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1. Introduction

Advances in studies of the structural effects of
supported Ni catalysts for CO, hydrogenation:
from nanoparticle to single atom catalyst

Zhitao Zhang,? Chenyang Shen,? Kaihang Sun,? Xinyu Jia,® Jingyun Ye @& *°
and Chang-jun Liu @ *2

Supported Ni catalysts are promising for CO, hydrogenation because of their relatively cheap price with
comparable activity to noble metal catalysts. The product of CO, 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 CO,
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 In,Oz-ZrO, 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 CO, 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 CO, hydrogenation, which is
highly structure sensitive. In this review, recent advances in the understanding of the structural effects of
supported Ni catalysts on CO, hydrogenation are summarized, including theoretical studies, operando
or in situ catalyst characterization and experimental studies. Future development is therefore finally
addressed.

significantly increasing attention worldwide owing to its
potential in large scale utilization of carbon dioxide."* CO,

With the rapid development of renewable energy, the hetero-
geneous hydrogenation of carbon dioxide (CO,) has attracted
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hydrogenation has also been considered to be promising for
energy storage.”” Many catalysts have been exploited and re-
ported for CO, hydrogenation.®*?* Among all the catalysts
exploited, supported nickel catalysts are promising because of
their high activity and relatively low price.*** 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 CO, hydrogenation to methane,
which is normally called CO, methanation and well-known as
the Sabatier reaction.*>** Theoretically, the product of CO,
hydrogenation over a supported nickel catalyst can be methane,
methanol, carbon monoxide through the reverse water gas shift
(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. CO,
methanation has potential applications in clean fuel produc-
tion, energy storage, carbon recycling and water supply for
spacecraft.”® Formic acid has been used for disinfection.** It can
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be used to produce hydrogen for fuel cell applications®**
because of its high hydrogen content (53 g L™"; 4.4 wt%).>*
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.”*** One can shift the selectivity of CO,
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 CO, hydrogenation.

According to a literature survey, most reported studies of
CO, hydrogenation on supported Ni catalysts are for methane
synthesis. With increasing studies on nickel cluster or single
nickel atom catalysts (Ni-SACs), CO, hydrogenation to methanol
or formic acid attracts more and more interest. More progress
can be expected for CO, 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, CO, 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 CO, and hydrogen. It can be
an excellent connection between a homogeneous catalyst, with
a well-defined structure, and a heterogeneous catalyst, which
can be easily separated after 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 CO, 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 CO, hydrogenation to
methane, carbon monoxide and methanol. CO, hydrogenation
to formic acid on a supported nickel catalyst only showed the
theoretical possibility at present. We will briefly 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 CO, hydrogenation
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nickel catalyst for heterogeneous CO, 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 CO,.
Future developments are addressed finally.

2. Reactions in CO, hydrogenation

The characteristics of CO, molecules and the thermodynamic
aspects of CO, hydrogenation have been well discussed in
review articles.®*?® Theoretically, CO, hydrogenation can
produce carbon monoxide, methane, methanol and formic
acid,’™" as shown in Table 1. Thermodynamically, CO,
methanation (reaction (4) in Table 1) is highly favoured (AG ¢
= —132.4 k] mol™"). It has to be carried out at moderately low
temperatures to limit the competitive endothermal RWGS
reaction. This means that CO production from CO, hydroge-
nation is normally carried out at elevated temperatures.*****” A
significant challenge is to improve the catalytic activity of CO,
methanation at low temperatures. CO, hydrogenation to
methanol (reaction (2) in Table 1) is also thermodynamically
favoured (AG,gg¢ = —10.7 kJ mol ') 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. CO,
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 solution** or unique
support additives.***?

Prof. Chen and his co-workers presented a reaction network
for CO, hydrogenation to CO, CH;OH and CH,.'*** This reac-
tion network can be further modified based on our recent DFT
studies of CO, hydrogenation to methanol.?* Fig. 1 shows the
modified reaction network,”” which includes CO, 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

AH,ge (K] mol ™) AGhggx (KJ mol ™)

No. Reaction

1 CO, + 3H, = CH;0H(g) + H,0(g)
2 CO, + 3H, = CH;OH(]) + H,0(1)
3 CO, + 4H, = CH, + 2H,0(g)

4 CO, + 4H, = CH, + 2H,0(])

5 CO, + H, = CO + H,0(g)

6 CO, + H, = CO + H,0(l)

7 CO, + H, = HCOOH(g)

8 CO, + H, = HCOOH(])

9 CO + 2H, = CH;0H(g)

10 CO + 2H, = CH;0H())

11 CO + 3H, = CH, + H,0(g)

12 CO + 3H, = CH, + H,0(])

13 2CO + 2H, = CH, + CO,

14 CH, = C(s) + 2H,

15 2CO = C(s) + CO,

16 CO + H, = C(s) + H,0(g)

17 CO + H, = C(s) + H,0(1)

18 CO, + 2H, = C(s) + 2H,0(g)

5794 | J Mater. Chem. A, 2022, 10, 5792-5812

—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 CO, hydrogenation over the supported nickel catalysts.?? (* means the adsorbed species). Copyright

2022, Elsevier.

and methanol can be obtained from multiple routes. Two
general pathways are derived from CO, dissociation. One is the
direct CO, dissociation via the redox mechanism
(CO; —CO* + 0*, red paths). The other is the hydrogen-
assisted CO, dissociation, as shown in Fig. 1, either via
formate (CO, +H*—HCOO*, green paths) or carboxylate
(CO; + H*—COOH*, blue paths) intermediates, while H* is
from H, dissociation (H, — H* + H*). The exact route princi-
pally depends on the catalyst structure.

3. CO, adsorption

The adsorption and activation of CO, on the nickel surface play
an important role in CO, hydrogenation. The formation of
adsorbed CO, from gas phase CO, can be the largest barrier for
the dissociation of CO,(g).*® Two mechanisms for CO, adsorp-
tion on the Ni catalyst exist. One is the dissociative adsorption
(CO; — CO* + C*). The other is the non-dissociative adsorption
(COy + 6e” — COZ‘S’) to form a bent CO,°~ structural mode
from the nickel to CO, charge transfer.*® The ability of CO,
chemisorption on Ni surfaces was found in the order of Ni (211)
> Ni (110) > Ni (100) > Ni (111), as shown in Table 2.*°*° The
higher CO, adsorption energies on the stepped Ni (211) was
attributed to the stronger charge transfer on Ni (211) than on
other low index surfaces.** The results suggest that low coor-
dinated Ni surfaces are more active for CO, chemisorption with
their stronger ability of electron donation. This also explains
that smaller Ni clusters show stronger CO, adsorption ability.

This journal is © The Royal Society of Chemistry 2022

For example, the CO, adsorption energy on Ni;; is —1.25 eV (ref.
51) or —120.2 k] mol ™" (ref. 51) and —100 k] mol™*,*® while it is
—58 k] mol~! on Niss.” These suggest that CO, 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 significant effect on CO,
adsorption over a Ni catalyst.”»**** It depends on the interaction
between nickel and the support. The loading of Ni clusters on
yttria-stabilized zirconia (YSZ) can increase the CO, adsorption
energy from —0.37 eV on YSZ(111) to —1.16 eV on Niy/
YSZ(111).** The nickel loading on CeO,(111) also causes an
increase of the CO, adsorption energy from -—0.27 eV
(Ce0O,(111)) to —0.79 eV (Ni/Ce0,(111)).>* CO, can be stabilized
at the interface of the Ni clusters and CeO, surface. The oxygen
vacancy in CeO, plays an important role with it.>® The oxygen
vacancy has significant effects on the electronic structure and
the properties of the Ni catalyst on the reducible oxide support,
like CeO, (ref. 55) and In,05.>*> The CO, adsorption energy is
—0.66 eV for Ni,/In,O; with an oxygen vacancy, which it is
—0.43 eV for the catalyst without an oxygen vacancy.>

The size of the nickel cluster on the support has a significant
effect as well.> If the nickel catalyst size is reduced to a SAC, CO,
dissociative adsorption on CeO, supported Ni; becomes diffi-
cult with a Gibbs free energy change of 0.76 eV, even in the
presence of an oxygen vacancy.’® Alonso et al.”” found that a Ni-
SAC, supported by MFI zeolite, adsorbs CO, so strongly that CO,
cannot be dissociated to CO* and O*. It could hydrogenate CO,

J. Mater. Chem. A, 2022, 10, 5792-5812 | 5795
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Table 2 Adsorption energies (E,qgs) of CO, and CO on the most stable
sites on the Ni (111), (100), (110) and (211) surfaces

Eaas (€V) CO; CO* Ref.
Ni (111) 0.26 (g = —0.45) —~1.91 (g = —0.41) 40°
—0.12 —2.09 40P
—0.01 ~1.93 43
—0.21 44°
—0.22 ~1.82 45
—0.06 47
—0.24 —2.05 494
—0.16 —1.61 50
Ni (100) —0.14 (g = —0.61) —2.04 (g = —0.52) 40°
—0.25 —-1.88 43
—0.22 ~1.81 45
Ni (110) —0.42 (g = —0.67) ~1.94 (g = —0.33) 40°
—0.40 —~1.87 45
—0.47 46
—0.46 ~1.92 48
Ni (211) —0.93 (g = —0.82) 141
—0.31 —2.09 40P
—0.38 ~1.97 43
—0.35 ~1.82 45

% Calculated using Cambridge sequential total energy package
(CASTEP). ” Calculated using Spanish Initiative for Electronic
Simulations with Thousands of Atoms (SIESTA). ¢ Calculated using
Material Studio (Dmol®). ¢ Calculated using Quantum Espresso

package (QE).

to CO, via hydrogen-assisted CO, 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 CO, adsorption on nickel catalysts
are based on theoretical methods. Recently, there has been some
progress in the operando study of CO, adsorption. Yuan et al.>®
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observed in operando the dissociation of CO, 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
CO, quickly reacts with the clean nickel. Various Ni-O phases
form even at room temperature: initially the p(2 x 2)-structured
Chem-O (as shown in Fig. 2d), followed by epitaxial NiO (111)
with a sodium chloride structure, and finally an oxygen enriched
surface layer of Ni,O; at the oxidative potential.>® The accumu-
lation rate of the Ni-O phases under CO, has a negative corre-
lation with temperature. This suggests that the dynamic oxygen
concentration is not limited by CO, 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.*® 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.*® The reason for the
absence of *CO and the presence of *CO,°~ was explained by the
weakened bond between *CO and the oxidized surface.”® The
content of *CO,’" decreases with increasing temperature. This
suggests its weak bonding to the surface or the dissociative
adsorption as the domain mechanism.

4. CO; hydrogenation to methane

CO, methanation is exothermic (reactions (3) and (4) in Table
1). It is thermodynamically favoured. The supported nickel
catalyst is active for CO, methanation. Most reported Ni cata-
lysts of CO, hydrogenation were for methane synthesis.
However, there exists a kinetic limitation at reasonably low

@ C1sat300K || (b) O1sat300K | (€©)  Ni2p,,at300K
——Clean
coj —co,

€Oz CcO™ +Ni.O | CO,-Scale
: Y —— Diff-1
g 0.4 mbar CO, l NiO — Diff-2
2
=

oI

|V TN STV R Y | | ST SEENE S| 1

1 " 1 " 1

294 292 290 288 286 284 540 535 530 525 865

BE (eV) BE (eV)

860 855 850 845

BE (eV)

Fig.2 (a—c) NAP-XP spectra of C 1s, O 1s, and Ni 2p=,, at 300 K. The spectra in black were measured in a ultra high vacuum (UHV), and those in
red were measured under 0.4 mbar CO5. In (c), the green spectrum was obtained from rescaling the red one (0.4 mbar CO,) to be comparable
with the black one (in UHV). The pink spectrum "Diff-1" was the difference spectrum between the green and the black, and the blue spectrum
“Diff-2" was the difference spectrum with energy correction (the green shifted by 0.08 eV minus the black). (d) The STM image of a p(2 x 2)
structure formed on Ni (111) after exposure to 100 L CO, at room temperature. The unit cell is marked by a white diamond and was measured as
0.51 + 0.03 nm. The bias voltages and tunneling currents were —0.2 V and 0.1 nA. The red dots here refer to the undesorbed *CO.%® Copyright

2016, American Chemical Society.
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temperatures for CO, methanation on the supported Ni catalyst.
The catalyst structure has a big effect on the activity and
selectivity of the supported Ni catalyst for CO, methanation.
The mechanism for CO, methanation on the supported Ni
catalyst is still in debate, mostly because of the difficulty in the
identification of the catalyst structure. The preparation of a Ni
catalyst with a controllable structure remains a big challenge.
Significant efforts are being made to reach the goal toward
a supported nickel catalyst with a clear mechanism and
enhanced low temperature activity for CO, methanation.

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 CO, dissociation decides whether
the reaction takes the CO (derived from direct CO, dissociation)
pathway or formate (derived from hydrogen-assisted CO,
dissociation) pathway. The corresponding reactions and their
barriers are listed in Table 3.*%**¢4759°¢* The strong binding of
CO on the Ni catalyst can block the CO, adsorption and H,
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.* The dissociated adsorption of H, on Ni surfaces is also
important. The stronger dissociated adsorption of H, 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 H, can facilitate the CO,
hydrogenation to form COOH* or HCOO* species. For example,
the reaction barrier for CO, dissociation on Ni (211) (E, = 0.82
eV) is higher than that on Ni (111) (E, = 0.57 eV) as shown in
Table 3.%1424647:59-64 The stronger dissociated adsorption of H,
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
H, on Ni (211) can facilitate CO, 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 CO,
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 CO, on Ni (111) is not
energetically favored.*® However, CO and atomic oxygen, prod-
ucts of CO, 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* (E, =
1.35 €V (ref. 42)) is more favourable than COH* (E, = 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 (E, =
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 CH, with small barriers® (Ni (111): CH* + H* —>CH,, E, =
0.52 €V (ref. 62) and CH, + 2H* —>CH,(g), E, = 0.50 eV (ref.
62)). Since CO, methanation is an exothermic reaction, the heat
accumulation from the reaction promotes the dissociation of

This journal is © The Royal Society of Chemistry 2022

Table 3 Reaction barriers (in eV) for important elementary reactions involved in the CO, methanation. The data outside and inside the parentheses represent the forward and backward

reaction barriers (unit: eV)

COHOH*

COOH* + H* — H, — HCOH* + HCOO* — CHO*+ CO* — C* +

CHO* — CH* +

CHO* — CO* +
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CO (E, = 3.01 eV (ref. 42)) or other intermediates, such as COH*
(Ea =2.07 eV (ref. 42)), CHO* (E, = 1.28 eV (ref. 42)) and CH* (E,
= 1.32 eV (ref. 42)) to carbon species.

However, it is favourable for CO, methanation over Ni (211)
or Ni (110) to proceed through direct CO, hydrogenation
because of the lower barrier for CO, hydrogenation to HCOO*
(Ea = 0.70 eV (ref. 42 and 64)) than CO, dissociation (E, =
0.82 eV (ref. 42)) and weaker H binding energies than on Ni
(111). CO, 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* (E, = 0.34 eV (ref. 64)). Further
dissociation of COHOH* to HCOH* has a 0.24 eV barrier.**
Hydrogenation of HCOH* to CH,OH* has a barrier of 1.00 eV
(ref. 64) and further hydrogenation to CHj has a barrier of
1.47 eV.* The reaction pathway through HCOO* to form CH,
presented in Fig. 1 is less favourable than through COOH* due
to the higher barrier required for the hydrogenation of
methoxy (CH;0%) to CH,.

On the other hand, HCOO* is considered as the key inter-
mediate for producing methanol, especially on In,O; and Cu-
based catalysts.®*”* Studies by Schatz and his co-workers™
suggested that the formation of HOCO*, HCOO*, HCOj and
CO* on Ni (110) is theoretically feasible during CO, hydroge-
nation. The reaction temperature, CO, coverage on the surface
and the energy of the hydrogen atom determine which inter-
mediates would be formed and which product would be
obtained.”

The support has a significant effect on CO, methanation over
the supported nickel catalyst.>>%”>7* It has a big influence on
the adsorption of the reactants, desorption, electron density of
the supported Ni catalyst and Ni-support interactions. Among
various supporting materials, CeO, has been extensively inves-
tigated.'®*>7*7® CeO, shows a better activity and a close to 100%
selectivity toward CH, than other supporting materials.”””® The
perfect CeO, surface shows poor ability for CO, or CO chemi-
sorption or activation. The adsorption energies of CO, and CO
on Ce0,(111) are —0.27 (ref. 55) and < —0.2 eV, respectively.”*
CeO, stabilizes the Ni particle and increases its activity by
elongating the bond length of Ni-Ni when Ni is loaded on the
CeO, surface. CeO, enhances the activation of CO, at the
interface of Ni particles and the CeO, surface and promotes the
adsorbed CO, species to react with the H atoms on nickel to
produce methane through the COOH reaction pathway.

The strong reducibility of CeO, facilitates the creation of O
vacancies. CeO,(110) and (111) surfaces with O vacancies favour
CO oxidation but further oxidation of CO, to carbonate is
kinetically hindered due to too much electron accumulation on
O vacancies.** In addition, loading Ni clusters on the CeO,
surface was found to be favourable for the oxidization of C to CO
and for further CO oxidation. CeO, 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 CO, methanation.
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4.2 Operando studies based on the single crystal

To study the mechanism of CO, 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.®* studied the
hydrogenation of CO and CO, on the Ni (110) single crystal at
10~ " 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, five non-equivalent CO
species have been distinguished, which confirms 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 CO, with atomic oxygen, which
stems from the dissociation of *CO, into *CO + *O. A meta-
stable activated CO,~ 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 CO, metha-
nation process.®” This suggests that CO, methanation occurs
through the two parallel routes.

Using AP-XPS, Heine et al.*® investigated the adsorption and
reactions of CO, and CO, + H, 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 CO,, they found
that NiO is formed from CO, dissociation into CO and atomic
oxygen. Moreover, carbonate (CO5>7) is present on the surface
from further reaction of CO, with NiO, as shown in Fig. 3. The
addition of H, into the reaction environment leads to the
reduction of NiO and the disappearance of CO;>". They found
that CO adsorbed on hollow sites, atomic carbon and OH spe