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ABSTRACT: The hydrogenation of CO2 is presented as a catalytic strategy for CO2 utilization and an
approach to the development of sustainable processes to obtain products with high added value, such as
CO, CH4, and CH3OH. An unsupported NixGay model catalyst with high surface area was synthesized
by an ultrasonic-assisted coprecipitation method. The in situ H2-treatment and the activation
temperature (600, 700, and 800 °C) are key in the phases present in the catalyst and, therefore, in the
reactivity in the CO2 hydrogenation reaction at atmospheric pressure. Operating conditions have been
selected that maximize the selectivity to be able to correlate phases, surface, and reactivity.
Independently of the H2/CO2 feed ratio, after treatment in hydrogen at 600 °C, CO selectivity values are higher than 97%, via a
reverse water gas shift reaction, with Ni13Ga9 and Ni metallic being the main phases detected. The H2-treatment at 700 °C increases
the proportion of Ni0 and Ni13Ga9 phases, and even with the use of a H2/CO2 feeding ratio of 3, methanation is the only reaction
that occurs. At 800 °C, Ni5Ga3 is the main phase detected, and methanol is formed at 150 °C, through the intervention of a
necessary formate species; when the reaction temperature is higher than 400 °C, the rWGS is the only observable reaction, with
complete CO formation.

1. INTRODUCTION

The continuous increase in greenhouse gases (GHG)
emissions into the atmosphere is producing an increase in
the global average temperature (global warming).1−3 This
premise makes it necessary to search for technologies that
allow reducing the emission of these pollutants or avoiding
their production, such as the investment in low-carbon energy
sources.4 To date, it has been difficult to modify all the sources
and ways of producing energy in the industrial sector,5 and the
emissions of CO2, which is the main GHG,6 will continue to be
high in the short term. Thus, the development of new
advanced technologies for the elimination of CO2 is required
to reduce its concentration in the atmosphere and the negative
impact on the environment.
Although there are potential techniques, such as carbon

capture and storage or utilization (CCS or CCU),7−9 that
could be used to reduce the anthropogenic carbon dioxide
emissions, CO2 hydrogenation, especially if green H2 is used, is
a promising strategy to recycle CO2 and obtain value-added
products, mainly methanol, methane, or carbon monox-
ide.10−12 Because CO2 is inert under normal conditions,13,14

the transformation by reduction with hydrogen usually requires
high pressures or temperatures, so catalysts are needed and
new mechanisms are being investigated to work at atmospheric
pressure. The main reactions that could take place are
expressed in eqs 1−3 and the products are intermediates
with which a great variety of products highly demanded in the
chemical industry can be produced.15−19

+ ⇆ +

Δ = · −H
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41.2 kJ mol
2 2 2
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2 2 3 2

1
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+ ⇆ +
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CO (g) 4H (g) CH (g) 2H O(g)

165 kJ mol
2 2 4 2

1
(3)

The understanding of the CO2 hydrogenation process is
crucial to develop potential breakthrough technologies at the
industrial scale.20 CO is obtained from the reverse water gas
shift reaction (rWGS). High operation temperatures are
usually required, ranging from 200 to 800 °C,21 as it is
thermodynamically favored. Catalysts used for these processes
are metallic nanoparticles (mainly Pt and Cu) supported on
oxides such as TiO2, although it is necessary to add thermal
stabilizers to avoid sintering of the nanoparticles at high
temperatures.22,23
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On the other hand, CO2 hydrogenation to methanol has
attracted increasing attention in recent years24 since methanol
has many applications, as it can be used as a raw material in the
production of other products or even as an alternative fuel.
Low temperature and high pressures are necessary due to the
exothermic nature of the reaction, thus requiring the use of
catalysts to carry out the process, such as Pd/ZnO, which
presents some activity for hydrogenation to methanol and for
low pressure, at 4.5 bar.25 Besides, Cu−Zn supported on Al2O3
or ZrO2 are the commercial catalysts although their low
catalytic activity and poor stability are reported.26 The
modification with In, Ce, or Ti and the substitution by other
materials, such as Ni−Ga, are presented as promising catalytic
technologies to overcome the disadvantages of current
catalysts;27−30 however, obtaining high conversions and high
selectivity values to methanol at atmospheric pressure is still a
challenge.
Hydrogenation of CO2 can also produce methane via the

Sabatier reaction (eq 3). Methanation is an exothermic
reaction, thermodynamically favored at relatively low reaction
temperature (25−400 °C), so it has high kinetic limitations
and requires suitable catalysts such as Pd, Ru, Ni, Rh, or
Co.31−34 Nevertheless, the reaction mechanism and the species
that are involved in the process are still under investigation and
could help to develop active catalysts. To decrease the energy
consumption demand and increase the process safety, catalytic
technologies that operate at atmospheric pressure are
recommended. Moreover, as described above, bimetallic
catalysts, especially nickel-based catalysts,34−36 are presented
as economic catalysts with high activity in the transformation
of CO2 by reduction, and a more in-depth knowledge of this
type of material is desired.
Therefore, this work is focused on the valorization of CO2

by catalytic hydrogenation at atmospheric pressure to obtain
high added-value products using a novel unsupported catalyst
based on Ni (Ni−Ga). The reaction pathway will be
established depending on the structural and surface character-
istics and the product yield.

2. EXPERIMENTAL SECTION
2.1. Materials Preparation and Characterization. Ni−

Ga bimetallic catalysts were synthesized by the coprecipitation
method, using Ni(NO3)2·6H2O and Ga(NO3)3·xH2O supplied
by Panreac and Acros, respectively, as precursors. The amount
of the precursors was established to keep the Ni/Ga atomic
ratio at 5:3, and nitrates were dissolved in distilled water under
stirring. To increase the surface area of the unsupported
catalyst, 3 wt % (wih respect to gallium and nickel oxides) of
Ludox HS-40 colloidal silica (from Aldrich, 40 wt % SiO2) was
added, and the mixture was left under stirring overnight. The
solution was sonicated in two pulses of 5 s with the Ultrasonic
Processor UIP1000hd (Hielscher) using a titanium sonotrode
with unchangeable frequency of 20 kHz and 300W·cm−2 of
ultrasonic power intensity. Then, the pH was adjusted to 9 by
the addition of ammonia solution (30%, Panreac), in order to
ensure the precipitation of nickel and gallium hydroxyls. The
solution was decanted for 24 h and the liquid phase was
removed. The resulting solid product was washed several times
with distilled water and dried at 100 °C overnight. The dried
powder was calcined at 400 °C in air for 2 h (5 °C·min−1) in a
muffle furnace and the material obtained was denoted as fresh
NiGa catalyst. NiGa catalyst was reduced at different
temperatures from 600 to 800 °C in H2 (20% in He) for 2

h, and the samples were labeled as NiGa_RT, where T is the
temperature of the reduction.
X-ray diffraction (XRD) patterns between 5 and 80° of

Bragg Angle (2θ) were recorded with an EMPYREAN
diffractometer (PANanalytical) equipped with an automatic
loader and a rotating sample holder under Cu Kα radiation (λ
= 1.548 Å), with 45 kV and 40 mA. The specific surface area
and pore volume were determined on a Micromeritics ASAP
2420 instrument by nitrogen adsorption−desorption isotherms
performed at liquid nitrogen temperature (−196 °C). Before
the analysis, the samples were outgassed in vacuum (1 × 10−3

Pa) for 5 h at 453 K. The BET (Brunauer−Emmett−Teller)
and the t-plot methods were used to determine the specific
surface area and the pore volume, respectively. Raman spectra
were recorded from 100 to 2500 cm−1 in a DXR Raman
microscope (Thermo Scientific), working at 532 nm, 10 mW,
and 5 s of accumulation time and with a charge couple device
(CCD) detector. The XPS spectra were obtained by a Physical
Electronics 5700 spectrometer with a Mg Kα X-ray source and
a hemispherical electron analyzer. The regions of C 1s, O 1s,
Ni 2p, Ga 2p3/2, and Si 2p were analyzed. The C 1s peak at
284.8 eV was used as an internal standard for determining peak
positions, with ±0.2 eV accuracy. All deconvolutions of
experimental curves were done with Gaussian−Lorentzian
line fitting, minimizing the (χ2) chi-square values.

2.2. Catalytic Activity. The activity of the catalyst in the
hydrogenation of CO2 was evaluated in a tubular fixed-bed
stainless steel reactor (i.d., 9 mm; length, 15 cm) equipped
with a coaxial thermocouple placed at the center of the
catalytic bed. An online chromatograph (Agilent 7820A GC)
equipped with a thermal conductivity detector (TCD) and
flame ionization detector (FID) was used to quantify the gas
composition. Prior to the CO2 hydrogenation reaction test, the
catalyst was activated in situ with H2 (20% H2/He) for 2 h.
Experiments were carried out at atmospheric pressure in the
temperature range between 150 and 500 °C, using 0.1 g of
catalyst (100−125 μm) and 50 cm3·min−1 (gas hourly space
velocity (GHSV) = 104 h−1). The concentration of CO2 was
kept at 5% in volume, the hydrogen concentration was varied
(5−20%) to obtain H2/CO2 ratio values from 1 to 4, and
helium was used as carrier.
The catalytic activity was measured in terms of CO2

conversion and product distribution. The conversion of CO2
(XCO2) and the selectivity of the main products (CH3OH, CO,
CH4) at the outlet stream were calculated using the following
equations:

=
−

X
F F

F
100CO

CO
0

CO

CO
02

2 2

2 (4)

=
Σ

S
F
F

100i
i

i (5)

where FCO2 is the outlet flow of CO2 (mol·min−1), FCO2
0 is the

inlet flow of CO2 (mol·min−1), Fi is the flow of component ‘i’
produced (mol·min−1) and ∑Fi (mol·min−1) is the total flow
of products in the outlet stream. The yield of each product of
interest was obtained from multiplication of conversion and
selectivity.

3. RESULTS AND DISCUSSION
3.1. Material Characterization. NiGa catalyst was

synthesized by the coprecipitation of the precursors, adding
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colloidal silica as an area promoter. In Table 1, the textural
properties of the fresh and reduced (at any temperature) NiGa

catalyst are included. No significant modifications were
detected in the BET area and pore volume when the catalyst
was reduced at different temperatures, and the average values
are included in the table.
Values around 90 m2·g−1 were reported for NiGa alloys

prepared by the coprecipitation method without reduction;37

however, a value of 177 m2·g−1 was obtained for the
synthesized sample. This value indicates the beneficial effect
of incorporating 3 wt % of colloidal silica during the synthesis
process which serves as a seed to generate a homogeneous
coprecipitation of the precursors, assisted by ultrasound. This
allows repetitive and high surface area values for calcined NiGa
unsupported catalysts to be obtained. As has been studied,32,38

the treatment at high temperatures in hydrogen atmosphere
causes a decrease in the area value, being around 5 times lower
than the calcined sample. Nevertheless, the values are still
higher than those reported in the bibliography for Ni5Ga3
materials based on hydrotalcite.36 Pore volume values around
0.3 cm3·g−1 were obtained, and the same trend as other authors
has been observed,34 detecting a decrease in pore volume with
the increase in reduction temperature.
In Figure 1, the XRD diffractograms of fresh NiGa catalyst,

calcined at 400 °C, and the samples reduced at 600, 700, and

800 °C are represented. For the fresh sample, signals at 37,
42.8, and 62.7° were observed and are characteristic of the
cubic structure of the NiO phase (JCPDS 47-1049).39

However, for the sample reduced at 600 °C, signals at 40.7
and 45.6° were detected and are related to the monoclinic
Ni13Ga9 phase and lines at 31.9, 34.7, 35.9, 44.6, and 78.1°,
which correspond to the metallic cubic Ni phase (JCPDS 04-
0850), were also registered, together with a less-intense signal
associated with trigonal Ni2Ga3 phase at 64.9°.2,40,41 For the
sample reduced at 700 °C, the signal characteristic of the cubic
phase of NiGa at 65.7° appeared together with a significant

increase in the Ni and Ni13Ga9 signals. When the NiGa catalyst
was reduced at 800 °C, signals at 43 and 49° related to the
orthorhombic phase of Ni5Ga3

36 could be observed, and a
decrease in the signals of metallic Ni and Ni13Ga9 was also
noticed.
The theoretical Ni/Ga ratio used in the synthesis was aimed

to obtain δ-Ni5Ga3. At a calcination temperature of 400 °C in
air, an amorphous NiO phase was obtained, and it was
necessary to increase the temperature to achieve the Ni5Ga3
phase according to the phase equilibria diagram of the Ni-rich
portion of the Ni−Ga binary system.42 When the sample was
treated in hydrogen at 600 °C, Ni0 and the monoclinic
intermetallic phase Ni13Ga9 were detected. By increasing the
temperature to 700 °C, the intensity of the signals increased
indicating a stabilization of the phases corresponding to Ni0

and Ni13Ga9, the latter being a combination of Ni5Ga3 and
NiGa, accompanied by the intermetallic phase that was
segregated into cubic NiGa and trigonal Ni2Ga3. The
treatment in a hydrogen flow at 800 °C produces Ni5Ga3, a
Ni-rich phase that is described as the most suitable for the
production of methanol.43

Raman spectra of the fresh and reduced NiGa samples were
registered and are represented in Figure 2. The spectrum
obtained for all the reduced samples (at 600, 700, and 800 °C)
was similar and, for simplicity, only one of them is shown.

The presence of an intense signal centered at 500 cm−1 and
a weak band around 1090 cm−1 can be observed for the fresh
catalyst (NiGa). Both signals correspond to the vibrational
modes of nickel oxides,44 in consonance with the amorphous
band detected by XRD. On the other hand, signals related to
β-Ga2O3

45 that should appear between 320 and 477 cm−1 were
not detected. When the catalyst is reduced at temperatures
between 600 and 800 °C, no signals were noticed. This could
be explained by the disappearance of the NiO crystal structure
in favor of the formation of other Ni phases, such as Ni0,
Ni13Ga9, or NiGa, as was confirmed by XRD, which are not
Raman active species.
From the XPS data, the atomic surface composition was

obtained, and the Ni/Ga ratio is represented in Table 2,
together with the ratio between metallic and oxidized species
for nickel and gallium, which were calculated through the
deconvolution of Ni 2p and Ga 2p3/2 bands.

Table 1. Textural Properties of NiGa Catalysts

NiGa NiGa_red

ABET (m2·g−1) 177 34
Vp (cm

3·g−1) 0.28 0.11

Figure 1. XRD patterns of (a) fresh NiGa catalyst and NiGa reduced
at (b) 600 °C, (c) 700 °C, and (d) 800 °C.

Figure 2. Raman spectra obtained for NiGa fresh catalyst and
NiGa_red (reduced at any temperature).
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Regarding the Ni/Ga ratio, which theoretically should have a
value of 1.67 for the atomic ratio used in the preparative (Ni/
Ga = 5/3), the values obtained were higher or lower depending
on the temperature and the atmosphere of the treatment. For
the sample calcined at 400 °C in air, the value was 2.03,
indicating a superficial enrichment of Ni compared to the
synthesis ratio, which should be related to the presence of NiO
observed by XRD. Along the treatment in hydrogen, a
variation from 1.08 to 1.52 was observed when the temperature
increased from 600 to 800 °C, indicating that the structural
modification provokes a variation of the Ni/Ga ratio and, in
consequence, the surface species proportion changes. At 800
°C, the registered Ni/Ga value is the nearest to the initial
theoretical ratio, which means that it would be close to the
Ni5Ga3 structure, which is the main NixGay phase detected by
XRD.
Ni oxidation state was analyzed by Ni 2p signal and two

nickel species were detected, with maxima at 851.4 eV (Ni0)
and 855.0 eV (Ni2+).41 The extent of reduction to metallic
nickel was 0% after the calcination at 400 °C, but the hydrogen
treatment at 600 °C produced an increase until 27%. The Ni0/
Ni2+ ratio almost linearly increased according to temperature
of activation, with values of 0.51 and 0.66 for 700 and 800 °C,
respectively. The reduction temperature with hydrogen causes
the variation of the concentration of metallic nickel and
consequently the bimetallic phases formed. It should be noted
that the high content of Ni0 and the Ni/Ga ratio would be
intimately related to the route of the CO2 hydrogenation
process.
The gallium oxidation state was monitored by means of the

Ga 2p3/2 signal and, for the fresh NiGa catalyst (calcined at
400 °C in air), it can be deconvolved into two bands, with
maxima at 1116.1 and 1117.1 eV, which reveals the
modification in the binding energy values and the presence
of metallic Ga and Ga2O3,

46 respectively. The percentage of
metallic Ga was 31% after the calcination at 400 °C and the
activation in hydrogen at 600 °C increased this value until 54%

as part of the intermetallic Ni13Ga9 species. This value remains
practically constant with a slight increased up to 61% although
the Ga0/Ga3+ ratio increased from 1.18 to 1.57 when the
temperature increased from 600 to 800 °C. Therefore, these
facts suggest that gallium oxide two-dimensional nanoparticles
should be highly dispersed on the surface, and they could
disappear as the reduction temperature increases. These
species together with Ni0 are responsible for the Ni/Ga ratio
obtained that was lower than the theoretical ratio for Ni5Ga3,
which is the intermetallic unsupported phase suitable for
methanol production.37

Additional TEM images with Ni and Ga atomic mapping are
included as Supporting Information (Figure S1), and a uniform
distribution of Ni and Ga species in aggregates was observed.
When the activation temperature in the hydrogen atmosphere
increased, the estimated average dimension of the aggregates
varied from 20 to 50 nm. As was observed, XRD and XPS
results for this high-surface-area unsupported material have
evidenced structural changes in bulk and chemical changes in
the surface when the catalyst is reduced at different
temperatures for an initial Ni/Ga atomic ratio equal to 5/3.
At 600 °C, there is a combination of metallic Ni and Ni13Ga9,
with a Ni/Ga surface ratio of 1.08 with a maximum
concentration of oxidized species (with the exception of
NiGa calcined at 400 °C) of 73% Ni2+ and 46% Ga3+ related to
the presence of very dispersed Ga2O3 which is only observable
by XPS. At 700 °C, the proportion of Ni0 and Ni13Ga9
intermetallic species increased, and the concentration of
oxidized species decreased to 66 and 43% for Ni and Ga,
respectively. When the activation temperature was 800 °C, the
intermetallic species Ni5Ga3 is the main phase and the Ni/Ga
surface ratio was 1.52, closer to the theoretical value.

3.2. Catalytic Activity. In this section, the reactivity results
for the CO2 hydrogenation reaction are presented for the
unsupported catalyst that has undergone a H2-treatment at
different temperatures (600, 700, and 800 °C), evaluating the
influence of the feeding ratio on the CO2 thermoconversion. In
Figure 3, the values of CO2 conversion and CO selectivity are
shown for the different H2/CO2 feed molar ratios using NiGa
catalyst reduced at 600 °C. With this catalyst activated at 600
°C under these conditions, the only products detected were
CO and CH4. The CH4 was the balance concentration, and its
maximum estimated selectivity value was 3%; therefore, in
consequence, only the CO selectivity values are represented.
As can be seen (Figure 3a), for all stoichiometric H2/CO2 feed

Table 2. Ni/Ga, Ni0/Ni2+, and Ga0/Ga3+ Ratios Obtained
from XPS Data

NiGa NiGa_R600 NiGa_R700 NiGa_R800

Ni/Ga 2.03 1.08 1.23 1.52
Ni0/Ni2+ 0 0.37 0.51 0.66
Ga0/Ga3+ 0.46 1.18 1.29 1.57

Figure 3. Influence of the inlet H2/CO2 ratio in (a) CO2 conversion and (b) CO selectivity values according to reaction temperature for NiGa
catalyst activated at 600 °C in H2.
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ratios tested, the carbon dioxide conversion increases as the
reaction temperature rises. For rWGS conditions (H2/CO2 =
1), there is an increase in conversion up to values of 9.8%.
When the feed ratio is 2/1, the trend is parallel to the previous
one and the maximum value registered is approximately 12%.
For stoichiometric feeding conditions of methanol production
(H2/CO2 = 3), a trend change is observed and the conversion
values increase significantly. Up to 300 °C, the conversion
values would practically coincide with those obtained for the
lower ratios, but nevertheless, from 350 °C the conversion
values tripled, reaching 27% at 500 °C, close to equilibrium
(the comparison between experimental and equilibrium data
are included in Figure S2).47 For the feed ratio corresponding
to methanation (H2/CO2 = 4), the conversion values are
below the feed ratio for methanol production and above the
stoichiometric values of rWGS. Although the curve has a
sigmoidal trend and is similar to that obtained for feeding ratio
3, the maximum value reached is 19%.
In all cases and regardless of the feeding ratio, the formation

of CO indicates that the predominant reaction is the reverse
water gas shift reaction, and an increase in the reaction
temperature causes in all cases a decrease in the selectivity to
CO directed toward methane that is more significant for the
H2/CO2 = 4 ratio, although the values are always higher than
97%.
The increase in conversion with respect to the reaction

temperature is explained by the endothermic character of the
rWGS reaction.22 Gholami et al.,48 who studied the hydro-
genation of CO2 using different H2/CO2 molar ratios from 2 to
5 using a Ni/Cr2O3 catalyst, reported a direct relationship
between the feed molar ratio and CO2 conversion, keeping the
selectivity of the products stable. Nevertheless, for the
intermetallic NiGa catalyst reduced at 600 °C, that conversion
trend was only appreciable for H2/CO2 ratios ≤ 3. High levels
of hydrogen, close to the stoichiometric levels of methanation,
cause a decrease in CO2 conversion due to the competitive
chemisorption of the reagents. The surface would be saturated
in hydrogen so that the interaction of CO2 on the partially
hydroxylated centers would decrease, decreasing the con-
version of CO2, although selectivity to CO is maintained. The
population of surface sites should be active centers of the
rWGS that involve reduced Ni sites since the mechanism
would occur preferentially through the formation of carbonyls-
like intermediates49 as occurs with Ni13Ga9 phase, which is the
formed phase, together with Ni0, during the reduction with
hydrogen at 600 °C. As suggested by XPS, 27% of Ni is
reduced. The bulk structure is associated with the presence of
Ni13Ga9 and the Ni/Ga atomic ratio is 1.08. These factors are
responsible for the production of mainly CO with traces of
CH4 through rWGS reaction. As can be extracted, the
selectivity of the CO product does not depend on the
stoichiometric ratio of the feed.
In Figure 4, with the intention of analyzing how the

treatment temperature governs the hydrogenation of CO2 on
this novel unsupported NiGa catalyst, the performance values
obtained maintaining the H2/CO2 feed ratio at 3 are
represented according to the reaction temperature. These
operation conditions allow maximization of the CO2-
conversion and selectivity to the main direct products of
CO2 hydrogenation and correlate phases, surface species, and
the most realistic reaction paths.
For the catalyst treated at 600 °C in hydrogen atmosphere, it

can be observed that the yield of CO increases almost linearly

with the reaction temperature, and from 450 °C measurable
amounts of methane are detected. It is important to note that
when the catalyst is subjected to a temperature of 700 °C in
hydrogen, CO or methanol are not observed at any
temperature, being 100% selective to methane. The increase
in the reaction temperature causes an almost exponential
increase in methane yield values. The maximum conversion
value reached is close to 13%. The modification of the
treatment temperature to 800 °C in a hydrogen atmosphere in
situ produces a radical modification in the CO2 conversion
profile. At 150 °C, the CO2 conversion reaches 4.5%, and the
selectivity is completely directed to methanol. When 400 °C is
reached, under these conditions, the catalyst produce CO in a
completely selective way. However, the performance values do
not exceed 8% at the highest temperature.
When the Ni/Ga ratio is the lowest (1.08) the reverse water

gas shift as an endothermic reaction prevails over CO2-
methanation with an observable increment of CO2 conversion
up to 27.3%. The experimental data collected at different
temperatures for the catalyst treated at 700 °C show that
regardless of the reaction temperature, the unique reaction is

Figure 4. Yield of CO, CH4, and CH3OH according to reaction
temperature for NiGa reduced at (a) 600, (b) 700, and (c) 800 °C
using a H2/CO2 feed ratio of 3.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c03115
Ind. Eng. Chem. Res. 2021, 60, 18891−18899

18895

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c03115/suppl_file/ie1c03115_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c03115?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c03115?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c03115?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c03115?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c03115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


methanation, even when a lower than stoichiometric fraction of
hydrogen is being fed, indicating that CO2 activation is the key
reaction step. These data suggest that the intermetallic phases
present and the surface species distribution make the
preponderant active sites differ from those observed for the
catalyst treated at 600 °C, since the methane yield varies from
6.5 to 13% when the reaction temperature increases from 350
to 500 °C. A Ni metallic enriched surface was observed
(surface atomic Ni/Ga = 1.23 and Ni0/Ni2+ = 0.51) involving
Ni13Ga9 and Ni0 phases in a higher proportion. The
accommodation of CO2 on the surface would be an easier
step on a more reduced surface,32 as is the case for the catalyst
activated at 700 °C favoring the methanation reaction.
According to Aziz et al,50 the production of methane

requires the combination of Ni sites for the dissociation of
hydrogen and the presence of defect sites or oxygen vacancies
for the formation of intermediate-carbon species. Therefore,
another fundamental parameter that correlates phases and
surface species for the thermochemical reduction of CO2 is the
oxygen environment for the different hydrogen-annealed
catalysts. In Table 3, the O-type species contribution obtained

from the deconvolution of the O 1s signal are shown. From the
shape of the curve for the different treated materials, three
kinds of oxygen species can be distinguished and, according to
previous studies,51,52 can be identified as OI, OII, and OIII
oxygen-type species at binding energy values between 528−
529 eV (lattice oxygen species, O2−), lower than 530 eV
(surface oxygen species, O2

2− or O−, O2
−), and higher than

530 eV (oxygen from surface-chemisorbed groups, OH−,
CO3

2−), respectively.
For the calcined NiGa catalyst, the main contribution

corresponded to the OII species associated with surface oxides
related to structural NiO and Ga2O3 phases. For the catalyst
activated at 600 °C, the ratio between OI and OII with respect
to OIII was 0.34, being the lowest estimated value. This ratio
increased up to 1.20 with activation at 700 °C and decreased
to 0.89 for the highest temperature of hydrogen treatment.
Despite being an unsupported catalytic system as Ilsemann et
al.33 reported for the influence of the support on the
methanation reaction, type OI and OIII surface oxygen species
can be here found where CO2 is adsorbed in the form of
carbonates and hydrogen carbonates. In addition, Ga2O3 can
be carbonated during the reaction. In the same way, when
oxygen vacancies are generated that are detected by XPS, there
may be CO2 activation on these sites.53 Furthermore, there are
metallic sites in which CO2 can also interact. The multiphasic
nickel−gallium catalyst reduced with hydrogen at 600 and 700
°C is able to produce CO and CH4 from CO2. The reactions
likely possess some mechanistic commonalities. The reduction
of CO2 to CH4 would involve the formation of carbonyl-like
species bonded to the catalyst as a first step, being an
intermediate of the process over NixGay phases. For the surface
developed species, which reflect the bulk composition, after in
situ-700 °C hydrogen activation, there is a combination of OI

and OII surface oxygen species and reduced Ni and Ni13Ga9 as
main phases that makes the reaction completely selective to
methane. The increase in reaction temperature also increased
the CO2 conversion due to the fact that the production of
intermediate species is improved.13 The surface Ni−Ga centers
can be responsible for weakening the C−O bond through the
strong interaction between surface oxygen species with CO
molecules formed, which leads to the creation of a surface-
carbon species and its further hydrogenation to methane. The
methanation proceeds through an intermetallic NiGa, with a
Ni metallic enriched phase, in which the interaction of carbon
dioxide determines the CO2-activation and hence the hydro-
genation of CO2 to CH4.
Despite a hydrogen treatment of the catalyst at 800 °C, the

sample is not completely reduced. Surface data reveal a
combination of bimetallic and oxidized sites, with 48% of Ni2+

and 39% of Ga3+, observing a transition of intermetallic species
from Ni13Ga9 to Ni5Ga3, the latter being the main phase and
related to a higher methanol production.37 A discontinuity has
been detected in the behavior of the catalyst as a function of
the reaction temperature, probably associated with a change in
the reaction pathway. The formation of methanol has been
observed only at 150 °C with a CO2 conversion of 4.5%, which
is higher than values around 2−3% that are registered by other
authors working at higher pressures.36,37 When the reaction
temperature exceeds 400 °C the selectivity of the process is
complete to CO and the CO2 conversion values reached 8%.
The activity in terms of CO2 conversion decreases as the
activation temperature increases because there is an increase in
the Ni/Ga ratio, and in agreement with the work of Gallo et
al.,43 the overall activity of CO2 hydrogenation decreased with
the Ni enrichment of the material surface. The characterization
and reactivity results suggest that there exists a synergistic
effect between Ga2O3 and intermetallic Ni5Ga3 for the
methanol production from CO2 reduction at atmospheric
pressure. The presence of gallium oxide could improve the
adsorption and activation of CO2, which are also required for
methanol formation. Therefore, the presence of Ni5Ga3 and
Ga2O3 favors a higher number of active centers for the
activation of CO2. Since the process is at a low temperature
and there is a highly hydrogenated surface, in these conditions
formate-type species (HCOO*) should be promoted, although
the formation would be limited by thermodynamic equili-
brium. The formate species are subsequently hydrogenated to
methanol in agreement with the work of Rasteiro et al.37

Otherwise, the hydroxycarbonyl species (HO−*CO)35,
which are highly reactive and precursors of the formation of
rWGS products. could be formed by another reaction path.
Since from 400 °C, the only product detected is CO, this is
necessarily the route at high temperature.
Therefore, an understanding of the structural sensitivity and

selectivity relationship considering the yield of CO, CH4, and
CH3OH and the surface structural characteristics has been
established, through a tentative pathway of CO2 hydrogenation
to rWGS, methanation, and methanol production, considering
the most plausible key intermediates. As has been exper-
imentally demonstrated, the mechanism of the reaction
depends on the intrinsic nature of NixGay intermetallic phases
and the interaction between active Ni centers and the chemical
environment promoted by the surrounding Ga atoms.

Table 3. O-Type Species Contribution (%) Obtained from
the Deconvolution of O 1s Signal

NiGa NiGa_R600 NiGa_R700 NiGa_R800

OI 9.7 15.4 10.8
OII 72.1 15.7 39.2 36.3
OIII 27.9 74.6 45.4 52.9
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4. CONCLUSIONS

An unsupported NiGa model catalyst with high surface area
has been developed which, depending on the hydrogen
treatment, allows the acquisition and tuning of main crystalline
phases and surface species modifying CO2 conversion and the
selectivity of the CO2 hydrogenation process to be directed
preferentially to CO, CH4, or CH3OH formation. From the
rational experimental design, the bulk and surface species have
been identified and correlated with the catalytic activity and
the preferential reaction pathway. After treatment in hydrogen
at 600 °C, Ni13Ga9 and metallic Ni are the main phases, with a
Ni/Ga surface ratio of 1.08, and the catalyst produces mainly
CO, independently of the H2/CO2 feed ratio, via rWGS. At
700 °C, the increase in the proportion of Ni0 and Ni13Ga9,
together with the species of surface oxygen, OI and OII, direct
the hydrogenation reaction of CO2 to methane. At 800 °C,
Ni5Ga3 is the main phase detected and methanol is produced
at low temperature, via formate as intermediate, and above 400
°C, the CO-selectivity is complete, through the rWGS reaction.
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