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ABSTRACT: Indium oxides (In2O3) and indium oxides supported zirconia
(ZrO2) have been known possible alternatives for conventional copper-based
catalysts in the CO2-hydrogenation to methanol. This study aims to
investigate the effect of preparation techniques on the physicochemical
properties of indium-based materials and their catalytic performance for the
hydrogenation of CO2 to methanol. Two series of both single oxide In2O3
and binary In2O3−ZrO2 have been synthesized by combustion, urea
hydrolysis, and precipitation with different precipitating agents (sodium
carbonate and ammonia/ethanol solution). Physicochemical properties of
materials are characterized by elemental analysis, XRD, N2 physisorption,
SEM/EDX, micro-Raman, XPS, H2-TPR, and CO2-TPD. Cubic In2O3 was
the common phase generated by all four synthesis methods, except for urea
hydrolysis, where rhombohedral In2O3 was additionally present. The
combustion method produced the materials with the lowest specific surface
areas while the precipitation using ammonia/ethanol aided in creating more oxygen defects. The synthesis methods strongly
influenced the degree of interaction between the oxides and resulted in improvements in properties that boosted the catalytic
performance of the binary oxides compared to their single-oxide counterparts.

1. INTRODUCTION
Hydrogenation of carbon dioxide into methanol (CO2 + 3H2
⇌ CH3OH + H2O, ΔH° = −49.4 kJ mol−1) is one of the
interesting processes for the chemical valorization of CO2 in
which a greenhouse gas is transformed into a value-added
product.1 In this process, the methanol product can be further
transformed into dimethyl ether, olefins (methanol to olefins,
MTO), or gasoline (methanol to gasoline, MTG). Apart from
a direct hydrogenation of CO2 to methanol via the formate
intermediate mechanism, the most competitive reaction is the
reverse water gas shift (CO2 + H2 ⇌ CO + H2O) which
creates CO. This CO intermediate can be further transformed
into hydrocarbons via Fischer−Tropsch synthesis as well as
oxygenates. As a result, the hydrogenation of CO2 can produce
various products including methanol, carbon monoxide (CO),
oxygenates (e.g., dimethyl ether (DME)), and hydrocarbons
(HCs).2 Therefore, developing efficient selective catalysts plays
an important role in the production of a target product.
The selection of hydrogenation of CO2 to methanol is

interesting because methanol can be used directly as a solvent
or reactant for other industrial chemical production such as

formaldehyde, methyl methacrylate, acetic acid, methyl tert-
butyl ether (MTBE), gasoline blending, and so on.3 Especially,
the use of methanol for sustainable aviation fuels (SAF)
production becomes more attractive recently since European
Union has recently targeted that 70% of jet fuels at EU airports
will have to be green by 2050.4 There are two directions of
methanol conversion to SAF, namely, two-step and one-step
(direct) process. For the two-step synthesis, methanol is
initially converted into olefins via the MTO process (a
combination of reverse water gas shift reaction and Fischer−
Tropsch synthesis), and then, the olefin intermediates further
oligomerized under conditions that produce olefins in the jet
fuel range (C8−C16). A part of methanol is converted to DME,
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which is then transformed over a catalyst to form jet fuel-range
hydrocarbons and aromatics.5 The direct hydrogenation of
CO2 (one step) to long-chain olefins (C8−C16) is a hot
research topic and more challenging due to a quick
deactivation of the catalysts by coke formation.6 However,
with an urgent need for SAF production, the production of
SAF from CO2 via methanol production has gained more
attention because this process can take advantage of knowledge
of MTO and methanol production. In this project, we focused
on the first step, namely, the conversion of CO2 to methanol.
Finding a long-term stable catalyst for CO2 hydrogenation to
methanol is still challenging.
In 2013, using DFT calculation, Ye and co-workers found

that In2O3 would be a potential catalyst for CO2 hydrogenation
to methanol because it can suppress the reverse water gas shift
reaction (RWGS) and subsequently increase the selectivity for
methanol.7 The prediction was quickly supported by
experimental data in 2015.8 In 2016, Martin et al. confirmed
again the activity of bulk In2O3, and they also found that ZrO2
was the best support for indium-based catalysts among the
eight materials investigated (ZrO2, TiO2, ZnO, SiO2, Al2O3,
activated carbon, SnO2, and MgO).

9 After that, indium-based
catalysts have been extensively investigated with a focus on the
effect of the promoters and the supports.10 Indium oxide has a
unique characteristic for the activation of both CO2 and H2. It
has been proposed that under the reaction conditions,
hydrogen is first attracted by the surface oxygen and partially
reduces the surface of indium oxide, resulting in the formation
of under-coordinated indium sites (In2O3−x) and thus creating
oxygen vacancies that attract the insertion of CO2 (CO2
activation).7 After the reaction, the former vacancy site
remains filled by an oxygen atom. The recreation of vacancy
can be done by the dissociation of hydrogen to form In−H and
adjacent In−OH. The elimination of H2O via hydride transfer
from In−H to the −OH group aids in restoring the vacancy.11

There are two stable phases of In2O3 reported in the
literature, namely, body-centered cubic (bcc-, Ia3, a = 10.118
Å) and rhombohedral (rh-, R3̅c, a = 5.478 and c = 14.51 Å)12

and the former is the more common structure than the latter.
For bare In2O3 catalysts, the crystal structure of In2O3
influenced the methanol productivity. Shi et al. have recently
reported that the rhombohedral (hexagonal as ascribed by the
authors) In2O3 was more active than cubic In2O3 (space-time
yield of methanol around 2.35 versus 2.0 mmol gcat−1 h−1) and
especially the mixed phase exhibited even better performance
than the single phase. The authors correlated better activity
with improved textural properties, more oxygen vacancy
content, and higher strength and adsorption capacity of
CO2.

13 In contrast, in another work, Yang and co-workers
found that although the rhombohedral In2O3 had higher
methanol selectivity than cubic In2O3, it showed lower
methanol productivity (space-time yield of methanol around
1.8 versus 3.0 mmol gcat−1 h−1). The discrepancy between the
two studies could be related to the preparation method of the
catalysts. For the mechanism, it has been proposed that CO2
hydrogenation to methanol over In2O3 follows the formate
pathway.13

The supported In2O3 with ZrO2 showed significant
improvement in methanol productivity compared to the bare
In2O3 by boosting the generation of oxygen vacancies, and, in
this regard, monoclinic ZrO2 was superior to its tetragonal
phase.14 Moreover, ZrO2 can also aid in suppressing the over-
reduction of In2O3 by the optimization of surface oxygen

vacancy of In2O3.
15 Tsoukalou et al. confirmed that the In2O3/

m-ZrO2 showed not only the highest productivity of methanol
but also the most stable activity with time-on-stream.16 With
the support of a powerful technique, operando X-ray
absorption spectroscopy, the authors highlighted that in the
In2O3/m-ZrO2 catalyst, the solid solution m-ZrO2:In prevents
the over-reduction of In3+ to In0 and subsequently against the
deactivation of this catalyst. With in situ Raman and quasi-in
situ XPS, Yang and co-workers demonstrated that a high
dispersion of In−O−In together with the improved electron
density of In2O3 can promote the dissociation of H2 and
hydrogenation of the formate intermediate to methanol.17

ZrO2 plays an important role in the stabilization of the formate
intermediate,18 where the bonding strength between the
intermediate and Zr sites should be at a modest degree to
boost the hydrogenation of the formate intermediate
(producing CH3OH) rather than the C−O bond cleavage of
HCOO* (forming CO).19
Because the methanol productivity from CO2 hydrogenation

is strongly influenced by the structure of both the In2O3 active
phase and ZrO2 support, the preparation method is expected
to have an important role in the development of the catalysts.
Yanling and co-workers have recently reported a significant
effect of the preparation method for CO2 hydrogenation to
methanol over binary oxides of In2O3 and ZrO2 using four
different methods (coprecipitation, precipitation-deposition,
ball milling, and incipient wetness impregnation).20 In the
present work, we aim to further complete the puzzle by
illustrating the effect of the preparation method on the
methanol productivity from CO2 hydrogenation over first the
single oxide and how catalytic performance further changes by
interactions with ZrO2. Two series of single oxide In2O3 and
binary oxide In2O3−ZrO2 were prepared using various
methods including urea combustion, urea hydrolysis, and
precipitation/coprecipitation using different agents (ammonia
solution and sodium carbonate). The physicochemical proper-
ties of these materials were characterized with various
techniques such as elemental analysis, X-ray diffraction
(XRD), N2 physisorption, scanning electronic microscopy
(SEM), micro-Raman, CO chemisorption, temperature-pro-
grammed reduction with H2 (H2-TPR), temperature-pro-
grammed desorption of CO2 (CO2-TPD), diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), and X-ray
photon spectroscopy (XPS). The catalytic performance of CO2
hydrogenation to methanol was investigated using a fixed-bed
reactor at 4 MPa.

2. EXPERIMENTAL SECTION
2.1. Chemicals. In(NO3)3·xH2O (≥99.99%, Alfa Aesar), ZrO-

(NO3)2·yH2O (≥99%, Sigma-Aldrich), NH4OH solution (25%, VWR
Chemical), urea (≥99.5%, Sigma-Aldrich), and Na2CO3 (≥99.5%,
Sigma-Aldrich) were used for the catalyst synthesis. Thermogravi-
metric analysis (TGA) was used to determine the water content in the
In(NO3)3·xH2O and ZrO(NO3)2·yH2O precursors (Figure S1). The
weight loss at 800 °C was 38.7 and 36.4% for the former and the
latter, respectively. With the assumption that the product at 800 °C
was the pure oxide of In2O3 and ZrO2, the values for x and y were
found to be 3.2 and 6.0, respectively.
2.2. Catalyst Preparation. The synthesis protocols were

designed to obtain about 4 g of each catalyst containing solely
In2O3 and mixed oxides of In2O3−ZrO2 (molar ratio 1:1). Three
synthesis methods were used including urea combustion, urea
hydrolysis, and (co)precipitation with NH4OH and Na2CO3.
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A total of 8 samples were synthesized, and their acronym names,
theoretical compositions, and preparation methods are shown in
Table 1.

2.2.1. Combustion with Urea. In the pure In2O3 catalyst synthesis,
10.23 g of In(NO3)3·xH2O and 8.65 g of urea were mixed with a
minimum amount of Milli-Q water in a ceramic crucible and kept
under stirring for 1 h. The ratio between urea and indium nitrate
precursor corresponded to the fuel-to-oxidizer ratio (φ) of 2,
according to the reaction stoichiometry:

+ +

+ + + + +

2In(NO ) 5 CH N O ( 1)O

In O (5 3)N (3.2 10 )H O 5 CO

3 3 4 2 2

2 3 2 2 2

After that, the crucible was transferred into an oven and heated
from 20 to 500 °C (ramp of 5 °C min−1) and held at 500 °C for 6 h.
This synthesis yielded a yellowish In2O3 product in the form of a light,
fragile, and foamy solid (Figure S2). The catalyst was denoted as I-
comb, where “I” stands for In2O3 and “comb” represents the
combustion method.
The mixed oxide In2O3−ZrO2 was synthesized with the same

protocol using 7.08 g of In(NO3)3·xH2O, 3.39 g of ZrO(NO3)2·
yH2O, and 7.99 g of urea. Now, in addition to the In(NO3)3
combustion shown above, the ZrO(NO3)2 combustion occurred
with stoichiometry:

+ +

+ + + + +

2ZrO(NO ) 5 /3CH N O ( 1)O

ZrO (5 /3 1)N (6 10 /3)H O 5 /3CO

3 2 4 2 2

2 2 2 2

The catalyst was denoted as IZ-comb, where “IZ” stands for
In2O3−ZrO2.
2.2.2. Urea Hydrolysis. In a typical synthesis, 10.23 g In(NO3)3·

xH2O and 25.96 g of urea were mixed with 150 mL of Milli-Q water
in a round-bottom flask and kept under stirring for 30 min. The flask
was connected to a reflux system and it was heated to 90 °C and kept
for 16 h. The milky suspension was centrifugated and washed several
times with a total of 1 L of distilled water. The solid product was dried
at 80 °C for 16 h and subsequently calcined at 500 °C for 6 h (heating
rate 5 °C min−1). The catalyst was denoted as I-hydro, where “hydro”
stands for the urea hydrolysis method.
A mixed oxide of the In2O3−ZrO2 catalyst was prepared with a

similar protocol using 7.08 g of In(NO3)3·xH2O, 3.39 g of
ZrO(NO3)2·yH2O, and 29.97 g of urea. This catalyst was denoted
as IZ-hydro.
2.2.3. Precipitation Using NH4OH and Ethanol. In a typical

synthesis, 10.23 g precursor of indium was dissolved in 150 mL of
Milli-Q water in a beaker and the solution was kept stirring for 30
min. Thereafter, a mixture of NH4OH solution (25% in water) and
absolute ethanol (volume ratio 1:2) was added dropwise into the
In(NO3)3 solution until the pH reached around 9.2. The milky
solution was kept under stirring for 30 min and then it was aged at 80
°C for another 30 min. Finally, the solution was centrifugated and
washed with 1 L of Milli-Q H2O. The solid product was dried at 80
°C for 16 h and subsequently calcined at 500 °C for 6 h (5 °C min−1).

The catalyst was denoted as I-ammo, where “ammo” stands for the
employment of an ammonia solution.
A mixed oxide of In2O3−ZrO2 was synthesized in a similar protocol

using 7.08 g of In(NO3)3·xH2O and 3.39 g of ZrO(NO3)2·yH2O. The
catalyst was labeled as IZ-ammo.
2.2.4. Precipitation Using Na2CO3. One sample containing the

mixed oxide of In2O3−ZrO2 was prepared using 7.08 g of In(NO3)3·
xH2O and 3.39 g of ZrO(NO3)2·yH2O. The same procedure as the
NH4OH/EtOH precipitation was followed, however, a 1 M solution
of Na2CO3 was used as the precipitating agent to replace the mixed
NH4OH/EtOH solution. The resulting precipitate was aged at 25 °C
for 30 min. After that, the suspension was centrifugated and washed
with 4 L of hot water (80 °C), until neutral pH, to remove Na as
much as possible. The catalyst was labeled IZ-carb, where “carb”
stands for the use of carbonate as a precipitating agent.
Single oxide of In2O3 was synthesized using the same protocol but

using a solution containing 10.23 g In(NO3)3·xH2O in 150 mL of
Milli-Q water. The catalyst was denoted as I-carb.
2.3. Characterization Techniques. Thermogravimetric analysis

(TGA) of In(NO3)3·xH2O and ZrO(NO3)2·yH2O were measured
using a Mettler Toledo TGA/DSC 3+ instrument in air flow (ramp of
10 °C min−1).
Elemental compositions of the catalysts were analyzed using

inductively coupled plasma sector field mass spectrometry (ICP-
SFMS). The measurements were performed by ALS Scandinavia
(Luleå, Sweden).
X-ray diffraction, X-ray photon spectroscopy, and nitrogen

physisorption were analyzed to determine crystallite phase, oxidation
states, and specific surface area, respectively. A description of these
techniques can be found in our previous work.21

Scanning electron microscopy was used to investigate the
morphology of the catalysts. High-resolution images were acquired
using a JEOL JSM-7800F Prime instrument equipped with an EDX
(energy-dispersive X-ray) detector. Raman spectra were recorded
using Raman microscope alpha300 R, WITec with a laser source at λ
= 532 nm.
CO2-TPD measurements were performed using a calorimeter

(Sensys DSC, SETARAM instrumentation) coupled with a mass
spectrometer (HPR-20 QIC, Hidden analytical). The sieved catalyst
(50 mg with a particle size of 180−250 μm) was loaded in a quartz
fixed-bed tube (4 mm of inner diameter). The sample was pretreated
in Ar (20 mL min−1) at 300 °C for 0.5 h and subsequently cooled to
25 °C. A flow of 5000 ppm of CO2/Ar (20 mL min−1) was introduced
to the reactor for 1 h in the adsorption step. After that, the reactor was
purged with Ar for 30 min to remove the weakly adsorbed CO2.
Eventually, the reactor was subsequently heated from 25 to 700 °C
(with a ramp of 10 °C min−1) and kept at 700 °C for 15 min in Ar
flow. CO2 was tracked by the mass number m/z = 44.
H2-TPR measurements were performed using the same instrument

setup as CO2-TPD. Approximately 20 mg of the catalyst was
pretreated under the same conditions as that of CO2-TPD. A flow of 1
vol % H2/Ar (20 mL min−1) was subsequently flown through the
reactor at 25 °C for 0.5 h. The reactor was then heated from 25 to
800 °C (10 °C min−1) and held at 800 °C for 15 min in Ar flow. H2
was tracked by the mass number m/z = 2.
Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) spectra were carried out with a Vertex 70 spectrometer
using a mercury−cadmium−telluride detector (MCT, cooled by
liquid nitrogen). The sample (powder) was loaded into a cell (high-
temperature reaction cell purchased from Harrick Praying Mantis).
Detailed information on the instrument setup can be found
elsewhere.21 Prior to each experiment, the sample was heated at
400 °C in a pure Ar flow for 30 min and subsequently cooled to 35 °C
and held at this temperature for 1 h. A background spectrum was
recorded at 35 °C. After that, the sample was exposed to a flow of
2000 ppm of CO2/Ar for 90 min followed by a flow of pure Ar. The
spectra were recorded (every minute) for 100 min as soon as CO2 gas
was flown over the sample. It meant that a total of 100 scans were
recorded including 90 scans under CO2 flow and 10 scans in Ar

Table 1. Information on Labels, Theoretical Compositions,
and the Preparation Methods of the Catalysts

acronym name composition preparation method

I-comb In2O3 urea combustion
I-ammo In2O3 NH4/EtOH precipitation
I-hydro In2O3 urea hydrolysis
I-carb In2O3 Na2CO3 precipitation
IZ-comb In2O3−ZrO2 urea combustion
IZ-ammo In2O3−ZrO2 NH4OH/ethanol precipitation
IZ-hydro In2O3−ZrO2 urea hydrolysis
IZ-carb In2O3−ZrO2 Na2CO3 precipitation
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(purging). The last spectrum (100th scan) of each sample was
reported for comparison purposes.
2.4. Catalytic Tests. The catalytic test was performed in a fixed-

bed tubular stainless-steel reactor (VINCI Technologies, France,
inner diameter × length = 1.27 × 21.5 cm). The reactor’s total volume
was 12.1 cm3 and it was vertically positioned, with a thermocouple
attached to its bottom that ran up to contact with the catalyst bed.
Catalysts (particle sizes of 250 and 500 μm) were used for the activity
tests to avoid an excessive pressure drop over the catalyst bed. For
comparison purposes, the activity tests were designed by keeping the
same amount of In metal (500 mg) in each test sample. This required
605 mg of In2O3 and 873 mg of In2O3−ZrO2. The catalyst was diluted
with SiC (the same particle size) so that the total mass of the catalytic
bed was 1 g. In this way, all tests were performed with the same
weight hourly space velocity (WHSV) of 6000 mL gcatalyst−1 h−1 (or
12,000 mL gIn−1 h−1). After a leak test at 40 bar, the catalyst was
heated at 350 °C for 1 h in Ar (150 mL min−1). The feed gas was then
switched to a mixture of H2 and CO2 (molar ratio of CO2:H2 = 1:3, a
total flow of 100 mL min−1), and the reactor was pressurized to 40
bar. The catalytic tests were measured at five points of temperatures
from 350 to 250 °C (interval step of 25 °C). Three measurements are
taken for each temperature point with a total reaction time of
approximately 75 min to ensure that the steady state is reached.
Detailed information on the analytical method and gas chromatog-
raphy instrument can be found in our previous study.22

The apparent activation energy (Ea) of CO2 on each catalyst was
determined from the slope of the Arrhenius plot in which all points of
temperatures were selected at a conversion of CO2 lower than 20%.

23

The criteria for the estimation of transport effects (mass and heat)
were calculated based on the guideline described elsewhere for the
best catalyst (IZ-carb).24 Detailed calculations can be found in the
Supporting Information. It was noted that under the highest
conversion of CO2 on the most active catalyst, the Weisz-Prater
and Maers parameters were WP = 0.156 and MP = 0.008,
respectively. Since WP < 0.6 and MP < 0.15, both intraparticle and
interphase mass transfer limitations could be neglected.

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization. For each synthesis, the

theoretical amount of the materials after calcination is
approximately 4.0 g. The urea hydrolysis and coprecipitation
(using either NH4OH or Na2CO3) methods provided
approximately 3.7−3.9 g of product which corresponded to a
yield of 93−98% for both single In2O3 and mixed oxides. By
contrast, the urea combustion method only produced
approximately 2.2 g of the materials (55% yield). The
elemental compositions of the mixed oxide catalysts
determined by ICP-SFMS are shown in Table 2. For binary

In2O3−ZrO2, three samples of IZ-hydro, IZ-ammo, and IZ-
carb have the molar ratio of In/Zr ≈ 1.85−2.03 which was very
close to the theoretical value of 2.0. Notably, the In/Zr of the
IZ-comb was only half of the theoretical value. A significant
loss in yield of the I-comb and a low In/Zr of the IZ-comb
sample were attributed to a loss of the In(NO3)3 precursor
during the combustion. A quick ignition of the combustion
probably induced the evaporation of water carrying along with
it some In(NO3)3 precursor. The content of Na in the IZ-carb

was negligible, suggesting that Na2CO3 was completely
removed during the washing step.
Figure 1 presents the XRD patterns of In2O3 and In2O3−

ZrO2 prepared by the different synthesis methods. The

reflections of a cubic structure (space group Ia3̅ (206), PDF
00-006-0146) were found for all samples of In2O3 regardless of
the synthesis method, which was in line with the literature.13

However, the patterns of the In2O3 sample prepared by urea
hydrolysis showed also weak reflections at around 2θ of 32.5°
and 45.6° which were characteristic reflections of the
rhombohedral phase (PDF 04-001-8476).13,25,26 This indi-
cated that the urea hydrolysis method produced a trace of the
side phase of the rhombohedral structure apart from the main
cubic one. The crystal size of In2O3 was calculated with
Scherrer’s equation using the input information on the plane
(431) at 2θ of 45.5°. The result showed that the preparation
method significantly influenced the crystallite sizes. The
combustion method generated In2O3 with a crystallite size of
39 nm (I-comb), which was approximately 3-fold larger than
those prepared by other methods, for example, the urea
hydrolysis (I-hydro, 12 nm) and precipitation with ammonia
(I-ammo, 13 nm) or with Na2CO3 (I-carb, 19 nm).
For In2O3−ZrO2 catalysts, IZ-ammo and IZ-carb showed a

solid solution of In2O3 and ZrO2 with a cubic structure (like
Zr0.18In1.75O3, PDF 04-006-0768) (Figure 1a). This structure
was also found in the IZ-hydro sample. However, apart from
the cubic structure, the IZ-hydro catalyst also had a
rhombohedral phase which was similar to the case of the I-
hydro sample. By contrast, the pattern of the IZ-comb showed
the reflections assigned to the cubic phase of In2O3 as well as
the tetragonal ZrO2 (PDF 00-065-0729).

14 It should be noted
that the interpretation of the phase for each In2O3−ZrO2
catalyst was based on a comparison with its In2O3 counterpart;
however, the interference with the phase of ZrO2 could not be
excluded, especially in the case of the IZ-hydro sample in
which the new phase of rhombohedral In2O3 was identified.
Therefore, four samples of ZrO2 were prepared with similar
methods as the In2O3 counterparts, and their XRD patterns are
presented in Figure S3. Both Z-hydro and Z-carb showed the
same patterns of tetragonal ZrO2 (PDF 00-065-0729) while Z-
ammo and Z-comb exhibited complicated patterns assigned for
both tetragonal and monoclinic ZrO2.

20 A comparison of the
patterns of In2O3, ZrO2, and In2O3−ZrO2 samples prepared
with the same method was matched to clarify if the patterns of
ZrO2 phases would interfere with the interpretation of the

Table 2. Elemental Composition of the Catalysts

catalyst In/molar % Zr/molar % Na/ppm

IZ-comb 48.23 51.77
IZ-hydro 66.11 33.89
IZ-ammo 64.91 35.09
IZ-carb 66.98 33.02 <50

Figure 1. XRD patterns of In2O3 and In2O3−ZrO2 prepared by
different methods.
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In2O3 phases (Figure S4). For the coprecipitation method
using sodium carbonate and the urea hydrolysis, the pattern of
tetragonal ZrO2 almost overlapped with the cubic In2O3
(Figure S4b,d), and thus, the patterns of In2O3−ZrO2 have
likely reassembled the patterns of their In2O3 counterparts. In
the case of the coprecipitation using ammonia solution, the IZ-
ammo showed a very similar pattern with I-ammo, but not with
Z-ammo (Figure S4a). The average cell parameter (cubic
structure) calculated for two reflections at around 2θ of 30.4°
and 35.3° is 10.189 ± 0.005 and 10.211 ± 0.006 Å,
respectively. This suggests the formation of a solid solution
between In2O3 and ZrO2 in the IZ-ammo reassembled the
structure of the I-ammo. For the combustion method, the
reflections of the ZrO2 phase were identified in the pattern of
the IZ-comb. The effect of the synthesis methods on the
crystallite sizes of In2O3−ZrO2 catalysts was similar to In2O3.
The IZ-comb showed a large crystallite size of 29 nm whereas
the other samples had a size in the range of 12−16 nm. These
particle sizes are similar to those we determined in an earlier
study, where we analyzed In2O3 prepared by the precipitation
with Na2CO3 using TEM, resulting in particle sizes around
12−16 nm.22
Figure 2 displays the SEM images of In2O3 and In2O3−ZrO2

catalysts prepared by different methods. The I-comb showed
an agglomeration of bent particles, around 200 nm long
(Figure 2a). This morphology was also found in the IZ-comb

sample, together with well-defined tetragonal crystals (Figure
2b) which belonged to the tetragonal ZrO2. This is consistent
with the XRD data as both the cubic phase of In2O3 and
tetragonal ZrO2 were identified from the XRD patterns of the
IZ-comb. The indium oxide prepared with the urea
hydrolysis�I-hydro was composed of rod particles with a
length of approximately 500 nm (Figure 2c) which agrees with
the literature.27 The rod morphology was also partially
observed in the IZ-hydro, together with a cluster of ill-defined
shapes (Figure 2d). Compared with the phase identified from
XRD, it is hypothesized that the rod particles could be
associated with the cubic structure of the solid solution of
In2O3 and ZrO2, whereas the cluster morphology perhaps
belonged to the hexagonal phase (rhombohedral). Both two
samples of I-ammo and I-carb showed large clusters with a
compact surface (Figure 2e,g). Their In2O3−ZrO2 counter-
parts, IZ-ammo and IZ-carb, also showed similar morphology;
however, the clusters were smaller, and the surface was rougher
than I-ammo and I-carb (Figure 2f,h).
More measurements with EDX elemental mapping were

performed to examine the distribution of In and Zr elements in
In2O3−ZrO2 samples and the results are shown in Figure 3.
Overlapping signals of In, Zr, and O were found for the IZ-UH
(Figure 3b−b(3)) and IZ-carb (Figure 3c−c(3)), suggesting a
homogeneous distribution in the samples. For the IZ-comb
sample, the element signals of In and Zr were also overlapping
in most of the areas. However, it was noted that at least two
areas were characteristics of indium-rich locations as guided by
the circles in Figure 3a−a(2). To gain further information, the
compositions of eight selected areas on each sample were
analyzed by EDX with the point/area mode, and the data are
presented in Figure S5. The data for the IZ-comb sample
confirmed that there were two areas with indium-rich
compositions with In/Zr molar ratios of 6.0−7.0 (points 7
and 8 in Figure S5) while the other 6 points had an average
ratio of In/Zr of 1.2 ± 0.1. By contrast, the IZ-hydro and IZ-
carb showed similar average ratios of In/Zr around 2.3.
Considering that there is a variation in EDX mapping results
due to the chosen areas, the In/Zr ratios derived from EDX
measurements are consistent with the results of ICP measure-
ments. It would be concluded that the combustion method
does not control well the composition of the In and Zr
compared to urea hydrolysis and coprecipitation counterparts.
To confirm the presence of different phases of In2O3 in the

catalysts, micro-Raman measurements were performed, and
the results are presented in Figure 4. Five main frequency
values of Raman active vibrations were observed in all the
spectra at approximately 133 (In−O vibration of InO6
structure units, E2g), 308 (bending vibration δ (InO6) of
octahedrons, E1g), 369 (stretching vibrations of the In−O−In,
E2g), 498 (stretching vibrations ν(InO6) octahedrons, A1g),
and 631 cm−1 (ν(InO6), E2g), which are characteristic of the
vibration modes of bcc-In2O3 (Ia3).12,28 Moreover, the
vibration feature at 369 cm−1 also reflects the oxygen vacancies
in the In2O3 structure.

29 Therefore, a relative ratio of the
intensity of this band (I2) and the band at 308 cm−1 (I1) is
usually used to compare the oxygen vacancy density between
the materials.28 The ratio of I2/I1 was found to be around
0.91−0.96 and 0.71−0.78 for the In2O3−ZrO2 and In2O3,
respectively (Table 3). This indicated that the presence of
ZrO2 induced an increase in the number of oxygen vacancies
compared to the bare In2O3. Especially, the Raman shift
around 165 cm−1 was also observed for the I-hydro and IZ-

Figure 2. SEM images of In2O3 and In2O3−ZrO2 catalysts prepared
by different synthesis methods.
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hydro samples. This band is characteristic of the rhombohedral
structure which was consistent with the XRD data.25

Figures S6 and S7 present the N2-physisorption isotherms of
the different catalysts. The isotherms of the two combustion
samples (I-comb and IZ-comb) were matched with type II
according to the IUPAC classification,30 indicating a non-
porous or macroporous solid. The isotherms of the other
catalysts were characteristic of mesoporous materials classified
as type IV with the H2 hysteresis loop. The combustion
method generated materials having a specific surface area

significantly lower than those prepared by urea hydrolysis and
precipitation. The specific surface areas of the I-comb and IZ-
comb were 4.4 and 5.2 m2 g−1, respectively (Table 2). These
values were about 10−15-fold lower than those of their
counterparts, e.g., 47.4 m2 g−1 of I-hydro and 69.6 m2 g−1 of
IZ-ammo. Remarkably, the mixed oxides of In2O3−ZrO2
catalysts always had higher specific surface areas than their
In2O3 counterparts for all four synthesis methods. This implied
that the inclusion of ZrO2 improved the specific surface area of
the catalysts. It is also worth noting that the synthesis method

Figure 3. Selected elemental maps of three In2O3−ZrO2 samples from SEM/EDX analysis (IZ-com: a−a3; IZ-hydro: b−b3; and IZ-carb: c−c3):
electron images a−c were taken at magnification of 3000. The bar scale in all figures is 10 μm. Maps of In (L): a1, b1, and c1; maps of Zr (L): a2,
b2, and c2; and maps of O (K): a3, b3, and c3. The circles in figure a, a1 and a2 mark the indium-rich areas (more detailed information is presented
in Figure S6).

Figure 4. Raman spectra of In2O3 and In2O3−ZrO2 catalysts prepared
with different methods.

Table 3. Porosity, CO2 Adsorption Capacity, Crystallite
Size, and I2/I1 Ratio of Different Catalysts

catalysts
SBET/m2

g−1
Vpore/cm3

g−1
CO2 adsorbed/

μmol g−1
crystallite
sizea/nm

I2/
I1b

I-comb 4.4 0.008 55 39 0.64
I-hydro 47.4 0.095 149 12 0.95
I-ammo 54.8 0.128 274 13 0.78
I-carb 32.5 0.139 195 19 0.71
IZ-
comb

5.2 0.012 78 29 0.80

IZ-
hydro

58.4 0.145 242 16 0.91

IZ-
ammo

69.6 0.184 399 12 0.96

IZ-carb 69.3 0.298 509 13 0.93
aCalculated from the Scherrer equation for the (431) plane. bFrom
Raman analysis, where I2 a and I1 are the intensity of the bands at
369 and 308 cm−1, respectively.
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significantly influenced the pore size distribution of the
materials (Figures S6b and S7b). The average pore size
decreased in the order of urea hydrolysis < precipitation with
ammonia < precipitation with Na2CO3 for both In2O3 and
In2O3−ZrO2 series.
Figure 5 presents the XPS spectra of In 3d, O 1s, and Zr 3d

core levels of different In2O3−ZrO2 catalysts. The In 3d core
levels of all samples exhibited two well-separated spin−orbits
with a characteristic separation of 7.6 eV between the In 3d5/2
and In 3d3/2 components. The shape of the peaks and the
maximum positions of the In 3d5/2 core levels were different
between the samples (Figure 5a). The peaks were more
asymmetric for IZ-ammo than for the other In2O3−ZrO2
samples. The IZ-comb showed the In 3d5/2 peak at
approximately 443.4 eV which was much lower than the
value of 443.7 eV for IZ-carb, 444.0 eV for IZ-hydro and 444.3
eV for IZ-ammo. It can be noted that the assignment of the
oxidation state for In in In2O3 is discrepant in the literature.
For example, the database of XPS of the National Institute of
Standards and Technology (NIST) assigned a binding energy
of In 3d5/2 from 443.2 to 444.0 eV for metallic indium
(In0).31 In contrast, in the database of Thermofisher, the BEs
at 443.8 and 444.0 were assigned to In0 and In3+ (In2O3),
respectively.32 It should be noted that the accompanying “loss
energy” at around 455−456 eV, a characteristic feature of the
metallic indium spectrum, was not observed in any of the four

samples. Therefore, it is unlikely to interpret these results as a
dominant presence of In0, for the case of IZ-comb with the
lowest BE of In 3d5/2 at 443.4 eV. It should also be noted that
with XRD analysis (a technique for bulk analysis) the main
phase in these samples was indium oxide, whereas XPS is a
surface technique that can analyze the state of material only a
few nanometers from the surface. A relatively low value of BE
of In 3d5/2 for IZ-comb indicated that there was less electron
density around In on the surface (depth up to 5−6 nm,
reference14 and this seemed to be characteristic of the
combustion method because the I-comb sample had a similar
value of binding energy of In 3d5/2 (443.5 eV) (Figure S8a).
Interestingly, the In2O3 prepared by thermal decomposition of
the In(NO3)3 precursor also showed a similar value of In 3d5/
2 at 443.6 eV in the literature.33 To clarify that a shift to the
lower binding energy of the I-comb sample was not because of
the instrumentation issue, we also performed the measure-
ments for other indium oxide samples. As shown in Figure S8a,
all three samples (I-hydro, I-ammo, and I-carb) showed a
binding energy of In 3d5/2 of around 444.0 eV. We
hypothesize that a small fraction of In on the surface of
In2O3 in the I-comb sample is loosely bonded with oxygen,
giving BEs close to metallic In. It should be noted that in the In
3d5/2 of IZ-ammo, the peak at BE of 444.3 eV is the dominant
peak at 443.0 eV, indicating that the fraction of the oxide form
on the surface of this material was higher than that for the

Figure 5. XPS spectra of In2O3−ZrO2 catalysts: (a) In 3d; (b) Zr 3d, and (c) O 1s core level.
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others. This could indicate a strong interaction between In2O3
and ZrO2 due to the formation of a solid solution.
The spectra of the Zr 3d5/2 core level are different among

the samples (Figure 5b). Three spectra of IZ-comb, IZ-hydro,
and IZ-carb showed a symmetric peak of approximately 181.9,
182.1, and 181.6 eV, respectively, whereas the spectrum of IZ-
ammo was broad and asymmetric, which could be
deconvoluted into two peaks at 182.5 and 181.3 eV. For
four samples, the BE values of the main peaks from 181.6 to
182.4 eV were close to the binding energy of Zr 3d5/2 of
tetragonal ZrO2,

34 in agreement with the XRD data. A
deviation of the BEs between the samples indicated a
difference in the electron density around Zr4+. The second
peak at 181.3 eV in the 3d5/2 spectrum of IZ-ammo indicated
the presence of Zr species with less electron density (Zrδ+)
which was likely associated with the presence of oxygen
defects. It should be noted that the binding energy of Zr 3d of
pure ZrO2 depended on the morphology in which the BE of Zr
3d of monoclinic ZrO2 was lower than that of tetragonal
ZrO2.

35 It could not be discarded that there is evidence of a
trace of a monoclinic phase on the surface because the sample
of only ZrO2 using the same method showed a mixed phase of
both monoclinic and tetragonal (Figure S4). Notably, the
characteristics of Zr 3d5/2 seemed to coincide with the
features of In 3d5/2 of the IZ-ammo, suggesting an interaction
between In2O3 and ZrO2 in this sample. Indeed, this
interaction was confirmed by the interpretation of the O 1s.
The O 1s spectrum of IZ-ammo showed a significant

difference in shape compared to the others (Figure 5c). In the
O 1s spectrum, three binding energies at approximately 532.3,
530.5, and 529.1 eV were ascribed to the surface (e.g., −OH
group), defect, and lattice oxygen, respectively.36 Notably, the
oxygen defect accounted for 47% of the IZ-ammo which was
significantly higher than those for the other three catalysts
(23−35%) (Table 4). This result is consistent with the highest

content of the defect interpreted from Raman data in which
the highest ratio of I2/I1 = 0.96 was found on the IZ-ammo
catalyst (Table 3). It is also observed that the ratio between
surface −OH and O-defect was significantly different between
In2O3 and In2O3−ZrO2 counterparts (Table 4). For the In2O3
series, the percentage of O-defect and surface −OH was
around 14−21% and 11−12%, respectively. Whereas for the
In2O3−ZrO2 samples, the former increased by 1.6−2.8-fold
while the latter decreased by 1.6−1.8-fold.
Figure 6 presents the H2-TPR profiles of different catalysts.

Pure ZrO2 showed a negligible consumption of H2 with a flat
profile during the analysis. The profile of all In2O3 and In2O3−
ZrO2 samples showed only one reduction feature at a high-
temperature range of 400−800 °C, whereas the profile of I-

ammo had also another peak at around 270−295 °C. The peak
at low temperatures is associated with the reduction of surface
In2O3 while the peak at high temperatures could be attributed
to the reduction of bulk In2O3. The profiles of IZ samples
showed similar features as their pure In2O3 counterparts. The
synthesis method using ammonia solution as the precipitating
agent facilitates a reduction of In2O3 at lower temperatures,
contrary to all the other preparation methods. The easy
reduction at low temperatures for I-ammo and IZ-ammo is
perhaps related to their higher content of oxygen defects which
is consistent with the Raman and XPS analysis.14 Additionally,
the reduction of ZrO2 was also negligible compared to In2O3
and In2O3−ZrO2 (Figure S9).
Figure 7 presents the CO2-TPD profiles for different

catalysts. The profile for both I-comb and IZ-comb were

almost flat resulting in a small CO2 uptake of 55 and 78 μmol
g−1, respectively. By contrast, the profiles of I-ammo, I-hydro,
and I-carb showed one broad peak centered at around 105 °C
and one weak peak at around 373 °C. Their CO2 uptakes were
3-fold to 5-fold higher than that of the I-comb (Table 3). The
In2O3−ZrO2 samples had a similar shape of the CO2-TPD
profile to their In2O3 counterparts; however, the profiles were
more intense. As a result, the CO2 uptakes of the IZ samples
were about 41−62% higher than those of the pure In2O3
counterparts (Table 3). This implies that ZrO2 supports an

Table 4. Percentage of Different Oxygen (O) Species
Deconvoluted from O 1s Binding Energy

sample lattice O (%) O-defect (%) surface O (%)

I-comb 72 17 11
I-hydro 68 21 11
I-ammo 71 17 12
I-carb 75 14 11
IZ-comb 64 30 6
IZ-hydro 59 34 7
IZ-ammo 46 47 7
IZ-carb 71 23 6

Figure 6. H2-TPR profiles In2O3 and In2O3−ZrO2 prepared by
different synthesis methods.

Figure 7. CO2-TPD profiles of In2O3 and In2O3−ZrO2 prepared by
different synthesis methods.
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enhanced CO2 adsorption capacity of the mixed oxide catalysts
compared to the single In2O3 samples.
To gain further information on the structural effect of the

catalysts on CO2 activation, DRIFTS measurements were
performed in situ during CO2 adsorption over the catalysts.
Figure 8 presents the IR spectra of In2O3 and In2O3−ZrO2
after the adsorption of CO2 for 90 min. It is known that CO2
can use its oxygens or electrophilic carbon to interact with the
surface −OH and oxygen vacancies of the catalysts in complex
coordination (symmetrical, monodente, bidente, and bridged
configurations).37 These interactions possibly form bicarbon-
ates, carbonates, carboxylates, and linear CO2 species.38

Different interpretations have been used to assign each species
in the literature due to peak overlap and dependence on types
of metal oxides. Herein, to simplify the interpretation, we focus
on pointing out the different characteristics of the catalysts
during CO2 adsorption to investigate the effect of the catalyst
preparation method. As shown in Figure 8a, all spectra showed
similar shapes in which the bands positioned at 1630, 1431,
and 1236 cm−1 can be assigned to bicarbonate (HCO3

−) with
the IR modes of νas(CO3), νs(CO3), and δ(HO), respec-
tively.39 The two bands at 1598 and 1574 cm−1 are possibly
attributed to two types of carboxylate species (CO2

δ−), while
the bands at around 1548 and 1335 cm−1 are assigned to
bidente carbonate (b-CO3

2−).38,40 It should be noted that the
overlap of the peaks in the locations around 1600 cm−1 makes
it challenging to assign the species. Indeed, the bands at 1598
and 1574 cm−1 can be also assigned to formate intermediate
species or bidente carbonates in the literature.19,40 Addition-
ally, there was one intense peak at around 1287 cm−1 which
was also observed by Yan et al. for CO2 adsorption on indium
oxide.41 Unfortunately, the authors did not assign this peak.
However, this peak can possibly belong to bidente carbonates
as reported for CO2 adsorption on Ni/CeO2.

42 The spectrum
of the I-comb sample was much less intense than the others,
probably due to the low specific surface area and hence the low
adsorption capacity of CO2 on this catalyst.
The spectra for the binary oxides In2O3−ZrO2 also showed

similar carbonate species as those of In2O3 samples, although
there were some shifts in the peak positions. This can be
explained by a difference in electron density due to the
presence of ZrO2. However, the most different characteristic
was the peak at around 1626 cm−1. It was much more intense
for In2O3−ZrO2 than the In2O3 counterpart. This indicates

that more bicarbonate species (HCO3
−) were formed on

In2O3−ZrO2 than In2O3 during the CO2 adsorption.
3.2. Catalytic Activity. The catalytic activity of the

different catalysts for CO2 hydrogenation was examined in a
fixed-bed reactor operated in a temperature range from 250 to
350 °C and pressure of 40 bar. The mass of each catalyst was
normalized to obtain the same amount of 500 mg of indium
for comparison purposes. In all the catalytic tests, CH3OH and
CO were the main products, whereas CH4 was only found in
some cases. In those cases, however, the maximum selectivity
of CH4 was less than 2.5%, and hence, the selectivity for CH4 is
not reported in the results. The comparison of the catalytic
activity between the catalysts was assessed in terms of CO2
conversion (XCO2), CH3OH selectivity (SCH3OH), and space-
time yield of CH3OH (STYCH3OH).
Figure 9 presents the activity performance (CO2 conversion,

methanol selectivity, and space-time yield of methanol) of
In2O3 and In2O3−ZrO2 prepared by combustion, urea
hydrolysis, and precipitation with NH4OH solution. More
detailed information on methanol yield and CO selectivity are
presented in Figure S10. For all catalysts, CO2 conversion
increased substantially as temperature increased from 250 to
350 °C (Figure 9a). For catalysts containing solely In2O3, the
CO2 conversion increased in the order of I-comb ≪ I-hydro ≈
I-carb < I-ammo. The CO2 conversions linearly correlate with
the specific surface areas (Figure 10a), suggesting the specific
surface area plays a crucial role in the CO2 conversion since all
four catalysts had the same cubic structure of In2O3.
Significantly lower conversion of CO2 on the I-comb catalyst
was accounted for by a substantially lower specific surface area
of the catalyst. It is noted that the CO2 conversions of I-carb, I-
hydro, and I-ammo are better to some extent than those
reported in the literature under similar or milder reaction
conditions (Table 5). For example, In2O3 prepared by the
precipitation with Na2CO3 showed a conversion of 11.8% at
350 °C under similar reaction conditions,22 whereas other
studies reported much lower CO2 conversion even under
milder reaction conditions (e.g., lower WHSH, reactants
diluted with inert gases).43,44 Both I-hydro and I-ammo
catalysts showed a CH3OH selectivity of 42−45% for
temperatures 250−300 °C and the selectivity decreased rapidly
with a further increase in temperature due to the RWGS
reaction being increasingly thermodynamically favored. The I-
comb catalyst also had a similar value of CH3OH selectivity as
I-hydro and I-ammo at temperatures from 250 to 350 °C but it

Figure 8. In situ DRIFTS spectra of different catalysts, (a) In2O3 and (b) In2O3−ZrO2 after 90 min adsorption of CO2 at 35 °C (gas flow (100 mL
min−1) of 2000 ppm of CO2/Ar).
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lost CH3OH selectivity when the temperature was higher than
325 °C. The yield of CH3OH production on each catalyst is a
trade-off between the CO2 conversion and CH3OH selectivity
(Figure 9b) due to a competition between the methanol
generation reaction and the RWGS reaction. As a result, the
maximum CH3OH production rate calculated per gram of
Indium (gCH3OH gIn−1 h−1), i.e. methanol STY, was found to
rank in the increasing order of I-comb (0.08 at 325 °C) < I-
carb (0.10 at 325 °C) < I-hydro (0.14 at 325 °C) < I-ammo
(0.14 at 300 °C) (Figure 9c). This implies that the preparation
method strongly influences the catalytic performance for CO2
hydrogenation to CH3OH. In the literature, CO2 conversion,
methanol selectivity, and methanol formation are usually
correlated to the content of O vacancies;10,45 however, in this
work, the correlation between O vacancies and the methanol
production rate was not clear.

Each In2O3−ZrO2 mixed oxide catalyst prepared by the four
different methods showed higher CO2 conversion than that of
its In2O3 counterpart (Figure 9a, the solid line versus the
dashed line with the same color). In particular, the CO2
conversions on the In2O3−ZrO2 catalysts were 1.2 to 2.8-
fold higher than their In2O3 counterparts (Figure 10b). This
indicates a clear advantage of ZrO2 support in the mixed oxide
In2O3−ZrO2 catalysts, which is generally related to the
improvement in CO2 adsorption capacity and oxygen vacancies
of the In2O3−ZrO2 catalysts than their In2O3 counter-
parts.14,20,29 In fact, in our cases, all samples of binary oxides
In2O3−ZrO2 exhibited higher CO2 adsorption capacity than
single In2O3 counterparts (Table 3). Moreover, a similar trend

Figure 9. Comparison of In2O3 and In2O3−ZrO2 catalysts for (a)
CO2 conversion, (b) CH3OH selectivity, and (c) STY of CH3OH. Figure 10. (a) Correlation between the specific surface area and CO2

conversion on In2O3 prepared by various synthesis methods and (b)
comparison of CO2 conversion and (c) comparison of STY of
methanol productivity on In2O3 and In2O3−ZrO2.
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was found for indirect evidence of oxygen vacancies (I2/I1
ratio from Raman analysis) except for the pair of I-hydro and
IZ-hydro (Table 3). However, it should be noted that in the
case of I-hydro and IZ-hydro, a difference in the phase of In2O3
(cubic and rhombohedral, Figure 1a) could play a role in the
catalytic activity. IZ-hydro and IZ-ammo catalysts showed very
similar CO2 conversion up to 300 °C but IZ-hydro is slightly
better than IZ-ammo at higher temperatures (Figure 9a). Both
catalysts outperformed the IZ-comb for the conversion of CO2
from 250 to 350 °C. Noticeably, the IZ-carb was the best
among the four samples of In2O3−ZrO2. This catalyst had
11.5% conversion of CO2, 37% selectivity for CH3OH (and
hence a maximum 4.2% yield of CH3OH, Figure S10a) at 300
°C, giving a methanol STY of 0.17 gCH3OH gIn−1 h−1. The best
activity of IZ-carb may be related to its textural properties
(Figure 10c), for example, large specific surface area and
substantially larger CO2 adsorption capacity compared to those
of the others (see Table 3). Moreover, the pore width (and
subsequently the total pore volume) may also play a role
because this is the only different textural property between IZ-
carb and IZ-ammo, where IZ-carb had 0.298 cm3 g−1 while IZ-
ammo had 0.184 cm3 g−1.
It should be noted that the sodium carbonate precipitation

synthesis was the most favorable for the ZrO2-supported
catalyst performance but among the least favorable for the
unsupported In2O3 catalyst series. A larger crystallite size was
found by XRD for I-carb than I-ammo and I-hydro which
accounted for a lower specific surface area of I-carb than their
counterparts (I-ammo and I-hydro) (Table 3). In the presence
of cation Zr4+, all three catalysts prepared by coprecipitation
and urea hydrolysis exhibited a high specific surface area, but
the difference in the pore width distribution in which the IZ-
carb catalyst had a larger value of the average pore width. This
indicates that the preparation method significantly influences
the CO2 conversion for In2O3−ZrO2 catalysts. The IZ-hydro
and IZ-ammo catalysts showed a maximum rate of CH3OH

STY (at 300 °C) of approximately 0.135 and 0.142 gCH3OH
gIn−1 h−1, respectively, whereas IZ-comb had its maximum rate
of CH3OH STY of about 0.104 gCH3OH gIn−1 h−1 at 325 °C. It
is noted that the IZ-hydro had a mixed phase of rhombohedral
and cubic In2O3 while IZ-ammo possessed only cubic In2O3. A
slightly higher CO2 conversion and methanol yield on I-ammo
(only cubic phase) than I-hydro (cubic and trace of
rhombohedral phase) suggests that the cubic phase of In2O3
might be better than the rhombohedral phase as reported in
the literature.13 Yang and co-workers found that the cubic
In2O3 had a larger production of methanol than rhombohedral
unsupported In2O3 although the former showed lower
methanol selectivity than the latter.43

The apparent activation energy of CO2 on each catalyst was
calculated from the slope of the fitted linear regression of the
Arrhenius plots, as shown in Figure 11. The apparent
activation energies of all catalysts prepared by precipitation
and hydrolysis methods were in the range of 71−77 kJ/mol,
whereas the values of two samples I-comb and IZ-comb
prepared by the combustion method were around 90−91 kJ/
mol. This indicates that the pathway of CO2 activation on the
I-comb and IZ-comb was different than other catalysts. The
finding was consistent with DRIFTS data in which there were
much less −CO3 species formed on I-comb and IZ-comb
catalysts during the adsorption of CO2.

4. CONCLUSIONS
In2O3 and In2O3−ZrO2 materials were synthesized by various
preparation methods including those with urea and ammonia
(free-alkaline) (urea combustion, urea hydrolysis, precipitation
with ammonia/ethanol) and the precipitation with sodium
carbonate. The preparation methods strongly affected the
properties of the catalysts. The combustion method produced
a separate phase of ZrO2 causing a very low specific surface
area and, as a result, the catalytic performance of the materials
was also limited. A reassembled structure of cubic In2O3 for the

Table 5. Comparison of the Activity Performance of the Catalysts Reported in This Study and the Recent Literature

catalysts
CO2/H2/inert

(v/v)
space
velocity

pressure
(MPa)

temperature
(K)

CO2 conversion
(%)

CH3OH
formation ref

GHSV
(h−1)

WHSV (L g−1

h−1)
STY (mmol
gcat−1h−1)

selectivity
(%)

In2O3 1/4 16,000 26 5 573 ca. 6.3 100 9
In2O3/ZrO2 1/4 16,000 26 5 573 5.2 9.2 100 9
In2.5/ZrO2 1/4/1.67 24,000 5 523 0.9 1.1 74 18
hexagonal-In2O3 1/3/0.55 21.6 4 598 4.4 6.3 68 46
1.5Y9In/ZrO2 1:4/1.5 52 4 573 7.6 13.1 69 47
3La10In/ZrO2 1/4/1.5 52 4 573 7.7 13.1 66 47
In2O3 1/3/1 9 2 593 ∼5 14.6 ∼39 44
20In/ZrO2-800 1/3/1 9 2 593 ∼5 59.6 ∼51 44
c-In2O3 1/4/0 16 4 613 ∼ 12 3.0 20 43
rh-In2O3 1/4/0 16 4 613 ∼ 5 1.8 30 43
In2O3-
commercial

1/3/1 15 4 543 1.1 0.8 55 8

In2O3-
commercial

1/3/1 15 4 603 7.1 3.7 40 8

cubic-In2O3 1/3/1 7.5 3 573 ∼4.2 1.99 ∼70 13
hexagonal-In2O3 1/3/1 7.5 3 573 ∼4.8 2.32 ∼70 13
In2O3-hydro 1/3/0 12 4 598 11.4 3.6 31 this

work
In2O3−ZrO2-
carb

1/3/0 12 4 573 11.5 3.0 37 this
work

In2O3−ZrO2-
hydro

1/3/0 12 4 573 9.5 2.4 36 this
work
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In2O3−ZrO2 catalysts prepared by the precipitation with
ammonia/ethanol and sodium carbonate indicated a strong
interaction between In2O3 and ZrO2. In contrast, the urea
hydrolysis method also generated the rhombohedral In2O3
structure in both I-hydro and IZ-hydro. The highest content of
oxygen defects was found in the In2O3−ZrO2 sample prepared
by the precipitation with ammonia/ethanol. However, this
factor did not guarantee the best activity performance. The
catalytic performance was mostly correlated to the specific
surface area. For all preparation methods, the In2O3−ZrO2
mixed oxide catalysts had better performance than their In2O3
counterparts. However, using the Na carbonate preparation,
the performance was particularly strongly boosted with the
mixed oxide. This was due to the IZ-carb catalyst’s good
textural properties, high CO2 adsorption capacity, and strong
interaction between In2O3 and ZrO2 (as observed from XRD).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04721.

TGA profiles of In(NO3)3·xH2O and ZrO(NO3)2·yH2O
precursors; Optical image of In2O3 prepared by urea
combustion method; criteria for estimation of transport
effects; XRD data of ZrO2 samples prepared by different
methods; SEM/EDX measurements of selected In2O3−
ZrO2 catalysts; N2 physisorption data of In2O3 and

In2O3−ZrO2; XPS data of all In2O3 samples; H2-TPR
profiles of In2O3, ZrO2, and In2O3−ZrO2 prepared by
urea synthesis; and comparison of CH3OH yield and
CO selectivity between In2O3 and In2O3−ZrO2 catalysts
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Patricia Benito − Dipartimento di Chimica Industriale “Toso
Montanari”, University of Bologna, Bologna 40136, Italy;
orcid.org/0000-0003-0487-6782;

Email: patricia.benito3@unibo.it
Louise Olsson − Chemical Engineering, Competence Centre

for Catalysis, Chalmers University of Technology, Gothenburg
SE-412 96, Sweden; orcid.org/0000-0002-8308-0784;
Email: louise.olsson@chalmers.se

Authors
Phuoc Hoang Ho − Chemical Engineering, Competence

Centre for Catalysis, Chalmers University of Technology,
Gothenburg SE-412 96, Sweden

Giovanni Tizzanini − Dipartimento di Chimica Industriale
“Toso Montanari”, University of Bologna, Bologna 40136,
Italy

Sreetama Ghosh − CO2 Research and Green Technologies
Centre, Vellore Institute of Technology (VIT), Vellore, Tamil
Nadu 632014, India

Wei Di − Chemical Engineering, Competence Centre for
Catalysis, Chalmers University of Technology, Gothenburg
SE-412 96, Sweden

Jieling Shao − Chemical Engineering, Competence Centre for
Catalysis, Chalmers University of Technology, Gothenburg
SE-412 96, Sweden

Oleg Pajalic − Perstorp Specialty Chemicals AB, Perstorp 284
80, Sweden

Lars Josefsson − Josefsson Sustainable Chemistry AB,
Stenungsund 444 48, Sweden

Derek Creaser − Chemical Engineering, Competence Centre
for Catalysis, Chalmers University of Technology, Gothenburg
SE-412 96, Sweden; orcid.org/0000-0002-5569-5706

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.3c04721

Notes
The authors declare the following competing financial
interest(s): Co-author: Oleg Pajalic reports a relationship
with Perstorp Specialty Chemicals AB that includes: employ-
ment. Co-author: Lars Josefsson, employed by his own
company Josefsson Sustainable Chemistry AB.

■ ACKNOWLEDGMENTS
This work was performed at the Competence Centre for
Catalysis (KCK) and the Division of Chemical Engineering,
Chalmers University of Technology in collaboration with
Perstorp, Josefsson Sustainable Chemistry, and Chimica
Industriale “Toso Montanari” at the University of Bologna.
We thank the Swedish Energy Agency for financial support
(Grant number P49617-1). Part of the characterization was
conducted at the Chalmers Materials Analysis Lab (CMAL).
We acknowledge the assistance from Dr. Eric Tam for XPS
analysis and Dr. Katarina Logg for Raman measurements.

Figure 11. Arrhenius plot for different In2O3 and In2O3−ZrO2
catalysts. Apparent activation energy (Ea) was calculated from the
slope of the linear regression. All conversion values used in the
calculations were lower than 20% to ensure that the selected
temperature was in the kinetic range.
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