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ies of the structural effects of
supported Ni catalysts for CO2 hydrogenation:
from nanoparticle to single atom catalyst

Zhitao Zhang,a Chenyang Shen,a Kaihang Sun,a Xinyu Jia,a Jingyun Ye *b

and Chang-jun Liu *a

Supported Ni catalysts are promising for CO2 hydrogenation because of their relatively cheap price with

comparable activity to noble metal catalysts. The product of CO2 hydrogenation over a supported Ni

catalyst can theoretically be methane, CO, methanol and formic acid. The electronic and geometric

structures of a supported Ni catalyst have a significant effect on the activity and selectivity of CO2

hydrogenation. Supported single nickel atom catalysts are found to tend to form carbon monoxide,

methanol and, theoretically, formic acid. The selectivity depends on the support. The supported nickel

cluster on indium oxide and In2O3–ZrO2 is highly selective for methanol synthesis. Supported nickel

nanoparticles are normally good catalysts for methane formation at reasonably low temperatures.

However, the structural effect of the supported Ni catalyst on CO2 hydrogenation has not been well

investigated. The mechanism is still in debate. To further improve the activity and stability with tunable

selectivity, the structure control of the Ni catalyst is very necessary for CO2 hydrogenation, which is

highly structure sensitive. In this review, recent advances in the understanding of the structural effects of

supported Ni catalysts on CO2 hydrogenation are summarized, including theoretical studies, operando

or in situ catalyst characterization and experimental studies. Future development is therefore finally

addressed.
1. Introduction

With the rapid development of renewable energy, the hetero-
geneous hydrogenation of carbon dioxide (CO2) has attracted
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signicantly increasing attention worldwide owing to its
potential in large scale utilization of carbon dioxide.1–4 CO2

hydrogenation has also been considered to be promising for
energy storage.5–7 Many catalysts have been exploited and re-
ported for CO2 hydrogenation.8–22 Among all the catalysts
exploited, supported nickel catalysts are promising because of
their high activity and relatively low price.8–15 In addition, sup-
ported nickel catalysts have been employed in the industrial
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production of syngas (CO and hydrogen) via steam reforming of
methane, a reverse reaction of CO2 hydrogenation to methane,
which is normally called CO2 methanation and well-known as
the Sabatier reaction.3,21 Theoretically, the product of CO2

hydrogenation over a supported nickel catalyst can be methane,
methanol, carbon monoxide through the reverse water gas shi
(RWGS) reaction, and formic acid. Methanol, formic acid and
carbon monoxide are important intermediates for syntheses of
various chemicals. Methanol can be directly used as fuel. CO2

methanation has potential applications in clean fuel produc-
tion, energy storage, carbon recycling and water supply for
spacecra.23 Formic acid has been used for disinfection.24 It can
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be used to produce hydrogen for fuel cell applications24,25

because of its high hydrogen content (53 g L�1; 4.4 wt%).24

The activity, selectivity and stability of supported Ni catalysts
basically depend upon the electronic and geometric structures of
the catalyst. A change in the electronic structure can cause a big
change in the selectivity.26–35 One can shi the selectivity of CO2

hydrogenation from selective production of methane to meth-
anol or CO or even formic acid by the change of the catalyst
structure. The electronic structure of a supported Ni catalyst can
be tuned by the physical structure and components, including
the supporting material, of the catalyst. The size control of nickel
catalysts is an effective approach to affect the geometric and
electronic structures of the catalyst. The strong nickel–support
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interaction with the reducible oxides can be employed to adjust
the electronic structure of the supported nickel catalyst. This can
not only improve the catalytic activity but can also totally change
the selectivity of the product of CO2 hydrogenation.

According to a literature survey, most reported studies of
CO2 hydrogenation on supported Ni catalysts are for methane
synthesis. With increasing studies on nickel cluster or single
nickel atom catalysts (Ni-SACs), CO2 hydrogenation to methanol
or formic acid attracts more and more interest. More progress
can be expected for CO2 hydrogenation to methanol or formic
acid over the supported nickel catalyst. Owing to the big
changes in the electronic structures from nickel nanoparticles
(NPs) to Ni-SACs, CO2 hydrogenation over the supported nickel
catalyst is excellent for the study of structural effects on the
catalytic properties. The supported Ni-SAC has much higher
accessibility of all nickel atoms to CO2 and hydrogen. It can be
an excellent connection between a homogeneous catalyst, with
a well-dened structure, and a heterogeneous catalyst, which
can be easily separated aer the reaction with low cost both in
the material and reaction operation for large scale applications.

We have to acknowledge that the structural effect of Ni
catalysts on CO2 hydrogenation is complex. It has not been well
investigated because the structure of the nickel catalyst is
subject to dynamic changes with the involvement of the oxide
support, various active sites and adsorbates of different reac-
tivities during the reaction. The reaction mechanism with
structure evolution is still in debate. In this review, we attempt
to summarize recent advances in the studies of structural
effects of supported Ni catalysts on CO2 hydrogenation to
methane, carbon monoxide and methanol. CO2 hydrogenation
to formic acid on a supported nickel catalyst only showed the
theoretical possibility at present. We will briey mention it
during discussions on related issues. We focus on the theoret-
ical understanding, operando study or in situ catalyst charac-
terization and the structure–activity relationship, via the size
effect (from nickel nanoparticles to Ni-SAC), of the supported
Table 1 The major reactions in CO2 hydrogenation

No. Reaction

1 CO2 + 3H2 ! CH3OH(g) + H2O(g)
2 CO2 + 3H2 ! CH3OH(l) + H2O(l)
3 CO2 + 4H2 ! CH4 + 2H2O(g)
4 CO2 + 4H2 ! CH4 + 2H2O(l)
5 CO2 + H2 ! CO + H2O(g)
6 CO2 + H2 ! CO + H2O(l)
7 CO2 + H2 ! HCOOH(g)
8 CO2 + H2 ! HCOOH(l)
9 CO + 2H2 ! CH3OH(g)
10 CO + 2H2 ! CH3OH(l)
11 CO + 3H2 ! CH4 + H2O(g)
12 CO + 3H2 ! CH4 + H2O(l)
13 2CO + 2H2 ! CH4 + CO2

14 CH4 ! C(s) + 2H2

15 2CO ! C(s) + CO2

16 CO + H2 ! C(s) + H2O(g)
17 CO + H2 ! C(s) + H2O(l)
18 CO2 + 2H2 ! C(s) + 2H2O(g)

5794 | J. Mater. Chem. A, 2022, 10, 5792–5812
nickel catalyst for heterogeneous CO2 hydrogenation thermally.
However, the discussions here are helpful for the design and
preparation of supported nickel catalysts for photo-catalytic,
photo-thermal-catalytic and electro-catalytic reduction of CO2.
Future developments are addressed nally.
2. Reactions in CO2 hydrogenation

The characteristics of CO2 molecules and the thermodynamic
aspects of CO2 hydrogenation have been well discussed in
review articles.8–20 Theoretically, CO2 hydrogenation can
produce carbon monoxide, methane, methanol and formic
acid,10,11 as shown in Table 1. Thermodynamically, CO2

methanation (reaction (4) in Table 1) is highly favoured (DG
�
298K

¼ �132.4 kJ mol�1). It has to be carried out at moderately low
temperatures to limit the competitive endothermal RWGS
reaction. This means that CO production from CO2 hydroge-
nation is normally carried out at elevated temperatures.11,36,37 A
signicant challenge is to improve the catalytic activity of CO2

methanation at low temperatures. CO2 hydrogenation to
methanol (reaction (2) in Table 1) is also thermodynamically
favoured (DG

�
298K ¼�10.7 kJ mol�1) and exothermic. It has to be

carried out at moderately low temperatures as well to avoid the
reverse reaction and to inhibit the side RWGS reaction. CO2

hydrogenation to formic acid (reactions (7) and (8) in Table 1) is
a little thermodynamically difficult. The catalyst for this reac-
tion needs the aid of alkaline aqueous solution24 or unique
support additives.32,33

Prof. Chen and his co-workers presented a reaction network
for CO2 hydrogenation to CO, CH3OH and CH4.10,15 This reac-
tion network can be further modied based on our recent DFT
studies of CO2 hydrogenation to methanol.22 Fig. 1 shows the
modied reaction network,22 which includes CO2 hydrogena-
tion to formic acid via the formate route (right green path).

As seen in Fig. 1, a complex reaction network exists with
various chemical intermediates on the catalyst. Methane, CO
DH
�
298K (kJ mol�1) DG

�
298K (kJ mol�1)

�49.3 +3.5
�137.8 �10.7
�165.0 �113.5
�259.9 �132.4
+41.2 +28.6
�6.2 +19.2
+43.5 +14.9
�31.0 +34.3
�90.6 �29.1

�131.6 �29.9
�206.1 �141.8
�229.7 �165.1
�247.3 �170.4
+74.8 +50.7

�172.4 �119.7
�131.3 �91.1
�178.7 �100.7
�90.1 �62.5

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The modified reaction network of CO2 hydrogenation over the supported nickel catalysts.22 (* means the adsorbed species). Copyright
2022, Elsevier.
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and methanol can be obtained from multiple routes. Two
general pathways are derived from CO2 dissociation. One is the
direct CO2 dissociation via the redox mechanism
(CO*

2/CO*þ O*; red paths). The other is the hydrogen-
assisted CO2 dissociation, as shown in Fig. 1, either via
formate (CO*

2 þH*/HCOO*; green paths) or carboxylate
(CO*

2 þH*/COOH*; blue paths) intermediates, while H* is
from H2 dissociation (H2 / H* + H*). The exact route princi-
pally depends on the catalyst structure.
3. CO2 adsorption

The adsorption and activation of CO2 on the nickel surface play
an important role in CO2 hydrogenation. The formation of
adsorbed CO2 from gas phase CO2 can be the largest barrier for
the dissociation of CO2(g).38 Two mechanisms for CO2 adsorp-
tion on the Ni catalyst exist. One is the dissociative adsorption
ðCO*

2/CO*þ C*Þ: The other is the non-dissociative adsorption
(CO2 + de� / CO2

d�) to form a bent CO2
d� structural mode

from the nickel to CO2 charge transfer.39 The ability of CO2

chemisorption on Ni surfaces was found in the order of Ni (211)
> Ni (110) > Ni (100) > Ni (111), as shown in Table 2.40–50 The
higher CO2 adsorption energies on the stepped Ni (211) was
attributed to the stronger charge transfer on Ni (211) than on
other low index surfaces.41 The results suggest that low coor-
dinated Ni surfaces are more active for CO2 chemisorption with
their stronger ability of electron donation. This also explains
that smaller Ni clusters show stronger CO2 adsorption ability.
This journal is © The Royal Society of Chemistry 2022
For example, the CO2 adsorption energy on Ni13 is�1.25 eV (ref.
51) or �120.2 kJ mol�1 (ref. 51) and �100 kJ mol�1,52 while it is
�58 kJ mol�1 on Ni55.52 These suggest that CO2 adsorption can
be enhanced by increasing the defects (e.g., steps, edges,
corners and doping with second metal atoms) of the Ni surfaces
or decreasing the size of Ni nanoparticles.

The support material has a signicant effect on CO2

adsorption over a Ni catalyst.22,53–55 It depends on the interaction
between nickel and the support. The loading of Ni clusters on
yttria-stabilized zirconia (YSZ) can increase the CO2 adsorption
energy from �0.37 eV on YSZ(111) to �1.16 eV on Ni4/
YSZ(111).54 The nickel loading on CeO2(111) also causes an
increase of the CO2 adsorption energy from �0.27 eV
(CeO2(111)) to �0.79 eV (Ni/CeO2(111)).55 CO2 can be stabilized
at the interface of the Ni clusters and CeO2 surface. The oxygen
vacancy in CeO2 plays an important role with it.55 The oxygen
vacancy has signicant effects on the electronic structure and
the properties of the Ni catalyst on the reducible oxide support,
like CeO2 (ref. 55) and In2O3.22 The CO2 adsorption energy is
�0.66 eV for Ni4/In2O3 with an oxygen vacancy, which it is
�0.43 eV for the catalyst without an oxygen vacancy.22

The size of the nickel cluster on the support has a signicant
effect as well.54 If the nickel catalyst size is reduced to a SAC, CO2

dissociative adsorption on CeO2 supported Ni1 becomes diffi-
cult with a Gibbs free energy change of 0.76 eV, even in the
presence of an oxygen vacancy.56 Alonso et al.57 found that a Ni-
SAC, supported byMFI zeolite, adsorbs CO2 so strongly that CO2

cannot be dissociated to CO* and O*. It could hydrogenate CO2
J. Mater. Chem. A, 2022, 10, 5792–5812 | 5795
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Table 2 Adsorption energies (Eads) of CO2 and CO on the most stable
sites on the Ni (111), (100), (110) and (211) surfaces

Eads (eV) CO*
2 CO* Ref.

Ni (111) 0.26 (q ¼ �0.45) �1.91 (q ¼ �0.41) 40a

�0.12 �2.09 42b

�0.01 �1.93 43
�0.21 44c

�0.22 �1.82 45
�0.06 47
�0.24 �2.05 49d

�0.16 �1.61 50
Ni (100) �0.14 (q ¼ �0.61) �2.04 (q ¼ �0.52) 40a

�0.25 �1.88 43
�0.22 �1.81 45

Ni (110) �0.42 (q ¼ �0.67) �1.94 (q ¼ �0.33) 40a

�0.40 �1.87 45
�0.47 46
�0.46 �1.92 48

Ni (211) �0.93 (q ¼ �0.82) 41
�0.31 �2.09 42b

�0.38 �1.97 43
�0.35 �1.82 45

a Calculated using Cambridge sequential total energy package
(CASTEP). b Calculated using Spanish Initiative for Electronic
Simulations with Thousands of Atoms (SIESTA). c Calculated using
Material Studio (Dmol3). d Calculated using Quantum Espresso
package (QE).
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to CO, via hydrogen-assisted CO2 dissociation (COOH pathway).
However, there exists a high barrier (1.51 eV) rate limiting step,
which suggests the high temperature needed (above 810 �C) to
achieve the RWGS reaction.

Most reported studies on CO2 adsorption on nickel catalysts
are based on theoretical methods. Recently, there has been some
progress in the operando study of CO2 adsorption. Yuan et al.58
Fig. 2 (a–c) NAP-XP spectra of C 1s, O 1s, and Ni 2p3/2 at 300 K. The spe
red were measured under 0.4 mbar CO2. In (c), the green spectrum was
with the black one (in UHV). The pink spectrum “Diff-1” was the differen
“Diff-2” was the difference spectrum with energy correction (the green
structure formed on Ni (111) after exposure to 100 L CO2 at room temper
0.51 � 0.03 nm. The bias voltages and tunneling currents were �0.2 V an
2016, American Chemical Society.

5796 | J. Mater. Chem. A, 2022, 10, 5792–5812
observed in operando the dissociation of CO2 on the Ni (111)
surface at temperatures between 300 and 900 K via near ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS), corrobo-
rated by low energy electron diffraction (LEED) and scanning
tunneling microscopy (STM) measurements. They found that
CO2 quickly reacts with the clean nickel. Various Ni–O phases
form even at room temperature: initially the p(2 � 2)-structured
Chem–O (as shown in Fig. 2d), followed by epitaxial NiO (111)
with a sodium chloride structure, and nally an oxygen enriched
surface layer of Ni2O3 at the oxidative potential.58 The accumu-
lation rate of the Ni–O phases under CO2 has a negative corre-
lation with temperature. This suggests that the dynamic oxygen
concentration is not limited by CO2 activation. The thermal
decomposition of the Ni–O phases plays an important role. The
Ni–O phases exhibit carbon-phobic properties due to repulsive
forces to the *CO adsorbate and lower C–H bond scission rates
than metallic Ni. This causes the intrinsic coke resistance.58 As
shown in Fig. 2a–c, the products of the two adsorption modes
(dissociative and non-dissociative) can be observed even at 300 K,
except that the C 1s peak for *CO is absent.58 The reason for the
absence of *CO and the presence of *CO2

d� was explained by the
weakened bond between *CO and the oxidized surface.58 The
content of *CO2

d� decreases with increasing temperature. This
suggests its weak bonding to the surface or the dissociative
adsorption as the domain mechanism.
4. CO2 hydrogenation to methane

CO2 methanation is exothermic (reactions (3) and (4) in Table
1). It is thermodynamically favoured. The supported nickel
catalyst is active for CO2 methanation. Most reported Ni cata-
lysts of CO2 hydrogenation were for methane synthesis.
However, there exists a kinetic limitation at reasonably low
ctra in black were measured in a ultra high vacuum (UHV), and those in
obtained from rescaling the red one (0.4 mbar CO2) to be comparable
ce spectrum between the green and the black, and the blue spectrum
shifted by 0.08 eV minus the black). (d) The STM image of a p(2 � 2)
ature. The unit cell is marked by a white diamond and was measured as
d 0.1 nA. The red dots here refer to the undesorbed *CO.58 Copyright

This journal is © The Royal Society of Chemistry 2022
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temperatures for CO2methanation on the supported Ni catalyst.
The catalyst structure has a big effect on the activity and
selectivity of the supported Ni catalyst for CO2 methanation.
The mechanism for CO2 methanation on the supported Ni
catalyst is still in debate, mostly because of the difficulty in the
identication of the catalyst structure. The preparation of a Ni
catalyst with a controllable structure remains a big challenge.
Signicant efforts are being made to reach the goal toward
a supported nickel catalyst with a clear mechanism and
enhanced low temperature activity for CO2 methanation.
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4.1 Theoretical studies

According to Table 2, the adsorption of CO on the Ni surface is
very stable with an adsorption energy around �2.0 eV. There-
fore, the reaction barrier for CO2 dissociation decides whether
the reaction takes the CO (derived from direct CO2 dissociation)
pathway or formate (derived from hydrogen-assisted CO2

dissociation) pathway. The corresponding reactions and their
barriers are listed in Table 3.41,42,46,47,59–64 The strong binding of
CO on the Ni catalyst can block the CO2 adsorption and H2

dissociation, which decreases the activity of the catalyst. In
addition, the strongly bound CO species can be directly and
indirectly dissociated to C species, which may result in the
deactivation of the catalyst by carbon deposition over Ni parti-
cles.59 The dissociated adsorption of H2 on Ni surfaces is also
important. The stronger dissociated adsorption of H2 makes the
adsorption of H species compete with CO adsorption, which
promotes the hydrogenation of CO or C to form methane. The
weaker dissociated adsorption of H2 can facilitate the CO2

hydrogenation to form COOH* or HCOO* species. For example,
the reaction barrier for CO2 dissociation on Ni (211) (Ea ¼ 0.82
eV) is higher than that on Ni (111) (Ea ¼ 0.57 eV) as shown in
Table 3.41,42,46,47,59–64 The stronger dissociated adsorption of H2

on Ni (111) makes the adsorption of H species compete with CO
adsorption, which promotes CO hydrogenation or C hydroge-
nation to form methane. The weaker dissociated adsorption of
H2 on Ni (211) can facilitate CO2 hydrogenation to form COOH*

or HCOO* species.
The hydrogenation of CO is favourable on low-index Ni

surfaces, such as Ni (111), because the small barrier for CO2

dissociation and strong adsorption energy of CO on Ni (111)
make CO the dominant species on Ni (111). As predicted by
a DFT study, the chemisorption of CO2 on Ni (111) is not
energetically favored.40 However, CO and atomic oxygen, prod-
ucts of CO2 dissociation, bind strongly to nickel. The full reac-
tion pathway is shown in Fig. 1. Once the CO species is formed
on the surface (as CO*), hydrogenation of CO to CHO* (Ea ¼
1.35 eV (ref. 42)) is more favourable than COH* (Ea ¼ 1.81 eV
(ref. 42)). Even COH*, formed on Ni (111), prefers to be disso-
ciated to CO* because of the low backward reaction barrier (Ea¼
0.85 eV (ref. 42)). Further dissociation of CHO* to CH* has
a 1.28 eV barrier and the subsequent addition of H to CH* to
form CH4 with small barriers65 (Ni (111): CH*þH*/CH*

2; Ea ¼
0.52 eV (ref. 62) and CH*

2 þ 2H*/CH4ðgÞ; Ea ¼ 0.50 eV (ref.
62)). Since CO2 methanation is an exothermic reaction, the heat
accumulation from the reaction promotes the dissociation of
This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 5792–5812 | 5797
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CO (Ea ¼ 3.01 eV (ref. 42)) or other intermediates, such as COH*

(Ea ¼ 2.07 eV (ref. 42)), CHO* (Ea ¼ 1.28 eV (ref. 42)) and CH* (Ea
¼ 1.32 eV (ref. 42)) to carbon species.

However, it is favourable for CO2 methanation over Ni (211)
or Ni (110) to proceed through direct CO2 hydrogenation
because of the lower barrier for CO2 hydrogenation to HCOO*
(Ea ¼ 0.70 eV (ref. 42 and 64)) than CO2 dissociation (Ea ¼
0.82 eV (ref. 42)) and weaker H binding energies than on Ni
(111). CO2 hydrogenation to form COOH* with a barrier
around 0.70 eV (ref. 42 and 64) is followed by the hydrogena-
tion of COOH* to COHOH* (Ea ¼ 0.34 eV (ref. 64)). Further
dissociation of COHOH* to HCOH* has a 0.24 eV barrier.64

Hydrogenation of HCOH* to CH2OH* has a barrier of 1.00 eV
(ref. 64) and further hydrogenation to CH*

3 has a barrier of
1.47 eV.64 The reaction pathway through HCOO* to form CH4

presented in Fig. 1 is less favourable than through COOH* due
to the higher barrier required for the hydrogenation of
methoxy (CH3O*) to CH4.

On the other hand, HCOO* is considered as the key inter-
mediate for producing methanol, especially on In2O3 and Cu-
based catalysts.66–71 Studies by Schatz and his co-workers72

suggested that the formation of HOCO*, HCOO*, HCO*
3 and

CO* on Ni (110) is theoretically feasible during CO2 hydroge-
nation. The reaction temperature, CO2 coverage on the surface
and the energy of the hydrogen atom determine which inter-
mediates would be formed and which product would be
obtained.72

The support has a signicant effect on CO2methanation over
the supported nickel catalyst.8–20,73,74 It has a big inuence on
the adsorption of the reactants, desorption, electron density of
the supported Ni catalyst and Ni–support interactions. Among
various supporting materials, CeO2 has been extensively inves-
tigated.10,15,73–78 CeO2 shows a better activity and a close to 100%
selectivity toward CH4 than other supporting materials.77,78 The
perfect CeO2 surface shows poor ability for CO2 or CO chemi-
sorption or activation. The adsorption energies of CO2 and CO
on CeO2(111) are �0.27 (ref. 55) and < �0.2 eV, respectively.79,80

CeO2 stabilizes the Ni particle and increases its activity by
elongating the bond length of Ni–Ni when Ni is loaded on the
CeO2 surface. CeO2 enhances the activation of CO2 at the
interface of Ni particles and the CeO2 surface and promotes the
adsorbed CO2 species to react with the H atoms on nickel to
produce methane through the COOH reaction pathway.

The strong reducibility of CeO2 facilitates the creation of O
vacancies. CeO2(110) and (111) surfaces with O vacancies favour
CO oxidation but further oxidation of CO2 to carbonate is
kinetically hindered due to too much electron accumulation on
O vacancies.81 In addition, loading Ni clusters on the CeO2

surface was found to be favourable for the oxidization of C to CO
and for further CO oxidation. CeO2 thus improves the resistance
of carbon deposition from CO decomposition by facilitating the
oxidization of C and CO. This leads to enhanced coke resistance
for CO2 methanation.
5798 | J. Mater. Chem. A, 2022, 10, 5792–5812
4.2 Operando studies based on the single crystal

To study the mechanism of CO2 methanation over a supported
Ni catalyst, an operando study is also important. By means of
infrared-visible sum frequency generation (IR-vis SFG) vibra-
tional spectroscopy and NAP-XPS, Roiaz et al.82 studied the
hydrogenation of CO and CO2 on the Ni (110) single crystal at
10�1 mbar in situ as a function of the surface temperature in the
range of 300–525 K. In addition to atomic carbon and precur-
sors for graphenic carbon phases, ve non-equivalent CO
species have been distinguished, which conrms co-adsorption
of H and C atoms, H-induced activation of CO, and surface
reconstruction. At low temperatures, carbonate species are
produced by the interaction of CO2 with atomic oxygen, which
stems from the dissociation of *CO2 into *CO + *O. A meta-
stable activated CO2

� species is also detected. This species can
be at the same time a precursor state toward dissociation into
CO and O in the RWGS mechanism and a reactive species that
undergoes direct hydrogenation conversion in the CO2 metha-
nation process.82 This suggests that CO2 methanation occurs
through the two parallel routes.

Using AP-XPS, Heine et al.83 investigated the adsorption and
reactions of CO2 and CO2 + H2 on the Ni (111) surface to identify
the surface chemical state and the nature of the adsorbed species
during the methanation reaction. In 200 mTorr CO2, they found
that NiO is formed from CO2 dissociation into CO and atomic
oxygen. Moreover, carbonate (CO3

2�) is present on the surface
from further reaction of CO2 with NiO, as shown in Fig. 3. The
addition of H2 into the reaction environment leads to the
reduction of NiO and the disappearance of CO3

2�. They found
that CO adsorbed on hollow sites, atomic carbon and OH species
are present on the surface at temperatures > 160 �C. Their study
suggested that the methanation reaction proceeds via direct
dissociation of CO2. The reduction of CO is then followed to
atomic carbon. The further hydrogenation of atomic carbon
leads to the formation of methane. However, carbon formation
on a nickel catalyst is an important but complex issue. The
carbon formation of supported Ni catalysts may cause deactiva-
tion during CO2 methanation. Previous studies have conrmed
that the Ni (111) facet possesses the correct symmetry and low
lattice mismatch for graphene growth.84–86 This would explain the
better reactivity of the catalyst with more Ni (111) for CO2

methanation87,88 since graphene like carbon tends to form
methane during the hydrogenation. Hu et al.89 also found that
coke is unlikely to form on Ni (111) during CO2 reforming of
methane. The carbon species formed on Ni (111) have better
reactivity with hydrogen and CO2.90 Patera et al.91 reported an
atomic-scale description of the structure of graphene edges on Ni
(111), both during and post growth, by using STM. They
demonstrated that temperature acts as a control parameter
driving the structure of graphene/Ni (111) edges by changing
their passivation. When graphene forms above a Ni (111)
substrate (i.e., at T > 300 �C), during the growth process, its edges
are clean and anchored to the metal substrate. This conrms the
theoretical prediction by Zhang et al.92 Growing graphene akes
are thus sealed, most probably thereby hindering the penetration
of ad-species below the akes. Upon cooling to room
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Oxidation of Ni (111) in a CO2 atmosphere. (a) C 1s, (b) O 1s, and (c) Ni 2p3/2 in 200 mTorr CO2 in the temperature range from room
temperature to 200 �C. All spectra are recorded at a kinetic energy of 200 eV, except where labels indicate amore bulk-sensitivemeasurement at
Ekin ¼ 550 eV. Inset: molecular structure of NiCO3.83 Copyright 2016, American Chemical Society.

Fig. 4 The atomic description of graphene on Ni (111).93 Copyright
2014, American Chemical Society.
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temperature, the growth is stopped, and supported graphene
akes are formed. Fig. 4 shows an illustrated STM image of
graphene on Ni (111).93 Patera et al.94 recently reported real-time
imaging of adatom promoted graphene growth on Ni (111) by
means of in situ high speed STM measurements. By monitoring
layer formation at the atomic scale and with a time resolution
down to milliseconds, at the kink sites of the graphene edges, it
was observed that single Ni atoms are involved directly in the
graphene growth process. Based on the DFT study, it can be
observed that reaction barriers are substantially lower for the
carbon (C) atom addition driven by Ni adatoms.

Methods used for graphene studies can be easily extended to
the investigation of CO2 methanation on not just Ni (111). A Ni
(111) substrate could enhance the reactivity of the carbon
formed because of charge hybridization. In addition, the
This journal is © The Royal Society of Chemistry 2022
surface reactivity of the nickel catalyst can be strongly modu-
lated by surface carbon structures.95 The content or the thick-
ness of the formed carbon also has a signicant effect for
further reactions.84

4.3 Operando studies of the nickel catalysts on the porous
supports

The operando studies and/or the in situ characterization of
supported nickel catalysts for CO2 hydrogenation is obviously
more complex and more challenging. For the investigation of
the structural effect of nickel catalysts on CO2 methanation,
studies based on single crystals may not be suitable because
they lack the inuence of electronic effects.96 Increasing publi-
cations can be found in the literature on the operando studies
and/or the in situ characterization of nickel catalysts supported
by a porous support, in order to understand the dynamic
evolution of the catalyst structure during the reaction, to
investigate the nickel–support interaction, and to ensure the
optimum condition for catalyst preparation.

Using operando X-ray absorption spectroscopy (XAS) anal-
yses, Mutz et al.97 found that a fast bulk-like oxidation of the Ni
particles occurred immediately aer the removal of hydrogen
from the gas stream, during their study on CO2 methanation
over a Ni/CaO–Al2O3 catalyst with high Ni loading (23 wt%) at
a H2/CO2 feed ratio of 4/1. In the following methanation step,
a lower catalytic performance was observed due to residuals of
partly oxidized Ni. This indicates that an efficient reactivation
step is necessary aer a H2 dropout to return to the initial
activity. These results are important for CO2 methanation
applications operating under more realistic conditions, where
the uctuating supply of hydrogen has to be considered.
Consequently, oxidation of the catalyst has to be prevented or
efficient reactivation procedures need to be developed.97
J. Mater. Chem. A, 2022, 10, 5792–5812 | 5799
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Fig. 5 Operando DRIFT spectra during the temperature-programmed
reaction of a gas mixture (40 mL min�1) containing 2.5% H2, 0.5% CO2

with argon as a carrier gas over Ni/ZrO2. The heating rate is
10 �C min�1. Symbol definition: bidentate bicarbonate ()), mono-
dentate carbonates (A), bidentate formate (+), monodentate formate
(*), linear CO or bridge CO (O) and gaseous CH4 (C).102 Copyright
2018, Elsevier.
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Vogt et al.96 applied quick operando XAS, together with
operando transmission Fourier transform infrared (FT-IR)
analyses, to study the size effect and thus the structure sensi-
tivity of the SiO2 supported Ni catalysts for CO2 hydrogenation.
By this study, they found that the sub-2 nmNi particle possesses
a lower d-band energy or higher electron localization, compared
to large nanoparticles. This has a considerable impact on the
catalytic activity.96 The Ni particles with a smaller size tend to
produce CO, while the catalysts with a larger size tend to favour
methane formation,96,98,99 although the formation of methane
was observed for the smallest Ni clusters (�1 nm).96 If the
supported nickel catalyst further goes down to single atoms,
only carbon monoxide is produced from CO2 hydrogenation.35

Moreover, the product formation rate increases by a factor of 3
at the same temperature aer the particle is formed.35 The
origin of the structure sensitivity of Ni/SiO2 for CO2 hydroge-
nation was considered to be the electronic structure of the
nickel catalyst within the nickel size of 1–7 nm.96 However, if the
catalyst size increases to 8–21 nm, the size effect is not the
consequence of electronic effects scaling with size.99 It would be
caused by the increase in the relative abundance of the active
sites resulting from the change of the geometric structure.99

The operando diffuse reectance infrared Fourier transform
(DRIFT) study is very useful for the study of the structural effect
of supported nickel catalysts on the adsorption, surface reac-
tion, conversion pathway and desorption for CO2 hydrogenation
to methane.35,96,99–109 With the in situ DRIFT or the operando
transmission FT-IR analyses, CO2 adsorption (and related CO
adsorption) on the supported nickel catalyst has been well
investigated. Some of the key intermediates, as presented in
Fig. 1, can be identied. Table 4 presents some illustrative
identied infrared vibrational bands and the assigned types on
the supported nickel catalyst during CO2 methanation.35,96,99–109

The reactive pathway(s) can be thus identied. If the catalyst
takes the direct CO2 dissociative pathway, carbonyls (CO*) can
be identied, followed by CO hydrogenation to form
methane.106 If the catalyst takes the hydrogen-assisted CO2

dissociation pathway, oxygenate intermediates can be
observed.106

Jia et al.102 reported an operando DRIFT study of the struc-
tural effect of Ni/ZrO2 with Ni (111) as the principal exposed
facet on CO2 methanation. The CO2 adsorption was rstly
investigated in the temperature range of 50–350 �C. At 50 �C,
bands at 1625, 1416 and 1220 cm�1 are observed. These bands
are attributed to bidentate bicarbonate species. A band at
1335 cm�1, assigned to monodentate carbonates, is also
observed. With the increasing temperature, the band intensities
for the bicarbonates reduce monotonically. However, new
bands for bidentate formates (1572 and 1356 cm�1), bidentate
carbonates (1552, 1537 and 1320 cm�1) and monodentate
carbonates (1521, 1450 and 1335 cm�1) present with gradually
increased intensities. Meanwhile, monodentate carbonates
increase more rapidly than bidentate carbonates above 200 �C.
This suggests the good thermal stability of monodentate
carbonates. The DRIFT studies verify that OH groups on the
ZrO2 surface provide weakly basic sites for bicarbonates,
whereas acid–base Zr4+–O2� pairs and O2� sites serve as
This journal is © The Royal Society of Chemistry 2022
moderately and strongly basic sites for bidentate and mono-
dentate carbonates.102 The bands related to adsorbed CO (CO*)
in linear and bridge forms on the Ni surface are visible in 2100–
1950 cm�1 and 1950–1750 cm�1. The adsorbed CO should be
formed from direct CO2 dissociation ðCO*

2/CO*þ O*Þ on the
Ni (111) facets, followed by the reaction with OH groups towards
a small amount of formates (CO* + OH* / HCOO*). The
appearance of the bands for bidentate formates is good
evidence for CO2 dissociation. The Ni (111) surface facilitates
the dissociation of CO2 into adsorbed CO as a crucial interme-
diate for methane synthesis.62,83,110

Operando DRIFT measurements for CO2 methanation over
Ni/ZrO2 were then conducted.102 As shown in Fig. 5, at 150 �C,
bicarbonates (1625, 1416 and 1220 cm�1), monodentate
carbonates (1521, 1450 and 1335 cm�1) and bidentate formates
(2867, 1572, 1384 and 1356 cm�1) were observed. Bidentate
formates keep substantially increasing up to 200 �C, accompa-
nied by a decrease of both bidentate bicarbonates and mono-
dentate carbonates. However, bidentate carbonates are invisible
due to their instability and rapid decomposition before hydro-
genation to formates. The appearance of a shoulder band at
1610 cm�1, which is typically attributed to monodentate
formates, is worth noting. It has been proposed that bidentate
formates originate from hydrogenation of bidentate bicarbon-
ates, and monodentate formates are derived from the hydro-
genation of monodentate carbonates. A smaller amount of
monodentate formates le on the catalyst is mainly due to their
faster hydrogenation and decomposition. It is sure that Ni/ZrO2

with Ni (111) as the principal exposed facet signicantly
improves the activity of the (bi)carbonate hydrogenation
towards bidentate and monodentate formates.102

Operando DRIFT analyses were further conducted to study
the evolution of adsorbed and gaseous species as a function of
J. Mater. Chem. A, 2022, 10, 5792–5812 | 5801
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Fig. 6 Variation of relative concentrations of CH4(g) (3015 cm�1),
adsorbed CO (2100–1750 cm�1) and bidentate formates (1572 cm�1)
during temperature-programmed CO2 methanation over Ni/ZrO2.102

Copyright 2018, Elsevier.
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the temperature102 with the calculated relative concentrations of
bidentate formates and adsorbed CO as well as gaseous
methane. The quantication of adsorbed CO was made by the
integration of bands in the range of 2100–1750 cm�1, while the
quantications of formates and methane were made following
the band intensities at 1572 and 3015 cm�1. The highest value
measured for every species was set to 100.0% in order to obtain
normalized relative concentrations from 200 to 350 �C. As
shown in Fig. 6, with increasing temperature from 200 to
250 �C, a gradual decrease of formates is induced from 100.0%
to 70.1%, accompanied by the respective increase of adsorbed
CO and methane from 20.9 to 64.6% and 1.6 to 17.2%. These
conrm that the dissociation of formates into adsorbed CO is
dominant for formate conversion at rst.102 Above 250 �C, the
methane production rate is signicantly boosted by the hydro-
genation steps. The adsorbed CO reaches the maximum at
275 �C, and then begins to be consumed to form methane.
Considering the respective evolution of adsorbed CO and
methane with the temperature, it is reasonable that methane
production is mainly limited by the rate-limiting steps of CO
Fig. 7 High-resolution TEM images of the Ni particles in (left) Ni/SiO2

prepared via decomposition of the nickel precursor thermally; and
(right) Ni/SiO2 via decomposition of the nickel precursor by energetic
species of cold plasma. Both samples were reduced by flowing
hydrogen at 500 �C for 2 h.111 Copyright 2013, Elsevier.

5802 | J. Mater. Chem. A, 2022, 10, 5792–5812
dissociation and hydrogenation. In addition, CO2 methanation
over Ni/ZrO2 with Ni (111) as the principal exposing facet prefers
to proceed via the direct hydrogenation of formates (formate*
/ CH4(g)) and the formate dissociation followed by the
hydrogenation of adsorbed CO (formate* / CO* / CH4(g)).
4.4 Structural studies via the size effect

CO2 hydrogenation to methane over a supported nickel catalyst
is structure sensitive. It is very important to prepare Ni catalysts
Fig. 8 High resolution transmission electron microscope (HRTEM)
images of the Nix/Mg2�xAl�MMO samples: (a and b) Ni0.4/Mg1.6Al–
MMO, (c and d) Ni0.8/Mg1.2Al–MMO, (e and f) Ni/MgAl–MMO and (g
and h) Ni1.6/Mg0.4Al–MMO. The insets in (b), (d), (f) and (h) show the
corresponding particle-size frequency distribution histogram (400
particles analyzed).117 Copyright 2016, Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2022
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with a controllable structure. However, obtaining a supported
Ni catalyst with a desired structure remains a signicant chal-
lenge. Only a few studies can be found in the literature on the
preparation of catalysts with Ni (111) as the principal exposed
face using specic preparation methodologies, such as cold
plasma,87,88,102,111–114 external magnetic eld assisted reduction115

and electrospinning,116 or using specic supports.117,118 Fig. 7
and 8 show illustrative images of the supported Ni catalysts with
Ni (111) as the principal exposed face.111,117

The studies of the structural effect of supported nickel
catalysts for CO2 hydrogenation to methane are mostly via the
size effect. This means that most of the reported studies affect
the catalyst structure via the limited nickel nanoparticle size in
empirical ways. A decrease in the size of the nickel catalyst
causes an increase in the proportion of surface species, surface
defects and heterogeneity of the atomic structure. This leads to
improved hydrogen activation and enhanced Ni–support inter-
actions. The decreasing particle size enhances the quantum size
effects with changes in the electronic nature.119 A smaller size of
the nickel catalysts results in enhanced activity for CO2

methanation. If the catalyst size goes down to a single nickel
atom, the activity of the catalyst may undergo a total change
because of the change in the electronic structure, induced by
the quantum size effect.

The size effect is highly coupled with the support effect.120

One can even tune the product of CO2 hydrogenation from CO
to methane with the change of supporting materials for the
nickel catalysts of 1 to ca. 5 nm.121

The inert SiO2 is an excellent supporting material for the
studies of the size effect. Vogt et al.96 applied operando trans-
mission FT-IR spectroscopy for their study of the size effect of
SiO2 supported Ni catalysts (within the nickel size of 1–7 nm) for
CO2 hydrogenation. They observed that the catalyst with the
highest nickel dispersion or the smallest nickel particle size
exhibits relatively few bands assigned to adspecies containing
CO stretching vibrations, while the catalyst with the largest size
presents big peaks in this region.96 They found that the intensity
of the absorption bands in the CO* stretching region during
CO2 hydrogenation is positively correlated with the catalyst
size.96 They suggest that this absorption intensity can be an
indirect measure for the mean catalyst size.96 Gaseous CO is
detected only for the smaller nickel particles (less than 1.5 nm).
The amount of gaseous carbon monoxide is more or less
negatively correlated with the catalyst size.96 All the CO species
on the catalyst of small size are easily ushed off, while CO*
presents in much more stable congurations, like bridged
carbonyl or carboxylate species, on the catalyst with a larger
particle size.96 Moreover, Vogt et al.96 further used isotopically
labelled gas feedstocks (13CO2 and D2) for operando FT-IR
measurements, to investigate the reactivity of the intermedi-
ates, such as formate and CO species. Their studies showed that
no interaction occurs between the adsorbed 12C and H in the
formate species and the isotopically labelled feedstocks for the
catalysts of small Ni particle sizes.96 For the Ni catalysts of larger
particle sizes, however, these labelled gases readily interact and
shi the formate peak with both D2 and 13CO2 pulses. They
found that the intermediate CO* species dominate the surface
This journal is © The Royal Society of Chemistry 2022
of the catalysts with larger Ni nanoparticles, while, in the case of
catalysts of smaller sizes, formate species dominate the surface
with detectable gaseous CO.96

Wang et al.120 carried out an operando DRIFT study of Ni/SiO2

for CO2 methanation with the nickel catalyst size of 3.5–7.5 nm.
The activity for CO2 methanation quickly decreases with
increasing catalyst size.120 The smaller catalysts possess higher
reactivity towards CO2 methanation, whereas the larger cata-
lysts favour the formation of CO, the major by-product. The
DRIFT studies indicate that the small nickel catalysts with
highly co-ordinately unsaturated surface Ni sites are active for
CO2 methanation through facile adsorption and stabilization of
the monodentate carbonate in the adsorption state. This facil-
itates the formation of monodentate formate species as well as
linearly adsorbed CO species, leading to subsequent hydroge-
nation toward methane.120

According to the literature, the following approaches have
beenmostly employed to limit the size of Ni catalysts: (1) the use
of promoter(s); (2) the formation of alloyed catalysts and bi-
metallic catalysts; (3) modication of the surface properties of
the catalyst or the supporting material; (4) the use of a sup-
porting material with a high surface area; (5) the use of struc-
tured catalysts; (6) the use of process intensied preparation
methods, such as combustion, cold plasma decomposition of
the catalyst precursor, and gel or urea assisted preparation; (7)
the application of specic catalyst precursors and others.

Li et al.122 developed a precise control of the growth and size
of Ni nanoparticles on Al2O3 by loading of Ni2+ ions into metal–
organic framework (MOF) MIL-110 (Al) via incipient wetness
impregnation, followed by drying at 120 �C, as well as calcina-
tion at 600 �C in air and then hydrogen reduction at 600 or
800 �C. An up to �20 wt% Ni loading was applied. The particle
size of Ni NPs on Al2O3 is well controlled and maintained at
�5 nm irrespective of low- or high-temperature reduction. The
formation of surface spinel species leads to a strong metal–
support interaction and stabilizes the high dispersion of Ni
NPs.122

The spatial distribution of the Ni nanoparticles has an effect
as well.123,124 Shen et al.123 investigated the effect of micropores
on the supported Ni/SiO2 catalyst for CO2 methanation. They
found that there exist both ultra-small Ni nanoclusters and
larger Ni nanoparticles for Ni/SiO2 with plenty of micropores.
However, only large Ni nanoparticles are present on the catalyst
with fewer micropores. CO2 can be activated to CO on small Ni
nanoclusters during CO2 methanation, and the generated CO
will be further converted to methane on larger Ni nanoparticles.

The use of high surface area porous materials for highly
dispersed Ni catalysts is always attractive. Haller and his co-
workers125 employed MCM-41 to load highly dispersed Ni
nanoparticles on it for CO2 methanation at temperatures as low
as 573 K. At a Ni loading of 3 wt%, the methane selectivity
reaches almost 100%. They conrmed that the hydrogen treat-
ment of Ni-MCM-41 induces the formation of a highly dispersed
and thermally stable metallic Ni catalyst. The highest activity
and selectivity were achieved on the catalyst reduced at 973 K,
with which Ni is mostly reduced to Ni0 with a particle size of
1.7 nm. No serious aggregation was observed aer the reaction
J. Mater. Chem. A, 2022, 10, 5792–5812 | 5803
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due to the surface anchoring effect.125 Lu and his co-workers
recently used metal–organic framework MOF-5 with a surface
area of 2961 m2 g�1 to disperse Ni nanoparticles within it for
CO2 methanation.126 A very high dispersion of Ni (41.8%) has
been achieved, leading to a signicant enhanced activity. CO2

conversion reaches 47.2% at 280 �C with a methane selectivity
of 100% (from 200 to 320 �C). This MOF-5 supported Ni catalyst
shows almost no deactivation in a long-term stability test up to
100 h.126

Chu and his co-workers127 conrmed that the basic sites of
the support have a signicant effect on the activity of the Ni
catalyst for CO2 methanation. This was also conrmed by
Muroyama et al.128 The treatment of the support can be applied
towards the desired basic sites.127

The oxygen vacancy of the support signicantly enhances the
Ni–support interaction, stabilizes the nickel nanoparticles,
promotes the formation of a Ni–support active interface and
improves the adsorption of carbon dioxide and
hydrogen.102,103,105,109,129–135 Obviously, the effect of the support
cannot be ignored.136,137 Tsubaki and his co-workers138 recently
reported the preparation of nanoparticle promoted Ni-based
bimodal pore catalysts by the impregnation of nickel
precursor on SiO2, Al2O3 and ZrO2 nanoparticle modied SiO2

supports. The catalysts were named Ni/SiO2–Si, Ni/SiO2–Al and
Ni/SiO2–Zr. The introduction of nanoparticles into the SiO2

support increases the surface area of the catalyst and improves
the dispersion of nickel. The activity for CO2 methanation is
signicantly enhanced. The CO2 conversion increased in the
order of Ni/SiO2 (unmodied catalyst) < Ni/SiO2–Si < Ni/SiO2–Al
< Ni/SiO2–Zr, corresponding to the increasing order of their
surface areas. They found that the modication of ZrO2 and
Al2O3 nanoparticles improved CO2 chemisorption and dissoci-
ation, and thus resulted in extremely high CH4 selectivity (about
100%) at low reaction temperatures (<450 �C).138 A strongmetal–
support/promoter interaction was also observed in ZrO2 and
Al2O3 nanoparticle promoted catalysts, inhibiting the sintering
of nickel and contributed to the high stabilities of these two
catalysts in CO2 methanation.138

A strong Ni–support interaction is basically required to limit
the catalyst size. Increasing investigations can be found in the
use of a structured support for enhanced Ni–support interac-
tions for CO2 methanation.139–152 Catalysts with well-dened
structures can lead to higher dispersion, better reactivity,
improved selectivity and enhanced stability. In some cases, the
structured catalyst itself contains nickel and acts as precursors.
Since CO2 methanation is an exothermal reaction, the use of
a structured catalyst not only improves the activity but also
results in enhanced heat and mass transfer for optimum cata-
lyst performance. Aziz et al.145 prepared mesostructured silica
nanoparticles (MSN) to obtain the Ni/MSN catalyst for CO2

methanation. They found that the catalytic performance of Ni/
MSN closely depends on the structure of the catalyst, which
consists of both intra- and inter-particle porosity. The presence
of interparticle porosity facilitates the transport of reactant and
product molecules during the reaction. The higher diffusion of
CO2 in the pores of Ni/MSN increases overall reaction rates and
results in higher conversion, compared to Ni/MCM-41. The
5804 | J. Mater. Chem. A, 2022, 10, 5792–5812
internal mass transfer resistance is negligible with this Ni/MSN
catalyst. The high basicity of Ni/MSN catalysts is crucial to the
high activity of the reaction with enhanced CO2 adsorption. The
presence of defect sites or oxygen vacancies in MSN was
considered to be responsible for the formation of surface
carbon species, while Ni sites dissociate hydrogen into atomic
hydrogen. Carbon atoms are then combined with atomic
hydrogen for the formation of methane. The Ni/MSN catalyst
shows good stability with no deactivation for 200 h.145

Borgschulte et al.146 employed a nanostructured Ni@zeolite
5A catalyst for a sorption enhanced CO2 methanation with
amethane yield up to 100%. Duan and his co-workers147 applied
a hierarchical Al2O3 matrix for loading of high particle density
nickel for CO2 methanation. A surface defect-promoted Ni
catalyst with high dispersion is fabricated. It exhibits excellent
activity and stability. Abundant surface vacancies generate and
serve as active sites, resulting in signicantly enhanced low-
temperature activity. The anchoring effect from the support
gives rise to high reaction stability, without sintering and/or
aggregation of active species for long-term reactions.147

Li et al.148 reported a Ni–Al2O3/Ni-foam catalyst with
enhanced heat transfer for CO2 methanation. This catalyst was
prepared using a modied wet chemical etching method. A
uniform NiO–Al2O3 composite catalyst layer (�2 mm) is effi-
ciently formed and rmly anchored onto the foam structure by
directly immersing the Ni-foam substrate into a chemical
etching solution consisting of sodium dodecyl sulphate, acetic
acid, and aluminum nitrate, followed by calcination under air. A
high CO2 conversion of �90% with a high methane selectivity
(>99.9%) has been obtained and remained stable for 1200 h.148

5. CO2 hydrogenation to CO

According to Fig. 1, either direct CO2 dissociation or hydrogen-
assisted CO2 dissociation can lead to the formation of CO. CO is
an important intermediate for syntheses of methane and
methanol. CO2 hydrogenation to CO or the RWGS reaction
(reaction (5) in Table 1) is a side reaction of CO2 methanation
and CO2 hydrogenation to methanol. Methane is normally the
main product below 600 �C.28 A further increase in the reaction
temperature causes CO formation.11,28,36,37 100% selectivity to
CO can be observed at 750 �C.28 This suggests that the
exothermic CO2 hydrogenation to methane dominates at
temperatures below 600 �C, whereas the RWGS reaction is the
predominant one at temperatures above 600 �C.28

As addressed above, the size of the nickel catalyst has
a signicant effect on the selectivity of CO2 hydrogenation,
coupled with the support effect. The small catalyst size favours
the selective hydrogenation of CO2 to CO. The SiO2 supported Ni
catalyst has higher activity for RWGS, compared to CeO2 and
TiO2.36,120,153 The Ni catalyst that adsorbs CO strongly favours
CO2 hydrogenation to methane and methanol, while the cata-
lyst that binds CO weakly tends to formation of CO.10,13

Lin et al.34 reported a stable and active Ni/g-Mo2N catalyst for
the hydrogenation of CO2 to CO. They found that the pre-
synthesized Ni particles of 4 nm are able to reverse sintering
into the under-coordinated Ni species aer a high temperature
This journal is © The Royal Society of Chemistry 2022
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activation procedure driven by the intense interaction between
Ni and g-Mo2N. The high dispersion of Ni occurs aer the
reduction of bulk phase Ni and the removal of the surface
passivated O-layer of g-Mo2N. The obtained Ni/g-Mo2N catalyst
shows 96% CO selectivity, at temperatures between 300 and
500 �C, with high CO2 conversion.34

Based on the electronic conguration of the nickel atom, the
Ni-SAC is excellent for CO2 hydrogenation to CO. It was found
that a single nickel atom is only able to take part in the 2e�

redox cycle. Ni clusters are needed for the full hydrogenation of
CO2 with the 8e� redox cycle.35 The unique characteristics of the
SAC render Ni-SAC active for electro-chemical CO2 reduction to
CO.154–157 Frei and his co-workers35 conrmed that the MgO
supported Ni-SAC is active for RWGS. MgO supported Ni NPs
Fig. 9 (A) Product formation rate of Ni_10 at 30 bar, and different tem
measurements. (B) TEM image of the sample after testing at 350 �C.35 C

Fig. 10 IR spectroscopy under reaction conditions (4H2/CO2); stepwise
(A) zoom-in of the 1200–1700 cm�1 area; (B) zoom-in of the 2900–3200
American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
are normally highly active for CO2 methanation.158–160 In2O3

supported Ni-SACs were theoretically conrmed to be active for
RWGS as well.29,161 This can be further conrmed by the effect of
the reaction temperature on the stability of the supported Ni-
SAC.35 It was reported that the MgO supported Ni-SAC remains
stable at a reaction temperature of 300 �C, with which CO is
produced through the RWGS reaction.35 Particularly, the activity
of the catalyst increases when the temperature increases from
200 �C to 300 �C, as shown in Fig. 9.35 When the reaction
temperature increases to 350 �C, methane and even methanol
are produced with an aggregation of the Ni-SAC. As the reaction
goes back to 300 �C, methane andmethanol disappear. Only CO
is detectable.35 This obviously suggests that CO2 hydrogenation
peratures; the upper left corner represents the sample after 300 �C
opyright 2019, American Chemical Society.

increase from 200 �C (black), to 250 �C (dark red), and to 300 �C (red):
cm�1 area; (C) zoom-in of the 1550–1650 cm�1 area.35Copyright 2019,
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Fig. 11 Comparison of the activities of Ni/In2O3–ZrO2, Ni/In2O3, In2O3–ZrO2 and In2O3 for CO2 hydrogenation to methanol (5 wt% Ni loading).
(a) CO2 conversion and methanol selectivity and (b) STY.31 Copyright 2022, Elsevier.
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to methane andmethanol needs nickel clusters, not the Ni-SAC,
with MgO as the support.35

In situ IR analyses were employed for CO2 hydrogenation
over the MgO supported Ni-SAC.35 As shown in Fig. 10, when the
reaction temperature increases from 200 �C to 250 �C and then
to 300 �C, a progressive decrease of the carbonate signals (1435,
1529 cm�1) from the decomposition of the surface overlayer is
observed, accompanied by an increase of the bicarbonate signal
(1250 cm�1), formate signals (1342, 1606 cm�1), and the
appearance of methane (Fig. 10A, 1305 cm�1; Fig. 10B,
3016 cm�1). This clearly shows that, with increasing tempera-
tures, methane starts to form, evidence of the aggregates of the
Ni-SAC. In addition, a pronounced shi in the formate area
from 1607 to 1596 cm�1 is observed, as shown in Fig. 10C. While
values around 1600–1606 cm�1 were assigned to formate
species on MgO, values around 1591 cm�1 were attributed to
stretching vibrations from formate species on Ni0 nanoclusters,
further supporting the correlation of cluster formation and
methane production.35

A limitation with the use of Ni-SACs for the RWGS reaction is
the possible formation of Ni(CO)4.162 The Ni-SAC with intense
Ni–support interactions is basically required for CO2 hydroge-
nation to avoid the formation of Ni(CO)4.

6. CO2 hydrogenation to methanol
6.1 Theoretical studies

There is increasing interest in the use of supported nickel
catalysts for CO2 hydrogenation to methanol. Fig. 1 shows that
either direct CO2 dissociation or hydrogen-assisted CO2 disso-
ciation can lead to methanol synthesis from CO2 hydrogena-
tion. Three general pathways can be considered based on the
mechanism of CO2 dissociation, including the formate
pathway, CO hydrogenation pathway and RWGS pathway.10,22

Peng et al.48 predicted the possibility of CO2 hydrogenation to
methanol on Ni (110). They found that Ni (110) takes the
formate pathway for CO2 hydrogenation to methanol. However,
two routes coexist via HCOOH* and H2COO* species, as shown
5806 | J. Mater. Chem. A, 2022, 10, 5792–5812
in Fig. 1. The hydrogenation step of CH2O* to CH3O* competes
with that to CH2OH*.48 The hydrogenation of CH3O* to
CH3OH* is the rate-determining step for the CH3O route on Ni
(110). They also found that the presence of HCO* as a source of
hydrogen facilitates the hydrogenation of CH3O*.48 This
suggests the promotional effect of CO. CO can also involved in
methanol synthesis.48 CO can be rst hydrogenated to HCO*,
which can be further hydrogenated to CH2O*, and nally to
CH3OH* (through CH3O* or CH2OH*).48

The formation of methanol from CO2 hydrogenation is
theoretically feasible on Ni13.50 The optimized pathways for the
formation of methanol and methane are
CO*

2/HCOO*/H2COO*/H2CO*/H3CO*/CH3OH* and
CO*

2/HCOO*/H2COO*/H2CO*/H3CO*/CH*
3/CH*

4:
50

The hydrogenation or the dissociation of H3CO* determines the
selectivity for CH3OH and CH4.50

The oxide support plays an important role in methanol
synthesis from CO2 hydrogenation, as conrmed by our recent
DFT study on Ni4/In2O3.22 It was shown that the RWGS pathway
is the most theoretically-favoured for CO2 hydrogenation to
methanol on Ni4/In2O3.22 The complete pathway follows CO*

2 /

COOH* / CO* / HCO* / H2CO* / H3CO* / H3COH*, as
shown in Fig. 1. The interfacial oxygen vacancy of In2O3 serves
as the active site for boosting CO2 adsorption and charge
transfer between nickel species and indium oxide, which
synergistically promotes the consecutive CO2 hydrogenation
towards methanol.22 The dissociation of hydrogen occurs on Ni
clusters in an almost barrier-less manner. The hydrogen ada-
toms spillover from the Ni cluster to the interfacial active site
for the hydrogenation of adsorbed carbon dioxide. However, the
nickel atom numbers have a big inuence. Ni1/In2O3 and Ni2/
In2O3 catalysts favour the RWGS reaction,29,161 leading to CO
formation, because of higher energy barriers for methanol
synthesis.

The location of nickel in the support has an inuence on the
adsorption of carbon dioxide. The Ni atoms situated in the bulk
do not signicantly contribute to the conversion of carbon
dioxide on the Ni-SAC catalyst on MgO.35 Based on the DFT
This journal is © The Royal Society of Chemistry 2022
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calculations, as a nickel atom is located deeper in the subsur-
face, the contribution of Ni states to the bonding of adsorbed
CO2 species is decreased.35 The location of the Ni-SAC on In2O3

has signicant effects on hydrogen dissociation as well for CO2

hydrogenation.29 For the stoichiometric In2O3 surface and the
In2O3(111) surface doped with a Ni single atom, H2 dissociation
leads to two OH groups. This indicates a homolytic dissocia-
tion.29 The reaction over the stoichiometric surface is activated
by 105 kJ mol�1 with an adsorption energy (DEads) of
�250 kJ mol�1. Doping of a Ni single atom in the In2O3(111)
surface causes a small decrease of the activation barrier to
79 kJ mol�1 with a more exothermic reaction energy (DEads ¼
�300 kJ mol�1).29 If the Ni single atom is located on the
In2O3(111) surface, instead of doping, H2 activation involves the
single Ni atom adsorbed on top of the In2O3(111) surface. One
of the H atoms remains at the Ni atom, while the other migrates
to a neighbouring O atom, resulting in, respectively, Ni–H and
OH fragments.29 The barrier associated with H2 dissociation is
only 11 kJ mol�1.29 Similar results have been reported by Frei
et al.161 for Nix–In2O3 ensembles. Different from the Ni-SAC, H2

activation over the In2O3(111) supported Ni8 cluster occurs in
two steps. Aer adsorption of molecular H2 with DEads of
�90 kJ mol�1, H–H bond scission causes two H atoms to be
adsorbed in a bridged conguration. With respect to the gas
phase, the process of H2 activation is barrier-less.29 The same
result has been also obtained on a defective In2O3(111) surface
supported Ni4 cluster22 for CO2 hydrogenation to methanol.
6.2 Experimental studies

A Ga2O3 supported nickel catalyst was reported to be active for
CO2 hydrogenation to methanol.26 A big size (10.2 nm) of the
nickel catalyst shows the highest selectivity of methanol.26

Smaller catalysts favour the RWGS reaction.26,163 However, the
mechanism is not clear. Further operando studies would be
needed.

Jia et al.27 employed wet chemical reduction to prepare the
In2O3 supported nickel catalyst with sodium borohydride
(NaBH4) as a reducing agent. The obtained catalyst shows
highly dispersed Ni species with intense Ni–In2O3 interactions
and enhanced oxygen vacancies. The highly dispersed Ni
species serve as the active sites for hydrogen activation. Abun-
dant H adatoms are thereby generated for oxygen vacancy
creation on the In2O3 surface. The enhanced surface oxygen
vacancies further lead to improved CO2 conversion. As a result,
an effective synergy between the active Ni sites and surface
oxygen vacancies on In2O3 causes a high activity for CO2

hydrogenation to methanol. The formation of methane can be
ignored even at a nickel loading up to 10 wt%. When the reac-
tion temperature is lower than 225 �C, the selectivity of meth-
anol is 100%. It is higher than 64% in the temperature range
between 225 �C and 275 �C. The methanol selectivity is still
higher than 54% at 300 �C.27 DFT calculations conrm that the
electron transfer is partially from nickel to In2O3, similar to
In2O3 supported gold164 and silver165 catalysts for CO2 hydroge-
nation to methanol. The intense Ni–In2O3 interaction causes
a big change in the pathway of CO2 hydrogenation to methanol.
This journal is © The Royal Society of Chemistry 2022
In2O3 takes the formate pathway for methanol synthesis from
CO2 hydrogenation,166 while the In2O3 supported Ni4 catalyst
takes the RWGS pathway.22 Catalyst characterization suggests
that no InNi alloy is formed.27 This was conrmed by Hensen
and his co-workers with operando studies.29 The Ni loading has
a signicant effect on the activity and selectivity of Ni/In2O3 for
CO2 hydrogenation. A low Ni loading leads to the formation of
Ni species in the form of single atoms or very small clusters.29

These kinds of Ni species can signicantly facilitate the disso-
ciative adsorption of H2, which otherwise requires a high acti-
vation barrier on the pure In2O3 surface.29 The selective
hydrogenation of CO2 to methanol is thus caused. The forma-
tion of methane and CO was observed at high Ni loadings.29

The activity of Ni/In2O3 for CO2 hydrogenation to methanol
can be further improved with the use of In2O3–ZrO2 solid
solution as the support.31 A highly dispersed nickel catalyst is
also obtained by chemical reduction.31 A CO2 conversion of
17.9% with a methanol yield of 0.63 gMeOH gcat

�1 h�1 was
achieved at 300 �C and 5 MPa. Fig. 11 presents a comparison of
the activities of In2O3, Ni/In2O3 and Ni/In2O3–ZrO2 with a Ni
loading of 5 wt%.31 A higher Ni loading results in the formation
of methane, simultaneously with methanol synthesis from CO2

hydrogenation.

7. Conclusions and outlook

From the investigations reported, the following conclusions can
be made:

(1) The structure of the supported Ni catalyst has a signi-
cant effect on the adsorption and chemisorption of CO2 on the
catalyst surface, which will further affect the activity and
selectivity of the catalyst.

(2) The structural controllable preparation of a supported
nickel catalyst still remains a big challenge. The studies of the
structural effect on CO2 hydrogenation have mostly been via the
size effect by far. A decrease in the size of a nickel catalyst causes
an increase in the proportion of surface species, surface defects
and heterogeneity of the atomic structure. The decreasing
particle size enhances the quantum size effect with change in
the electronic nature of the catalyst. This leads to improved
hydrogen activation and enhanced Ni–support interactions,
causing a change in the activity and selectivity for CO2 hydro-
genation. If the catalyst size goes down to a single nickel atom,
the activity of the catalyst may undergo a total change because
of the change in the electronic structure, induced by the
quantum size effect.

(3) The supported Ni-SAC is generally a good catalyst for CO2

hydrogenation to CO because of the electronic conguration of
nickel and the electronic structure of the SAC. A support having
intense interactions with the Ni-SAC is required for CO
production in order to avoid the formation of Ni(CO)4 at low
reaction temperatures. The Ni-SAC shows high activity for CO2

hydrogenation to methanol with In2O3 as the support because
of the strong Ni–In2O3 interaction. The support has a signicant
effect on the properties of the supported Ni-SACs.

(4) The supported nickel nanoparticles are normally highly
active for CO2 hydrogenation to methane at temperatures below
J. Mater. Chem. A, 2022, 10, 5792–5812 | 5807
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600 �C. The selectivity of CO will reach 100% at temperatures
above 750 �C. The reaction of CO2 methanation has to compete
with the side RWGS reaction. The structure of the supported
nickel catalysts has a signicant inuence on the activity and
selectivity for CO2 methanation.

(5) With some specic supports, such as Ga2O3, In2O3 and
In2O3–ZrO2, the supported nickel catalyst becomes highly active
towards CO2 hydrogenation to methanol at temperatures below
350 �C. This big change is caused by the intense Ni–support
interaction, which changes the electronic structure of the nickel
catalyst and forms an active Ni–support interface for methanol
synthesis from CO2 hydrogenation. From the present under-
standing, it can be inferred that small nickel clusters are
generally required for methanol synthesis from CO2 hydroge-
nation. The DFT study conrms that the Ni/In2O3 catalyst
follows the RWGS pathway for CO2 hydrogenation to methanol.
The reaction of CO2 hydrogenation to methanol has to compete
with the side reactions of RWGS and CO2 methanation.

(6) The theoretical studies suggested that CO2 hydrogenation
to formic acid is feasible over Ni-SACs with the support of
unique electronic structures. Further experimental investiga-
tion is needed.

(7) Different CO2 hydrogenation pathways will be induced by
different catalyst structures. Considering the challenges in the
structural analyses of the catalyst, the DFT is a very useful tool
for studies of the catalyst structure, nickel–support interaction,
conversion pathway and others.

(8) The theoretical and experimental studies conrmed that
the oxygen vacancy and basic site of the support have signicant
effects on the activity and reaction mechanism of nickel cata-
lysts for CO2 hydrogenation. The strong interaction between
nickel and the support helps to limit the nickel size for
enhanced activity and to stabilize the catalytic activity. The
intense interaction between nickel and In2O3 with surface
oxygen vacancies has made the catalyst highly active for CO2

hydrogenation to methanol.
With the rapid development of renewable hydrogen tech-

nology, CO2 hydrogenation over supported nickel catalysts
attracts increasing interest worldwide. The innovation of sup-
ported nickel catalysts with a clear structure for CO2 hydroge-
nation has become a big bottleneck. It is very necessary to
conduct further fundamental studies in order to prepare nickel
catalysts with controllable structures or better understand the
structural effect on CO2 hydrogenation. The following future
studies are therefore suggested:

(1) Because of the complex network of CO2 hydrogenation
reactions, present theoretical studies have some obvious limi-
tations. Even for the supported Ni-SAC with a well-dened
structure, the reaction network is not simple. If the diffusion
is further considered, the issue will be even more complex.
Future studies have to consider the whole reaction network,
although it is difficult at this moment. Big data technology will
be useful for these important studies.

(2) The study of the supported Ni-SAC is just at the early
stage. With the specic quantum size effect of the single nickel
atom, we believe that the supported Ni-SAC will have more and
more applications for CO2 hydrogenation, encouraged by
5808 | J. Mater. Chem. A, 2022, 10, 5792–5812
extensive studies on the electro-chemical reduction of CO2 by
Ni-SACs and the studies of In2O3 supported Ni-SACs. The
investigation of supported Ni-SACs should focus on their
unique properties for CO2 hydrogenation and use them to tune
the activity and selectivity.

(3) Further experimental studies are needed for CO2 hydro-
genation to formic acid over supported Ni-SAC catalysts. The
key is to nd a support that possesses unique interactions with
Ni-SACs in order to stabilize the Ni-SAC, tune the electronic
structure and overcome the thermodynamic obstacle.

(4) The development of in situ catalyst characterization
technologies is immediately needed for the understanding of
the structural effect of Ni catalysts. Operando FTIR analysis is
still the most powerful tool at present for the in situ character-
ization of the catalyst for CO2 hydrogenation. However, IR
analyses are still limited for the measurement of species with
weak signals. Innovation is needed for the IR measurements of
chemical intermediates during CO2 hydrogenation. NAP-XPS,
STM and operando X-ray absorption spectroscopy have shown
promising applications in the in situ characterization of Ni
catalysts. More applications can be expected with these analyses
with the development of atomic-scale observations of catalyst
structures under real reaction conditions.

(5) The preparation of supported nickel catalysts with
controllable structures has to be further investigated to meet
the challenges in how to fabricate the desired catalyst and how
to stabilize it during the reactions. This investigation should
start from the very beginning of the shape and structure control
of nickel nanocrystals with no supporting materials.

(6) The catalyst structure has a signicant inuence on CO2

hydrogenation related reactions, including those with CO,
methane, various chemical intermediates and, especially,
carbon species formed during the reaction. There are many
opportunities in these aspects. For example, if the nickel cata-
lyst follows the CO pathway for CO2 methanation, it must have
good activity for CO methanation to obtain high activity for CO2

methanation. One can learn information on COmethanation to
develop promising catalysts for CO2 methanation.

(7) The adsorbed CO species is an important intermediate
for CO2 hydrogenation over the supported nickel catalyst. It was
conrmed that the catalyst that adsorbs CO strongly favors the
formation of methane or methanol, while the one that binds CO
weakly tends to produce carbon monoxide. CO can be a probe
molecule for the operando study of nickel catalysts to under-
stand the conversion pathway of CO2 hydrogenation. Further
progress can be expected.

(8) Because of the difficulty in structure identication, the
present comparison of the properties of supported Ni catalysts
for CO2 hydrogenation may not be accurate. For example, if one
would like to study the phase structure effect, it is better to
compare the experimental data with the same catalyst size. And,
if one would like to study the size effect, it is better to clearly x
the catalyst phase structure. Therefore, the structure analysis of
the catalyst is basic. This is a key issue related to the supported
nickel catalyst for CO2 hydrogenation.

(9) Fundamental studies, including the nucleation and
growth of the nickel crystal (especially on the porous supporting
This journal is © The Royal Society of Chemistry 2022
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materials), the interaction between the nickel and the support,
the preparation of the supporting material with a clear porous
structure and desired phase structure, are needed. Because of
the importance of defects or oxygen vacancies on the support
for CO2 hydrogenation, the creation and the stability of such
defects or vacancies are another signicant challenge.

In summary, the studies of the structural effects of sup-
ported CO2 hydrogenation are extremely important. Multidis-
ciplinary efforts are needed. With advances in theoretical
studies, data analyses, operando studies or in situ catalyst
characterization, single atom catalyst and novel catalyst prep-
aration, we believe further progress will be made soon for the
practical applications of supported nickel catalysts for CO2

hydrogenation.
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