-

ration of ammonia until the pH value decreased to 6e7 (pH¼ 6.72),

and the color of the suspension was changed simultaneously from

blue to green. The light green precipitate was obtained by filtering

and washing with DI water. The catalyst precursor was dried at

80 �C for 12 h before calcined at 450 �C for 4 h in air. The obtained

sample was denoted as Ni/SiO2-AEM catalyst.

For comparison, another Ni/SiO2 with the same nickel loading of

40.0wt% was prepared by the impregnation method. Namely,

11.632 g of nickel nitrate hexahydrate (Sigma-Aldrich, CAS: 112,926-

00-8) was dissolved in 150mL of DI water. Then 3.54 g of silica gel

(Sigma-Aldrich, high-purity grade, 200e400 mesh particle size) was

added and vigorously stirred at 70 �C in a water bath until water

was evaporated. The catalyst precursor was dried at 90 �C for 12 h

and then calcined at 450 �C for 4 h in air. The obtained sample was

denoted as Ni/SiO2-IM catalyst. The schematic of the catalyst

preparation is shown in Fig. 1.

2.2. Catalyst characterization

N2 adsorption-desorption isotherms were obtained by an

automatic Quantachrome instrument using N2 physisorption at 77 K.

The samples (about 110mg) were evacuated at 250 �C for 3 h prior

to the N2 physisorptionmeasurement. The Brunauer-Emmett-Teller

(BET) method was used to determine the specific surface area (SBET)

of the catalyst. The infrared (IR) spectra were collected on a Nicolet

iS50 ATR spectrometer with a spectral resolution of 4 cm�1. The in-

situ DRIFTS spectra were collected using a Nicolet 6700 spectrom-

eter. The X-ray diffraction (XRD) analysis was conducted on a Rigaku

Smartlab diffractometer with a Cu Ka radiation source under 40 kV

and 40mA. The 2q rangewas from 10� to 85� with a scanning speed

of 5�/min. Scanning electron microscopy (SEM) and energy

dispersive spectroscopy (EDS) were performed on a FEI Quanta FEG

450 apparatus with an acceleration voltage of 20 kV. Transmission

electron microscopy (TEM) was performed on a FEI 80e300 Titan

(S)TEM equipped with a spherical aberration image corrector at

300 kV. TEM samples were prepared by sonicating the catalysts in

ethanol and then drop casting the suspension on a TEM grid.

Hydrogen temperature-programmed reduction (H2-TPR) and

ammonia temperature-programmed desorption (NH3-TPD) tests

were performed on Autosorb IQ quantachrome instrument (ASI-

QAC160000-6 for H2-TPR and ASIQC0100-4 for NH3-TPD), equipped

with thermal conductivity detector (TCD). For the H2-TPR, after

treated at 160 �C for 0.5 h in He (US Welding), the sample (about

100mg) was cooled and then heated to 930 �C at 10 �C/min under

the gas of 5 vol% H2-95 vol% N2 (5.0 UHP). For the NH3-TPD test, the

sample (about 100mg) was pretreated at 250 �C for 1 h in He. Then

the sample was reduced at 500 �C for 3 h in 5 vol% H2-95 vol% N2.

The sample was cooled down to 50 �C and a flow of 10 vol% NH3-

90 vol% N2 (5.0 UHP) gas mixture was fed through the sample for

1 h. The residual NH3 was blown off under the He flow for another

1 h. At last the NH3-TPD test was carried out from 50 to 930 �C at a

heating rate of 10 �C/min under He flow. The X-ray photoelectron

spectroscopy (XPS) spectra were taken on a ThermoScientifc

ESCALAB 250 instrument withmonochromatized Al X-ray source at

the University of Oregon. The binding energy scales were calibrated

with the C1s (284.8 eV). The actual Ni contents on the prepared

catalysts were determined by inductively coupled plasma optical

emission spectrometry (ICP-OES) analysis in a Jobin Yvon Ultima2.

2.3. Catalyst evaluation

The CO2methanation reactionwas performed in a fixed-bed set-

up with a reaction tube (i.d. 10mm, length 610mm). 300mg of

catalyst with 500mg of silica sand were mixed and sandwiched by

quartz wool in the middle of the tube. Silica sand was not used in

the long-term stability test. Then the sample was in-situ reduced in

a pure H2 stream (5.0 UHP, 30mL/min) at 500 �C for 2 h under the

Fig. 1. The schematic of two Ni/SiO2 catalysts prepared by the impregnation method (IM) and ammonia-evaporation method (AEM).
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pressure of 1.0MPa. The Ni/SiO2-AEM sample reduced at 800 �C for

2 h in the tube furnace was labeled as Ni/SiO2-AEM (800 �C). After

the reduction, the temperature was cooled down to the reaction

temperature (290e470 �C) and the pressure was decreased to at-

mospheric pressure (about 0.1MPa). A mixture of H2 and CO2 (4.0

IS) with a molar ratio of 4:1 was introduced into the reactor with a

gas hourly space velocity (GHSV) of 10,000 or 30,000 mL/(gcat h).

For the stability test, 300mg of the Ni/SiO2 catalyst with 500mg of

silica was reduced at 500 �C for 2 h under the pressure of 1.0MPa.

The catalyst stability was first evaluated under a GHSV of 10,000

mL/(gcat h) at 370
�C and 0.1MPa for time-on-stream of 100 h, and

then the GHSV was increased to 30,000 mL/(gcat h) for another 60 h

without changing other conditions. The outlet gas was analyzed by

an on-line gas chromatograph (GC, SRI 8610C) equipped with a

Porapak Q column and a TCD. The CO2 conversion (XCO2), CH4

selectivity (SCH4) and CH4 yield (YCH4) were calculated using the

equations as follows, where Min or out is the moles of inlet gas and

outlet gas, respectively; PCO2, in is the mole ratio of CO2 in inlet gas

and PCO2/CH4, out is the mole ratio of CO2/CH4 in outlet gas.

XCO2ð%Þ¼
Min*PCO2;in �Mout*PCO2;out

Min*PCO2;in
�100%

SCH4ð%Þ¼
Mout*PCH4;out

Min*PCO2;in �Mout*PCO2;out
� 100%

YCH4ð%Þ¼XCO2ð%Þ � SCH4ð%Þ � 100%

3. Results and discussions

3.1. N2 adsorption-desorption analysis

Fig. 2 shows the type IV nitrogen adsorption-desorption iso-

therms of the two Ni/SiO2 catalysts prepared by AEM and IM

methods. Two major differences should be noted. One is that the

Ni/SiO2-AEM exhibits higher nitrogen adsorption-desorption iso-

therms than the Ni/SiO2-IM, indicating that the former has larger

specific surface area and pore volume (SBET: 446.3 vs. 307.2m2/g;

Vp: 0.84 vs. 0.45 cm3/g). This is rationalized by the formation of

layered structures in the sample prepared by ammonia-

evaporation method [31]. The other difference is that the hystere-

sis loop for the sample prepared by IM is a typical H1 typewhile the

shape of the hysteresis loop for Ni/SiO2-AEM is a typical H3 type at

P/P0 of 0.4e1.0, owing to the presence of slit-shapedmesopores and

channels [32].

3.2. XRD and IR analyses

Fig. 3 presents XRD patterns of the Ni/SiO2 samples. Five char-

acteristic diffraction peaks at 26.7�, 33.7�, 39.7�, 53.2� and 60.9�

over the calcined Ni/SiO2-AEM are assigned to NiPS in Fig. 3A

(PDF#43e0664) [31]. However, the calcined Ni/SiO2-IM shows five

sharp diffraction peaks of NiO (PDF#44e1159) [33], indicating the

existence of bulk NiO nanoparticles. Upon reduction at 500 �C, the

Ni/SiO2-IM possesses obvious diffraction peaks of Ni0

(PDF#04e0850) [33], which are not present in the Ni/SiO2-AEM,

indicating well-dispersed Ni species in the Ni/SiO2-AEM (Fig. 3B).

However, the diffraction peaks of Ni0 are shown in the Ni/SiO2-AEM

(800 �C) due to some Ni species sintering upon reduction at 800 �C.

In addition, the reduced Ni/SiO2-AEM also shows some weak

diffraction peaks of NiO. It is probably because the NiPS was

partially destroyed and decomposed to NiO after reduction. The

small and fine dispersion of Ni0may also be oxidized during the test

process.

The IR spectra were used to further determine the existence of

NiPS. As shown in Fig. 4A, the band at 1115/1051 cm�1 and

800 cm�1 are ascribed to the ySiO asymmetric and symmetric

stretching band of silica support, respectively [34]. The formation of

NiPS is illustrated by the presence of the dOH band at 674 cm�1 and

the ySiO shoulder peak at 1023 cm�1 in the calcined Ni/SiO2-AEM

while not present in the Ni/SiO2-IM [35]. After reduction treatment,

the intensities of the bands at around 670 and 1045 cm�1 decreased

for 500 �C reduced Ni/SiO2-AEM while they disappeared for the

800 �C reduced sample (Fig. 4B). The results suggest that some of

the NiPS is still present after reduction at 500 �C, while it is

completely destroyed after reduction at 800 �C.

3.3. Morphology analysis

The SEM images of the calcined samples are shown in Fig. 5. As

can be seen, the silica particles in the Ni/SiO2-IM are much larger

(Fig. 5A vs. Fig. 5B). In addition, the spherical-like shape particles in

the Ni/SiO2-AEM are smaller and uniformly distributed, thus the Ni,

O, and Si element distributions are well-dispersed in the EDS

mapping (Fig. 5DeF).

Fig. 6 illustrates the TEM images of Ni/SiO2 catalysts. As proved

with the XRD and SEM results above, the calcined Ni/SiO2-IM dis-

plays large NiO particles in Fig. 6A. The rod-like NiPS is shown in the

calcined Ni/SiO2-AEM, indicating the formation of the layered

structures of NiPS (Fig. 6C). After reduction treatment, the rod-like

morphology of NiPS nearly disappeared, whereas small black

spherical particles were assigned to metallic nickel (Fig. 6G and H).

Furthermore, the mean particle size of the reduced Ni/SiO2-AEM at

500 �C is about 4.2 nm, which is calculated using theNanoMeasurer

1.2 software. Ni0 particles in the Ni/SiO2-AEM reduced at 800 �C

have an obviously larger particle size (~6.0 nm) than the Ni/SiO2-

Fig. 2. Nitrogen adsorption-desorption isotherms of Ni/SiO2 samples.
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AEM reduced at 500 �C, but still smaller than those in the reduced

Ni/SiO2-IM (~12.0 nm). Therefore, the high dispersion of nickel

particles suggests a strong NieSi interaction in the Ni/SiO2-AEM.

3.4. H2-TPR and NH3-TPD analyses

Since the above-mentioned nickel phyllosilicate (NiPS) exists in

the structure of Ni/SiO2-AEM, one has to ask if the NiPS will affect

the reducibility and surface acid properties of the catalysts. As

shown in Fig. 7A, the Ni/SiO2-IM shows a strong reduction peak at

388 �C and a weak shoulder peak at around 510 �C, which can be

assigned to the reduction of nickel oxide and the isolated nickel

ions (þ2) that interact weakly with the silica, respectively. How-

ever, for the Ni/SiO2-AEM, only a relatively broad reduction peak at

400e800 �C, owing to the more difficult reduction of Ni2þ located

in NiPS with a strong metal-support interaction [36]. Similarly, the

Ni/SiO2-IM shows a small number of acid sites while the Ni/SiO2-

AEM hasmuch larger amount of weak, middle, and strong acid sites

(Fig. 7B). The acid sites in the Ni/SiO2-AEM come from the unsat-

urated Ni2þ and surface OH sites on the NiPS structure [31].

Therefore, the nickel species of NiPS significantly enhance the in-

teractions between Ni2þ and SiO2, as well as increasing the amount

of surface acid sites over the Ni/SiO2-AEM.

3.5. XPS analysis

The chemical states of nickel species in the Ni/SiO2 catalysts

before and after reductionwere characterized by XPS. As illustrated

Fig. 3. XRD patterns of the Ni/SiO2 samples.

Fig. 4. IR spectra of calcined (A) and reduced (B) Ni/SiO2 samples.

R.-P. Ye et al. / Energy 188 (2019) 116059 5



in Fig. 8, the results can infer several following aspects: (1) the

content of surface nickel species over the Ni/SiO2-AEM is higher

than those in the Ni/SiO2-IM, as the former peak's intensity is

stronger and the atomic percentages of Ni in the reduced samples

are 13.1% and 8.3%, respectively. However, the ICP-OES results

indicated that the actual Ni loading in the reduced Ni/SiO2-IM and

Ni/SiO2-AEM catalysts were 39.58% and 25.73%, respectively. The

lower Ni loading over Ni/SiO2-AEM is probably because that some

nickel ions weakly absorbed on silica gel were eluted during

filtering and washing process. (2) The nickel species in the calcined

Ni/SiO2 are different. The Ni/SiO2-AEM-Calcined sample exhibits

only one Ni2p3/2 peak at 858.8 eV, which is assigned to NiPS [37].

However, for the Ni/SiO2-IM-Calcined sample, it exhibits two Ni2p3/

2 peaks at 856.2 and 854.2 eV, which are attributed to highly

dispersed NiO and aggregated NiO, respectively [38]. (3) After

reduction, there are still many Ni2þ in the Ni/SiO2-AEM-Reduced

sample while Ni0 in the Ni/SiO2-IM-Reduced sample.

Fig. 5. SEM images of the calcined Ni/SiO2-IM (A) and Ni/SiO2-AEM (B, C), and EDS mapping of Ni/SiO2-AEM (DeF).

Fig. 6. TEM images of the calcined Ni/SiO2-IM (A, B), calcined Ni/SiO2-AEM (C, D), reduced Ni/SiO2-IM (E, F), Ni/SiO2-AEM reduced at 500 �C (G), and Ni/SiO2-AEM reduced at 800 �C

(H). Insets are the Ni size distribution.

R.-P. Ye et al. / Energy 188 (2019) 1160596



3.6. Catalytic performance

The CO2 methanation was performed in the temperature range

of 290e470 �C with GHSV of 10,000 mL/(gcat h) at the pressure of

0.1MPa, with the results being shown in Fig. 9. The dashed lines in

Fig. 9AeC represent the thermodynamic equilibrium [39]. Firstly,

the Ni/SiO2-AEM samples show better catalytic activities than the

Ni/SiO2-IM, but still slightly lower than equilibriumvalue. Secondly,

the catalytic performance of the Ni/SiO2-AEM reduced at different

temperatures (500 and 800 �C) are very similar in the 370e470 �C

temperature range, indicating that partially reduced NiPS would

not seriously influence the activity. In addition, the YCH4 of the Ni/

SiO2-AEM is 75.52% at 370 �C, which is higher than 55.94% for the

Ni/SiO2-IM (Fig. 9C).

To further evaluate the stability of the catalysts, the stability test

of 100 h was carried out at 10,000 mL/(gcat h) and another 60 h

lifetime test at 30,000 mL/(gcat h) under the optimal reaction

temperature of 370 �C was also performed. As shown in Fig. 9DeF,

the activity of Ni/SiO2-AEM remains high and stable over the life-

time test. When the GHSV is increased threefold, both the CO2

conversion and CH4 yield decrease for the catalysts. Moreover, the

YCH4 of the Ni/SiO2-IM slightly decreased in the last 20 h on stream

under the high GHSV, indicating its slightly deactivation. The TEM

images and XRD results of the spent Ni/SiO2 samples are presented

in Figs. S1eS2, which clearly confirms that the presence of NiPS in

the spent Ni/SiO2-AEM again. Fortunately, the average Ni particle

size of the spent Ni/SiO2-AEM is still 5.2 nm, which are not much

larger than those in the reduced catalyst (4.2 nm). In addition, the

used Ni/SiO2-IM also displays some weak diffraction peaks corre-

sponding to NiO (Fig. S2), which are not seen in the freshly reduced

Ni/SiO2-IM (Fig. 3). The sintering of Ni particles during the stability

test is more obvious for the Ni/SiO2-IM (Fig. 6E, F vs. Fig. S1A, B,

12.0 nm vs. 15.0 nm). Therefore, the Ni/SiO2-AEM exhibits a higher

activity and better stability compared to the Ni/SiO2-IM.

3.7. Structure-performance relationship

It is worth noting that the evolution of NiPS has played signifi-

cant roles in the structure of the catalyst and the CO2 methanation

reaction. Several characterization methods, including XRD (Fig. 3),

IR (Fig. 4), TEM (Fig. 6), H2-TPR and NH3-TPD (Fig. 7) and XPS (Fig. 8)

are used to prove the formation of NiPS in the calcined Ni/SiO2-AEM

precursor. The lamellar structure of NiPS has the advantages of

larger SBET, more surface acid sites, and anchoring the Ni particles in

the channels. Upon reduction at 500 �C, the crystallinity of NiPS is

mostly destroyed, but some is still reserved, as evidenced by the

XRD and IR results in Figs. 3 and 4. The XRD (Fig. 3B) and H2-TPR

(Fig. 7) results illustrate that the NiPS can be completely reduced

under the temperature higher than 800 �C. However, larger particle

size of nickel species is obtained when reduced at 800 �C as shown

in the TEM image (Fig. 6H). Furthermore, the catalytic performance

of the Ni/SiO2-AEM reduced at 500 �C is not affected when the

reaction temperature is further increased to higher than 370 �C

(Fig. 9). After the long-term stability test, some nickel species were

oxidized to NiPS again (Figs. S1eS2). In our previous work [40], we

also observed that the copper species were oxidized to copper

phyllosilicate by the esters during the lifetime test. From this

perspective, there is still room for improvement in this Ni/SiO2-

AEM.

The above results suggest that the Ni/SiO2-AEM exhibits better

performance compared to the Ni/SiO2-IM for CO2 methanation. The

preparation method significantly affects their structures and ac-

tivities. On the basis of the above characterizations, the improved

performance of Ni/SiO2-AEM can be attributed to higher surface

area, well-dispersed nickel species and silica spheres, smaller

average nickel particle sizes, and larger amount of surface acid sites.

Furthermore, the catalytic performance of Ni/SiO2-AEM is compa-

rable with other reported NieSi or Ni-Metal oxide catalysts

Fig. 7. The temperature programmed profiles of Ni/SiO2 catalysts.

Fig. 8. Ni2p XPS spectra of the Ni/SiO2 catalysts before and after reduction.
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(Table S1).

The in-situ DRIFTS spectra were further used to compare the

methanation pathway over the Ni/SiO2 catalysts. Both samples

were firstly reduced at 500 �C for 2 h in a tube furnace and in-situ

reduced at 300 �C for 30min prior to injecting CO2 gas. As shown in

Fig. 10, the hydroxyl groups were observed between 3550 and

3750 cm�1 in both Ni/SiO2 samples [41]. The bands at around 3017

and 1305 cm�1 suggest the formation of methane from 250 to

350 �C [41]. Compared with Fig. 10A and B, it is worth noting that

the bands of carbonate at 1008 and 1282 cm�1 were obvious in the

Ni/SiO2-IM [42]. However, the Ni/SiO2-AEM displayed obvious

bands of formate and absorbed CO on Ni sites at 2850 and

1572 cm�1, 2015 and 1860 cm�1, respectively [43]. Therefore, it

indicates that the Ni/SiO2-AEM exhibits higher activity to convert

CO2 to intermediates of formate and CO under the same conditions

than the Ni/SiO2-IM.

4. Conclusions

In conclusion, an efficient and stable Ni/SiO2 nanocatalyst

without any promoter has been successfully synthesized by an

ammonia-evaporation method for CO2 methanation. The signifi-

cance of this work is summarized in the following paragraphs.

The ammonia-evaporation method was employed to prepare

Ni/SiO2 catalyst with unique layered structure and highly dispersed

nickel species. The formation of nickel phyllosilicate is beneficial for

Fig. 9. Catalytic performance of the Ni/SiO2-IM and Ni/SiO2-AEM catalysts reduced at 500 �C, as well as Ni/SiO2-AEM (800 �C) sample reduced at 800 �C. The thermodynamics data

was reproduced from reference with acknowledgement [39].

Fig. 10. In-situ DRIFTS spectra under CO2 methanation conditions over the Ni/SiO2-IM (A) and Ni/SiO2-AEM (B) catalysts.
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generating more ultrasmall nickel particles with high dispersion

and a strong interactionwith the silica support upon reduction. The

mean particle size of the Ni/SiO2-AEM is about 4.2 nm, which is

much smaller than other Ni-based catalysts prepared by impreg-

nation method. Also, owing to the layered structure of nickel

phyllosilicate, the specific surface area of the Ni/SiO2-AEM is as high

as 446.3m2/g, which is much higher than the catalysts with

structures of hydrotalcites or perovskites.

This work indicates that the Ni/SiO2-AEM shows an increased

lifetime while exhibiting a high yield of methane than the Ni/SiO2-

IM prepared by impregnation method. No deactivation was found

in the Ni/SiO2-AEM for 100 h under the GHSV of 10,000 mL/(gcat h)

and even 60 h under the GHSV of 30,000 mL/(gcat h) at 370 �C,

which is better than most of previously reported Ni/SiO2-IM cata-

lysts that would be deactivated in 20 h. The improved properties of

the Ni/SiO2-AEM is owing to its unconventional structure. The

catalytic performance including CH4 yield and lifetime of Ni/SiO2-

AEM is also comparable with the state-of-the-art NieSi or Ni-Metal

oxide catalysts prepared by homogeneous precipitation method,

wash-coating method, or sol-gel method. Therefore, the ammonia-

evaporation method has been illustrated to be an effective and

significant approach to prepare NieSi based catalysts with high

nickel loading and excellent stability. However, some nickel ions

would be lost during the preparation process, thus further

improvement on the ammonia-evaporation method should be

done in future.
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