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Direct converting carbon dioxide into hydrocarbon fuels and value-added chemicals would offer a very
attractive approach for efficient utilization of CO2 as a carbon resource. Although, olefins, aromatics
and gasoline have been successfully synthesized by CO2 hydrogenation, highly selective conversion of
CO2 and H2 into C2+ hydrocarbon is still challenging due to a high C–C coupling barrier and inhibiting
the production of other long-chain hydrocarbons. Here, we report a composite catalyst made of InZrOx

and SSZ-13 molecular sieve (InZrOx + SSZ-13), which exhibits 74.5% propane selectivity at 623 K. The
8-MR micropores and the higher strength of the acid for SSZ-13 benefit the formation of propane.
Compared with pure InOx and m-ZrO2, the composite oxide InZrOx containing more oxygen vacancies,
exhibits to be more readily reduced by H2 and easier to adsorb and desorb CO2 within the reaction tem-
perature. All those could be beneficial to the activation and conversion of H2 and CO2. The catalytic per-
formance of InZrOx + SSZ-13 in CO2 hydrogenation provides a potential for production of propane.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Hydrogenation of the greenhouse gas CO2 into hydrocarbon
fuels or chemicals can not only decrease its emission to atmo-
sphere but also effectively utilize some fluctuating renewable
energies (such as solar, tidal, wind and biomass) via transforming
them to electricity and then to H2 by decomposing water [1–4].
CO2 hydrogenation to methane that is Sabatier reaction [5,6], has
been highly selectively realized over metal-based heterogeneous
catalysts. Synthesis of C2+ (more than two carbon atoms) hydrocar-
bons is generally dependent on Fischer-Tropsch synthesis method
[7–10]. Since the hydrocarbon products follow the Anderson–Sch
ulz–Flory (ASF) distribution rules [11], obtaining single C2+ hydro-
carbon is very challenging.

In order to break through the ASF distribution, a novel concept
of catalyst designing, which is called oxide-zeolite composite cata-
lyst, has recently been proposed by Bao and Wang et al. [4,12–23].
Since then, by continuously exploring the composite catalysts, a lot
of valuable hydrocarbons such as lower olefins [12,13,16,24–26],
aromatics [17,27–32], and gasoline [15,33,34] have been selec-
tively synthesized in syngas conversion or CO2 hydrogenation. Fur-
thermore, in syngas conversion, controlling the selectivity to single
hydrocarbon product has also made great progress over composite
catalysts. The catalytic sites within the 8-membered ring
side pockets of mordenite (MOR) could control the hydrocarbon
product to ethylene (73% among hydrocarbons) over ZnCrOx/
MOR catalyst [14]. Lowmolecular-diffusion resistance for the short
straight channels [0 1 0] of H-ZSM-5 results in ~70% selectivity of
tetramethylbenzene over ZnCr2O4/H-ZSM-5 catalyst [35]. The
choice of special zeolite materials is of course important, but CO,
which can form carbonyl (ketene or acetyl) intermediates, also
plays a key role in highly selective formation of ethylene or tetram-
ethylbenzene. However, because the concentration of CO during
CO2 hydrogenation is generally not high, the mechanism of gener-
ating single hydrocarbon in syngas conversion could not work in
CO2 hydrogenation. So far, there has been no report on the hydro-
genation of CO2 to a single C2+ hydrocarbon.

Here, we report a composite catalyst made by InZrOx oxide and
SSZ-13 molecular sieve (InZrOx + SSZ-13), which exhibits 74.5%
propane selectivity among all the products excluding CO in CO2

hydrogenation. The topology and acidic property of SSZ-13 play a
key role in the highly selective formation of propane.
reserved.
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2. Experimental

2.1. Catalyst preparation

Indium nitrate hydrate (In(NO3)2�xH2O, 99.9% metal basis), cop-
per nitrate trihydrate (Cu(NO3)2�3H2O, 99%), zinc nitrate hexahy-
drate (Zn(NO3)2�6H2O, 99%), aluminum nitrate nonahydrate (Al
(NO3)3�9H2O, 99%), ammonium carbonate ((NH4)2CO3, 30.0% NH3

basis), ammonium hydroxide (25 wt% NH3 in H2O) and the precur-
sors of monoclinic ZrO2 (denoted as m-ZrO2 in this work) support
were commercial reagent. All chemicals were used directly with-
out further process.

The In2O3 oxide (denoted as InOx) was prepared by calcination
of In(NO3)2�2H2O at 300 �C for 2 h under static air condition. The
InZrOx oxide catalyst with InOx nominal weight percentage of
25 wt% was prepared by a typical deposition–precipitation
method. Briefly, 4.0208 g In(NO3)3�2H2O dissolved in 50 mL
deionized water, followed by adding 5.0 g of m-ZrO2 powder
(particle size less than 180 mesh) under vigorous stirring for
1 h. The diluted ammonia solution (25 wt% NH3�H2O diluted by
deionized water 5 times) was added drop-wise to adjust the pH
of suspension to 9–10. The suspension was digested for 3 h and
then separated by centrifugation, washed by deionized water
thoroughly, dried at 383 K for 12 h, and then calcined under static
air at 573 K for 4 h. Finally, the obtained oxide catalyst was
denoted as InZrOx in this work.

Molecular sieves mentioned in this work were all commercial
products. The commercial SSZ-13-Na molecular sieve was con-
verted into NH4

+ form by exchanging 3 g SSZ-13-Na with 100 mL
NH4NO3 aqueous solution (a series concentration of 0.01, 0.03,
0.1, 0.3, 1, 3 mol�L�1) at 353 K for 3 h, followed by filtration and
washing with deionized water three times. After repeating the
above mentioned process twice, the desired sample was dried at
383 K for 10 h, followed by calcination at 823 K for another 4 h
in air to obtain a series of SSZ-13-x catalysts (where, the SSZ-13-
3 catalyst was denoted as SSZ-13 in this work).

A composite catalyst named InZrOx + SSZ-13 contained InZrOx

oxide and SSZ-13 by simply mechanical mixing of granules (0.4–
0.8 mm) of two components. The granules in InZrOx + SSZ-13 were
carried out by pressing under 40 MPa. Another physically mixed
catalysts named OX + ZEO (InOx + SSZ-13, InZrOx + SAPO-34,
InZrOx + SAPO-18, InZrOx +MOR, InZrOx + Y, InZrOx + Beta, InZrOx +-
ZSM-5) were made with same procedure. The weight ratio of oxi-
des and zeolites for the composite catalysts was 2:1. CuZnAlOx

catalyst with ratio of Cu:Zn:Al = 5:4:1 was prepared by co-
precipitation.

2.2. Catalyst performance test

Catalytic reaction experiments were performed in a fixed-bed
stainless steel reactor (9 mm inner diameter). Before test, the com-
posite catalyst InOx + SSZ-13 was reduced at 573 K for 4 h with
20 mL/min H2. All products were kept in gas phase and analyzed
online by an Agilent 7890B GC equipped with a HP-PLOT/Q capil-
lary column connected to FID detector and a TDX-1 column con-
nected to TCD detector. Methane was used as a reference bridge
between TCD and FID. Argon was used as an inner standard. Hydro-
carbon distribution was based on carbon atoms number. CO2 con-
version, CO selectivity, and hydrocarbons (CnHm), methanol
(MeOH) and dimethyl ether (DME) selectivity excluding CO were
calculated with the followed equations.

CO2 conversion = (CO2in — CO2out)/(CO2in) � 100% ð1Þ

CO2in: moles of CO2 at the inlet;
CO2out: moles of CO2 at the outlet;
CO selectivity = COout/(CO2in — CO2out) � 100% ð2Þ

COout: moles of CO at the outlet;

CnHm selectivity = NCnHm/(All the carbon atoms of products in FID) � 100%

ð3Þ
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MeOH selectivity = NMeOH/(All the carbon atoms of products in
FID) � 100%.
DME selectivity = NDME/(All the carbon atoms of products in
FID) � 100%.
NCnHm: the number of carbon atoms for CnHm;
NMeOH: the number of carbon atoms for MeOH;
NDME: the number of carbon atoms for DME.

2.3. Catalyst characterization

The XRD tests were performed on a PANalytical X’Pert PRO X-
ray diffractometer (XRD) with Cu Ka radiation. Element analysis
was carried out on a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer. Nitrogen adsorption–desorption isotherms at 77 K
were obtained on a Micromeritics ASAP 2020, the BET model was
used to estimate the surface areas of all the samples. The solid state
1H MAS NMR experiments were conducted on Bruker AvanceIII
spectrometer equipped with 9.4 T magnet, 1H MAS NMR spectra
were recorded using one pulse sequence with spinning rate of
12 kHz. 32 scans were accumulated with recycle delay 10 s. SEM
measurements were performed on an SU8020 scanning electron
microscopy. The nanostructure of the catalysts was investigated
by using a Tecnai G2F20 (200 kV) high-resolution transmission
electron microscope (TEM) (FEI, Holland) equipped with a X-ray
microprobe of 0.14 nm optimum resolution for energy dispersive
X-ray spectroscopy (EDS) and the instrument can reach a maxi-
mum resolution of 0.15 nm/200 kV. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on a Thermofisher
ESCALAB 250Xi spectrometer. H2-temperature programmed reduc-
tion (H2-TPR) and NH3-temperatrue programmed desorption
(NH3-TPD) and CO2-temperature-programmed desorption (CO2-
TPD) of analysis of samples (before test, all the samples were
reduced at 573 K for 4 h with 20 mL/min H2) were investigated
by 2910 Automatic chemical adsorption instrument (Micromerit-
ics, United States) from room temperature to 973 K with a ramp
of 10 K/min. In-situ DRIFTS studies were performed on a Bruker
Tensor 27 instrument with a MCT detector. InZrOx powder was
pressed into a diffuse reflectance infrared cell with ZnSe window.
First, InZrOx was treated by 25 mL min�1 H2/Ar (H2/Ar = 3/7) mix-
ture at 0.1 MPa and 323 K for 0.5 h and the background spectrum
was recorded. Then, 25 mL min�1 mixed gas (H2/CO2 = 3/1) was
introduced and the in-situ DRIFT spectra obtained by collecting
32 scans at 4 cm�1 resolution were recorded under the same con-
ditions. The organic materials retained in SSZ-13 after reactions
were analyzed by M. Guisnet’s method. Spent SSZ-13 catalyst were
dissolved in HF solution (20 wt%). After being neutralized with
sodium hydroxide solution (5 wt%), the soluble organics were
extracted by CH2Cl2 (containing 10 ppm C2Cl6) and then analyzed
by using a GC–MS instrument (Agilent 7890B) equipped with an
HP-5 capillary column.
3. Results and discussion

Hydrogenation of CO2 over InZrOx + SSZ-13 composite catalyst
with weight ratio of 2:1 has been performed at 623 K, H2/
CO2 = 3/1 and 4.0MPa. As shown in Fig. 1(a), the propane is primary
product in the hydrocarbon products kept at �70% with �24% CO2

conversion and�61% CO selectivity during 100 h test. Furthermore,
the LPG in hydrocarbons reaches up to �90%, which is much higher



Fig. 1. Catalytic results for CO2 hydrogenation. (a) CO2 hydrogenation over InZrOx + SSZ-13. Catalyst weight = 600 mg, weight ratio of OX/ZEO = 2, GHSV = 1000 mL�g�1�h�1,
4.0 MPa, 623 K, H2/CO2/Ar = 3/1/0.2. (b) Comparisons of catalytic performance over various catalysts. Catalyst weight = 300 mg, weight ratio of OX/ZEO = 2,
GHSV = 1000 mL�g�1�h�1, 4.0 MPa, 623 K, H2/CO2/Ar = 3/1/0.2. (c) The effect of reaction temperature for InZrOx + SSZ-13. Catalyst weight = 300 mg, weight ratio of
OX/ZEO = 2, GHSV = 1000 mL�g�1�h�1, 4.0 MPa, H2/CO2/Ar = 3/1/0.2. (d) The effect of H2/CO2 ratio for InZrOx + SSZ-13. Catalyst weight = 300 mg, weight ratio of
OX/ZEO = 2, GHSV = 1000 mL�g�1�h�1, 4.0 MPa, 623 K.
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than those over Cu-Zn-Al@H-Beta and InOx/H-ZSM-5 in the previ-
ous works [36–39], the total CH4, C2H6 and C2H4 in the hydrocar-
bons is less than 6%. As shown in Fig. 1(b), the pure InOx oxide
Fig. 2. Effect of molecular sieve topology in the composite catalyst on the
performance of CO2 hydrogenation. Catalyst weight = 300 mg, weight ratio of OX/
ZEO = 2, GHSV = 1000 mL�g�1�h�1, 4.0 MPa, 623 K, H2/CO2/Ar = 3/1/0.2. The oxide in
the composite catalysts is InZrOx.
shows only 4.3% CO2 conversion with 72.4% methanol in the
product and only 25% CO selectivity, meanwhile the monoclinic
ZrO2 (m-ZrO2) is almost inert for CO2 conversion. Interestingly,
compared with pure InOx or m-ZrO2, the InZrOx oxide which was
produced by doping In to m-ZrO2 shows an obvious improved cat-
alytic activity. The conversion of CO2 reaches up to 26.8%with 74.8%
methanol. Results above suggest that In species may be the primary
sites to catalyze CO2 hydrogenation and their structures could be
changed after doping on the m-ZrO2. After mixing the oxides (InOx

or InZrOx) and SSZ-13, the CO2 conversion does not change signifi-
cantly, but propane become the main product. It indicates that CO2

hydrogenation over the composite catalyst such as InOx + SSZ-13 or
InZrOx + SSZ-13 is a typical tandem process. The performance of
CuZnAlOx oxide mixed with SSZ-13 is also investigated. As
expected, higher CO2 conversion was obtained, whereas selectivity
of propane was only 45.3% with 27.2% ethane and 13.7% butane in
hydrocarbons, which is possibly attributed to strong ability of
hydrogenation within Cu-based catalyst. It is clear that conven-
tional methanol synthesis catalysts such as CuZnAlOx oxide are
not suitable for the CO2 hydrogenation to propane. Thus, the hydro-
genation ability of oxide is important to obtain a high selectivity of
propane. The catalytic behaviors for these composite catalysts
demonstrate that SSZ-13 is the main factor for the selective forma-
tion of propane, but oxides also affect it. As the reaction tempera-
ture increased from 573 to 673 K, the conversion of CO2 improves
by about 2 times, but the selectivity of propane in hydrocarbons



Fig. 3. The effect of acid property for SSZ-13 on catalytic performances of the
composite catalysts. (a) The effect of acid density of SSZ-13. Catalyst
weight = 300 mg, GHSV = 1000 mL�g�1�h�1, 4.0 MPa, 623 K, H2/CO2/Ar = 3/1/0.2.
The oxides in the composite catalysts are InZrOx. (b) NH3-TPD profiles of SSZ-13 and
SAPO-34 zeolites.
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is less affected (Fig. 1c). As the H2/CO2 molar ratio increases from 3
to 12, the CO2 conversion is essentially increased from 20% to 80%,
while the CO selectivity is obviously decreased from 60% to 35%.
The propane or LPG in hydrocarbons is almost unchanged. That is
to say, increasing the proportion of hydrogen is a good way to sup-
press the reversewater gas shift reaction (RWGS). Thismay be valu-
able for industrialization because hydrogen is relatively easy to
separate. Moreover, as shown in Fig. S1, increasing contact time
benefits the CO2 conversion and propane selectivity.

Considering that the selectivity of propane in CO2 hydrogena-
tion could be mainly related to the topology of the molecular sieves
in composite catalysts, the performances of InZrOx oxides mixed
with a series of molecular sieves are explored (Fig. 2). It can be
observed that H-Y, H-ZSM-5, and H-Beta are easy to generate
hydrocarbons with more than 3 carbon atoms. It suggests that 10
and 12 MR micropores could be beneficial to form hydrocarbons
with larger size than propane. It can be noted that the propane
selectivity over bifunctional catalyst containing H-MOR with 8
and 12 MR micropores is much higher than those three zeolites
above. It is possible that 8 MR micropores play a more important
role than 12 MR micropores in the selective generation of propane.
In addition, the propane selectivity over bifunctional catalysts con-
taining SAPO molecular sieve (SAPO-34 or SAPO-18) with only 8
MR micropores is approximate to that containing H-MOR. It fur-
ther indicates that the 8 MR micropores facilitate propane genera-
tion, which may be due to their similar sizes. It can be found that
compared with SAPO-34, SSZ-13 molecular sieve is more conduc-
tive to propane generation, even though they have the same topo-
logical structure. The acid properties of these two molecular sieves
generally vary widely, which may have an effect on propane
selectivity.

Composite catalysts containing InZrOx oxide and SSZ-13 zeolites
with various Brønsted acid density are compared in the CO2 hydro-
genation reaction. These SSZ-13 zeolites were prepared with differ-
ent concentrations of NH4NO3 aqueous solution twice. The density
of strong and Brønsted acid sites were calculated by NH3-TPD and
1H MAS NMR analysis, respectively, as shown in Fig. S2(a and b)
and the results as listed in Table S4. It is clear from Fig. 3(a) that
as the Brønsted acid density increases, the propane selectivity is
obviously improved at the expense of MeOH and C2–4 olefins. It sug-
gests that the propane may come from the tandem reactions of MTO
and olefin hydrogenation, both of which are catalyzed by the
Brønsted acids. Notably, the Brønsted acid density of SAPO-34 is
higher than SSZ-13 (Fig. S2(c), Table S4), while the former produces
lower propane selectivity (Fig. 2). It can be found from the results of
NH3-TPD analysis in Fig. 3(b) that the acid strengthen for SSZ-13 is
much higher than SAPO-34. It means that not only the density of
the Brønsted acid but also the strength of the acid plays an impor-
tant role in the formation of propane.

3.1. Structural characterization

XRD patterns (Fig. 4a) show that the InOx or ZrO2 have typical
cubic or monoclinic crystal phase (JCPDS NO. 06-0416 and JCPDS
NO. 37-1484), respectively. The crystal phase of InZrOx is their com-
bination. By using the Scherrer equation to calculate the peaks at
21.5� and 35.5� (Table S1), which are assigned to (2 1 1), (4 0 0)
planes of InOx, it can be found that the size of InOx particles
(14 nm) supported on the monoclinic ZrO2 is smaller than the pure
InOx (20 nm). The XRD patterns for Na-SSZ-13 and SAPO-34 in
Fig. S3 indicate that they all have a CHA topology. As listed in
Table S2, the BET surface area of InZrOx (24.6 m2/g) is much higher
than InOx (6.5 m2/g) or m-ZrO2 (4.9 m2/g), which is mainly due to
the smaller size of the loaded InOx particles. The SEM image of
SSZ-13 (Fig. S4) suggests that its crystal size is ～50 nm. By compar-
ing the SEM images of InZrOx andm-ZrO2 (Fig. S4), it is apparent that
the InOx small particles are supported on the ZrO2 carrier for InZrOx

sample. The high-resolution transmission electronic microscopy
(HRTEM) image of InZrOx sample is exhibited in Fig. 4(b). The fringe
spacing of 0.32 and 0.28 nm could be corresponded to (�1 1 1) and
(1 1 1) planes of ZrO2 crystals. Meanwhile the fringe spacing of 0.30
and 0.42 nm could be assigned to (�1 1 1) and (1 1 1) planes of InOx

crystals. The element distribution analysis (Fig. S5) demonstrates
that the InOx are highly dispersed on ZrO2 carrier. As presented in
Fig. 4(c), two distinct peaks can be divided from the O 1s XPS spectra
of InZrOx and InOx oxides. One peak located at a higher binding
energy of 531.6 eV is generally considered as the oxygen atoms adja-
cent to an oxygen vacancy (Ovacancy), meanwhile the other peak at a
lower binding energy of 529.6 eV is assigned to the lattice oxygen
atoms (Olattice) [40,41]. Basing on the deconvolution results of O 1s
XPS signal (Table S3), the amount of defect oxygen for InZrOx is
much higher than InOx. The oxygen vacancies are generally acted
as sites to activate CO2, which could result in that the catalytic activ-
ity of InZrOx is much higher than InOx (Fig. 1b).

It can be observed from the H2-TPR results (Fig. 5a) that m-ZrO2

is very stable and cannot be reduced by H2 within the range of
reaction temperature, For the bulk InOx the reduction peak of InOx

oxide is centered at about 515 K, which is approximate to the find-
ings in the previous literatures [42,43]. Interestingly, compared
with InOx, InZrOx exhibits a lower temperature peak centered at
458 K, indicating that the InOx species supported on m-ZrO2 are
easier to reduce. Smaller and more dispersed InOx particles for



Fig. 4. Structural characteristics of In-based oxides. (a) XRD patterns of InOx, monoclinic ZrO2 and InZrOx oxides. (b) HRTEM image of InZrOx, (c) O 1s XPS spectra of InOx and
InZrOx oxides.

Fig. 5. Results of the reduction and adsorption ability tests for the oxides. (a) H2-TPR results, (b) CO2-TPD results for the reduced oxides.

Z. Liu et al. / Journal of Energy Chemistry 54 (2021) 111–117 115
InZrOx may be more conducive to reduction. Fig. 5(b) shows the
CO2-TPD results of InOx, ZrO2 and InZrOx catalysts. As shown in
Fig. 5(b), CO2-TPD results indicate that the m-ZrO2 has almost no
ability to adsorb CO2. The adsorption of CO2 on InOx oxide is so
strong that it begins to desorb above 673 K, which is even higher
than the suitable temperatures for hydrogenation reaction. Also a
weak desorption peak at 385 K for InOx oxide can be observed,
which is in accordance with the previous work [26]. Different from



Fig. 6. Products distribution of methanol and olefins conversion with CO2 + H2 or H2

co-feed over SSZ-13 zeolite. Reaction conditions: 4.0 MPa, 623 K.
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the two oxides, InZrOx not only has better CO2 adsorption
performance, but also partly desorbs below 673 K. In general, the
moderate binding capacity of the heterogeneous catalyst to the
reaction molecules is beneficial to the catalytic cycle. This could
explain that the CO2 hydrogenation performance of InZrOx is
higher than the other two catalysts.

The in-situ DRIFTS of CO2 hydrogenation over InZrOx at 0.1 MPa
are explored. It is obvious from Fig. S6 that absorbed surface for-
mate species (1620, 1375 and 2910 cm�1) were firstly generated,
then, absorbed surface methoxy species (2940 and 2840 cm�1)
were formed by hydrogenation of formate species. The soluble car-
bonaceous deposits in SSZ-13 zeolite of bifunctional catalyst
InZrOx + SSZ-13 after reaction were analyzed by GC–MS and
organic species retained in SSZ-13 component are analogous. As
shown in Fig. S7, methylbenzenes (species of 1–5), methylnaph-
thalenes (species of 7–9) and phenathrene (species of 10–11) are
observed. These aromatic species, in particular the methylben-
zenes (species of 1–5) were considered as the ‘‘hydrocarbon pool”
intermediates [44], hence, MTO reaction occurred in CO2 to pro-
pane. Therefore, it was considered that CO2 hydrogenation to pro-
pane reaction over composite catalyst InZrOx + SSZ-13 is
substantially the combination of methanol synthesis and MTO
reactions. In addition, propane was the main product in methanol
conversion over SSZ-13 with CO2 + H2 or H2 co-feeding also sup-
ports that methanol was likely to be an intermediate in CO2 hydro-
genation to propane. Moreover, Fig. 6 shows that SSZ-13 can
catalyze olefins (including ethylene and propylene) hydrogenation
to paraffins. Therefore, combined with all above the catalytic
results, it is clearly demonstrated that propane is produced
through CO2 hydrogenation over bifuncitonal catalyst
InZrOx + SSZ-13 as follows: firstly, the surface formate species
are firstly formed and then hydrogenated to surface methoxy spe-
cies on InZrOx; MeOH generated from the dissociation of methoxy
species is transmitted to SZZ-13 to primarily propylene by dual
cycle mechanism [45–50], finally, propylene hydrogenation to
propane consecutively take place over SSZ-13.
4. Conclusions

In summary, highly selective conversion of CO2 hydrogenation
to propane has been firstly achieved over a composite catalyst
InZrOx + SSZ-13. The propane selectivity reaches up to 75% at
623 K and no obvious deactivation is observed in 100 h test.
Combined the catalytic results with FT-IR characterization, InZrOx

is responsible for the hydrogenation of CO2 to methanol, while
the topology of zeolite and acidity of SSZ-13 account for C–C cou-
pling reaction in tadem. The 8-MR micropores and the higher
strength of the acid within SSZ-13 benefit the formation of pro-
pane. Compared with pure InOx and ZrO2, the composite oxide
InZrOx contains more oxygen vacancies, is more readily reduced
by H2, and is easier to adsorb and desorb CO2 within the reaction
temperature, which benefits the activation and conversion of H2

and CO2. Furthermore, this work demonstrates that composite cat-
alyst InZrOx + SSZ-13 showed excellent stability over 100 h on
streamwithout obvious deactivation, which suggested its potential
application in manufacturing propane from CO2 hydrogenation.
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