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Abstract

This work proposed a new path to synthesize Ni-phyllosilicate through the reaction of nickel hydroxide and silica sol on the
surface of Ni-foam to form the monolithic Ni-phyllosilicate/Ni-foam catalyst. Ni-phyllosilicate could reprint the morphol-
ogy of nickel hydroxid and firmly anchor on the framework of Ni-foam, which obtained fine Ni particles of 2.8 nm after
reduction in H, at 650 °C, resulting in high catalytic activity for CO, methanation. In addition, the Ni-phyllosilicate/Ni-foam
catalyst showed high long-term stability in a 100 h-lifetime test owing to the combined effects of surface confinement of Ni-
phyllosilicate, firm anchoring between Ni-phyllosilicate and Ni-foam, as well as the high heat transfer property of Ni-foam.

Graphical Abstract

—=— Ni-phyllosilicate/Ni-foam
04— NiO/Ni-foam

8
-/_.\.
601 / /-§,
o /S 7
20 /
300 350 400 450 500 550
Temperature (°C)

o

Keywords Ni-phyllosilicate - Nickel hydroxide - Ni-foam - Sacrificial template - Monolithic catalyst

> Qing Liu 2 Schneider Electric (China) Co., Ltd., Beijing 100102, China
qliu@sdust.edu.cn 3 Shandong Key Laboratory of Biochemical Analysis,

P< Maoshuai He College of Chemistry and Molecular Engineering, Qingdao
hemaoshuai @qust.edu.cn University of Science and Technology, Qingdao 266042,

P< Hongcun Bai China

hongcunbai @nxu.edu.cn State Key Laboratory of High-efficiency Utilization of Coal
and Green Chemical Engineering, Ningxia University,

Key Laboratory of Low Carbon Energy and Chemical Yinchuan 750021, China

Engineering, Shandong University of Science

and Technology, Qingdao 266590, China

@ Springer


http://orcid.org/0000-0003-4822-3679
http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-021-03850-y&domain=pdf

Ni-Foam Structured Ni-Phyllosilicate Ensemble as an Efficient Monolithic Catalyst for CO,... 2739

1 Introduction

Effective utilization of CO, is an important way to allevi-
ate greenhouse effect and solve environmental problems
[1]. As an abundant carbon resource, CO, can be converted
to different fuels or chemicals including methanol, ethanol,
gasoline, carbonates, urea, etc. Among them, the reaction
of the captured CO, in industrial and renewable hydro-
gen to produce CH, in the presence of a catalyst, namely
CO, methanation reaction, is an implementable route. At
present, the Ni/SiO, catalysts [2, 3] have been used in
CO, methanation with well catalytic performance. How-
ever, the CO, methanation is a typical exothermic reaction
(CO,+4H,— CH, +2H,0, AH=-165.0 kJ mol™"), the
poor thermal conductivity of silica support easily results
in decrease of activity and even sintering deactivation [4].
Therefore, it is urgent to prepare a Ni/SiO, catalyst with
good catalytic performance and anti-sintering property.

For the traditional powder Ni-based catalyst, molding
treatment is necessary to form the catalyst with a certain
shape, size, and strength. However, the availability of
surface area usually decreases due to the high pressure
during the molding process, which is adverse to mass
transfer resulting in decline of catalytic activity. In other
words, for the catalyst molding treatment, the mechanical
strength and catalytic performance are contradictory. The
metal-foams have been widely used in battery material and
structured catalyst [5, 6], which has a small pressure drop,
controllable mass transport, good thermal and mechani-
cal properties, easy catalyst separation and recyclability,
which make them superior to conventional catalysts [7].
For example, the foam-structured catalyst has achieved
high catalytic performance for catalytic oxy-methane
reforming reaction [8]. In addition, the free-standing
Ni — Al,O; ensemble derived from NiAl-layered double
hydroxides (NiAl-LDHs) grown onto a Ni-foam, has clev-
erly realized high activity/selectivity and enhanced heat/
mass transfer, which achieved remarkable results in the
reaction of acetone hydrogenation to isopropanol [9]. In
addition, Ni(OH), has been regarded as the most promis-
ing electrode material due to its low cost, ultra-high spe-
cific capacitance and environmental friendliness. More-
over, many efforts have been put into growing Ni(OH),
onto three-dimensional porous Ni foam as binder-free
electrodes for electrochemical energy storage applications
[10-12]. Thus, constructing a metal-foam based mono-
lithic catalyst with high activity, distinguished robustness
and high stability is attractive.

Ni/SiO, catalysts can be obtained after reduction of Ni-
phyllosilicate, which obtains strong metal-support inter-
action to overcome the Ni sintering on the silica support
[13-15]. In general, Ni-phyllosilicate can be synthesized

by hydrothermal method or ammonia evaporation method
through the reaction of silicon precursors (such as sodium
silicate [16], silica sol [17], and tetraethyl orthosilicate
[18]) and soluble nickel slats (such as nickel nitrate [14],
nickel chloride [16], nickel acetate [19], Ni acetylacetonate
[19]) [20, 21]. As far as we know, there is no research on
preparation of Ni-phyllosilicate using nickel hydroxide as
sacrificial template. Therefore, it is interesting to study the
feasibility of Ni-phyllosilicate formation through the inter-
action of nickel hydroxide and silica sol on the Ni-foam.

Herein, a monolithic Ni-phyllosilicate/Ni-foam catalyst
was prepared using nickel hydroxide grown on the surface
of Ni-foam as the sacrificial template through a simple two-
step hydrothermal method for CO, methanation. It provides
a unique combination of anti-sintering Ni-phyllosilicate as
the active component and high permeability and enhanced
mass/heat transfer stemmed from Ni-foam.

2 Experimental Section
2.1 Catalyst Preparation

The Ni-phyllosilicate/Ni-foam catalyst was prepared via
growing Ni-phyllosilicate onto the monolithic Ni-foam
substrate using a hydrothermal synthesis method. Typically,
square Ni-foam chips (20 mm length, 10 mm width, 1 mm
thickness, and 110 pores per inch; Kunshan GuangJiaYuan
new materials Co., Ltd.) were soaked into concentrated HCI
solution for a 10 min ultrasonic treatment to remove nickel
oxide on the Ni-foam surface, and then, the chips were
washed thoroughly by deionized water and ethanol.

The as-cleaned Ni-foam (0.550 g, 8 chips, 1¥10%*20 mm)
were transferred into an autoclave (100 mL) filled with
50 mL of aqueous solution containing NH,F (10 mmol),
urea (12.5 mmol), and Ni(NO;),'6H,0 (2 mmol), and sub-
sequently hydrothermally treated at 120 °C for 12 h, and
then the chips were rinsed with deionized water and ethanol
to obtain the intermediate product Ni(OH),/Ni-foam.

NiO/Ni-foam could be obtained after calcination of
Ni(OH),/Ni-foam at 400 °C for 4 h in the air.

Furthermore, Ni(OH),/Ni-foam (8 chips, 1*10%*20 mm
was transferred to an autoclave filled with 50 mL of deion-
ized water and silica sol (silica, 6 mmol) for hydrothermal
treatment at 120 °C for 12 h. After separation and calcina-
tion at 400 °C for 4 h, NiPs/Ni-foam was obtained, in which
“NiPs” was abbreviation of “Ni-phyllosilicates”.

2.2 Catalyst Characterizations and Catalytic Tests
The detailed operation procedures of catalyst characteriza-

tions and catalytic performances evaluations were displayed
in Supporting Information Summary.
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3 Results and Discussion
3.1 Morphology and Structure Characterizations

Ni-foam has the flexibility in tailoring the shape and size,
and irregular three-dimensional void patterns (Fig. 1a),
whose framework obtains a smooth surface (Fig. 1b) [9].
For NiO/Ni-foam, the sample shows a well-preserved
monolith geometry with a Ni component attached to the
surface of Ni-foam (Fig. 1c). What’s more, the SEM image
of NiO/Ni-foam clearly exhibits the hexagonal nano-sheet
with thickness of 0.26 nm growing on the surface of Ni-
foam (Fig. 1d). In addition, after the further hydrother-
mal treatment in the presence of silica sol, the surface
of Ni-foam still retains the morphology and structure of
nano-sheet (Fig. 1e and f), whose thickness decreases from
0.26 nm (Fig. 1d) to 0.18 pm (Fig. 1f). This result indi-
cates that the obtained nano-sheet has strong interaction
with Ni-foam, and the second hydrothermal treatment can-
not destroy its structural characteristics.

XRD analyses were carried out on the as-cleaned
Ni-foam, as-synthesized NiO/Ni-foam and NiPs/Ni-
Foam; however, only obvious diffraction peaks ascribing
to metallic Ni could be observed due to the too strong
peak intensity of Ni-foam and relatively low loading
amount of NiO or Ni-phyllosilicate (Fig. S1). Therefore,
in order to avoid the interference of Ni-foam framework
and identify the crystal information of the loaded spe-
cies correctly, the nanosheets grown on the Ni-foam were
scraped off for XRD analysis. For the Ni(OH),/Ni-foam,

the diffraction peaks at 19.3, 33.5, 38.8, 52.3, 59.8 and
70.7° correspond to the (001), (100), (101), (102), (003)
and (103) planes of Ni(OH), (JCPDS No. 03-0177) [22,
23]. In addition, a small amount of Ni(NO;),(OH), can
also be observed (JCPDS No. 22-0752) [24]. After cal-
cination of Ni(OH),/Ni-foam, as shown in Fig. 2b, five
diffraction peaks at 37.1, 43.2, 62.7, 75.3 and 79.3° are
observed on the as-synthesized NiO/Ni-foam, which cor-
respond to (111), (200), (220), (311) and (222) planes of
NiO (JCPDS No. 47-1049) [25]. Obviously, no NiO dif-
fraction peak is observed on the XRD pattern of NiPs/
Ni-foam catalyst prepared by two-step hydrothermal pro-
cess, and those at 19.5, 24.4, 34.1, 36.7 and 60.5° belong-
ing to the planes (111), (004), (200), (202) and (060) of
Ni;Si,05(OH), (JCPDS No. 49-1859) can be observed
(Fig. 2c) [26]. Here, it can be concluded that Ni(OH), and
Ni;(NO;),(OH), not only provide the nickel species as the
precursor, but also reprint their nanoflake morphology as
the sacrificial template to form nickel phyllosilicate.
Moreover, the morphology information of the reduced
catalyst and the dispersion of metallic nickel is obtained by
TEM observation (Fig. 2d and e). For the 650 °C-redued
NiO/Ni-foam, the metallic Ni particles are dispersed on
the nanosheets, whose mean particle size reaches as large
as 17.7 nm (Fig. 2d, Table 1), exhibiting a very poor Ni
dispersion. Compared with NiO/Ni-foam, some wafer-thin
nanosheets with many fine dark spots can be clearly seen
on the reduced NiPs/Ni-foam (Fig. 2e), indicating that the
characteristic nano-sheet structure can be remained after
the reduction at high temperature [27]. In addition, its Ni
particle size is only 2.8 nm (Table 1), exhibiting excellent

Fig.1 SEM image of the pristine Ni-foam substrate (a and b), SEM images of the as-synthesized catalysts: (¢ and d) NiO/Ni-foam, (e and f)

NiPs/Ni-foam
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Fig.2 XRD patterns of the as-synthesized catalysts and TEM images
of the reduced catalysts: (a) Ni(OH),/Ni-foam, (b and d) NiO/Ni-
foam, (c and e) NiPs/Ni-foam; and HRTEM image of the NiPs/Ni-

Table 1 Comparison of activities of different catalysts for CO, meth-
anation

Catalyst Ni particle CO, con- Tem- Refs.
size (nm)*  version perature
(%) °C)
NiPs/Ni-foam 2.8 70.4 450 This work
NiO/Ni-foam 17.7 61.1 500 This work
2Y,05-Ni/MgO- 15.5 ~65.0 400 [34]
MCM-41
N, go/SR-U-24 5.25 ~68.0 450 [2]
5% Ni/Al,0;4 12.0 ~63.0 440 [35]
Ni/15Ce/Al,04 21.4 ~63.0 450 [36]

“Estimated from the TEM images
The particle size belongs to NiO

metal dispersion and anti-sintering property. Moreover,
lattice spacing about 0.201 nm belong to the (111) crystal
planes of Ni, which is consistent with the reported active
center for CO, methanation (Fig. 2f) [28].

foam (f). The scraped nickel-based species rather than the integral Ni-
foam-based materials were analyzed by XRD and TEM

Combined with the above results, the formation pro-
cess of the NiO/Ni-foam and NiPs/Ni-foam catalysts are
described in Scheme 1. After the hydrothermal reaction
of Ni(NOs),, NH,F and urea over Ni-foam at 120 °C for
12 h, Ni(OH), and Ni;(NO;),(OH), nanosheets grow on
the surface of Ni-foam, and NiO/Ni-foam catalyst can
be obtained after calcination. For NiPs/Ni-foam, nickel
hydroxide reacted with silica sol to form Ni-phyllosilicate
on the Ni-foam through a second hydrothermal reaction.
As reported in literature [20, 29, 30], Ni-phyllosilicate is
usually obtained through the reaction of silica and soluble
nickel slat using hydrothermal method or ammonia evapo-
ration method, in which silica plays a role of sacrifice
template. In this work, it is found for the first time that
Ni-phyllosilicate can be synthesized through the reaction
of nickel hydroxide and silica sol, and the free-standing
nickel hydroxide nanosheets on Ni-foam can be a novel
sacrificial template to prepare Ni-phyllosilicate.

@ Springer



2742

Y. Chen et al.

Scheme 1 Formation process of
Ni(OH),/Ni-foam, NiO/Ni-foam
and NiPs/Ni-foam
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Fig.3 H,-TPR profiles: (a) NiO/Ni-foam and (b) NiPs/Ni-foam

Fig.4 Catalyst activity at
0.1 MPa: a CO, conversion and
b CH, selectivity
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3.2 Metal-Support Interaction Analysis

In Fig. 3, the H, consumption peaks at 318, 358 and 536 °C
occur on the H,-TPR profile of NiO/Ni-foam, attributing
to the generated NiO with different interactions with Ni-
foam framework. On the contrary, NiPs/Ni-foam catalyst
only shows a strong H, consumption peak at the high tem-
perature of 700 °C, indicating that Ni-phyllosilicate obtains
strong metal-support interaction and nickel species can be
reduced at a high temperature [3, 31]. In addition, there is
the presence of another negative peak at around 510 °C over
NiPs/Ni-foam, which may be attributed to the desorption of
chemisorbed hydrogen on Ni-foam and the spillover hydro-
gen [32]. Moreover, for overall consideration, the reduction
temperature of the catalysts were set at 650 °C for 1 h.

3.3 Effect of Active Components on Catalytic
Activity

As shown in Fig. 4, the activities of thermodynamic equi-
librium for CO, methanation show adverse effect with the
operation temperature as a result of its strong exothermic
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Fig.5 Long-term stability test of the NiPs/Ni-foam catalyst: a catalytic activity at 400 °C, 0.1 MPa; b SEM images of the spent catalyst; ¢ TEM

images of the spent catalyst

property. The NiO/Ni-foam reaches the optimal catalytic
activity at 500 °C, whose CO, conversion and CH, yield is
61.1% and 90.7%, respectively. On the contrary, the NiPs/
Ni-foam achieves the optimal catalytic activity at 450 °C
with CO, conversion of 70.4% and CH, yield of 95.5%. This
is because the formation of small Ni particle size derived
from the strong metal-support interaction of Ni-phyllosili-
cate over NiPs/Ni-foam. Besides, CO is the only by-product
originated from the reverse water—gas shift or Boudouard
reaction [33]. On the other hand, as shown in Fig. S2, in the
low temperature reaction range of 200-300 °C, the cata-
lysts CO, conversion was below 5%, effectively avoiding
the occurrence of reverse reaction, and both catalysts have
nearly 100% CH, selectivity. However, the NiPs/Ni-foam
catalyst reached the activation temperature of the catalyst
from about 225 °C, while NiO/Ni-foam catalyst began to
show weak activity data at about 275 °C. In addition, as
shown in Table 1, the reported 2Y,05-Ni/MgO-MCM-41
[34], N, go/SR-U-24 [2], 5% Ni/Al,O5 [35], and Ni/15Ce/
Al,O5 [36] catalysts are compared as reference catalysts,
the NiPs/Ni-foam catalyst exhibits the smallest Ni particle
size and the highest CO, conversion, indicating that it is a
competitive catalyst for CO, methanation.

3.4 Long-Term Stability Test

In order to investigate the long-term stability of the NiPs/
Ni-foam catalyst, the 100 h-test was carried out at 400 °C,
0.1 MPa. It can be seen that the NiPs/Ni-foam exhibits
high long-term stability, and the CO, conversion and CH,
selectivity decrease by about 2% in the 100-h long-term
test (Fig. 5a). After the long-term stability test, the spent
NiPs/Ni-foam sample was recovered and characterized by
SEM and TEM. Nanosheets can also be clearly observed
on the spent NiPs/Ni-foam, indicating the strong interac-
tion of NiPs and Ni-foam (Fig. 5b). On the other hand, for
TEM, the Ni particles almost remain their original size
with slight increase from 2.8 to 3.2 nm (Fig. 5c). There-
fore, NiPs/Ni-foam is a promising monolithic catalyst with

highly long-term stability. The contributions to high sta-
bility can be concluded as below: (1) The nanoflakes are
firmly anchored on the surface of Ni-foam, which provides
the structural stability of NiPs/Ni-foam; (2) The strong
metal-support interaction of NiPs can construct confine-
ment of Ni particles during the reduction and reaction
processes, which provides its excellent anti-sintering
property; (3) The high heat transfer property of Ni-foam
can inhibit the occurrence of hotspots, which provides the
excellent heat removal during the CO, methanation reac-
tion process over NiPs/Ni-foam.

4 Conclusion

Nickel hydroxide was formed on the surface of Ni-foam to
construct Ni(OH),/Ni-foam using hydrothermal treatment,
which could be the sacrificial template and precursor to
synthesize Ni-phyllosilicate using hydrothermal method to
obtain NiPs/Ni-foam catalyst. After calcination, Ni(OH),/
Ni-foam converted to NiO/Ni-foam due to thermal decom-
position. After reduction, NiPs/Ni-foam exhibited small
Ni particles of the size around 2.8 nm, while that NiO/Ni-
foam reached as large as 17.7 nm. As a result, compared
with NiO/Ni-foam catalyst, NiPs/Ni-foam showed higher
catalytic activity for CO, methanation with the optimal
CO, conversion of 70.4% and CH, selectivity of 95.5% at
450 °C. The unique combination of Ni-phyllosilicate and
Ni-foam over the NiPs/Ni-foam catalyst not only leaded
to excellent anti-sintering property, but also provided high
heat removal during the CO, methanation reaction process,
resulting in excellent long-term stability in a 100 h-test.
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