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Abstract. Highly selective hydrogenation of CO2 into value-added hydrocarbons, in 

particular, single product, is of great interest. However, this is a challenge as a result of a 

very complex reaction network with simultaneous occurrence of numerous forward and 

reverse tandem and parallel reactions. In this context, a new catalyst system consisting of 

GaZrOx and H-SSZ-13 is developed here. At CO2 conversion of 43.4%, the propane 

selectivity in hydrocarbons reaches 79.5% along with the butane selectivity of 9.9% and the 

CO selectivity of only 31.8%. This results in a propane yield as high as 23.6% and a butane 

yield of 2.9%. This outstanding catalytic performance can be well maintained within 500 h. 

DFT calculation, isotope-labeled in situ DRIFTS, 13C MAS NMR with pulse-quenched 

method, GC-MS and various probe experiment results indicate that incorporation of proper 

amounts of Ga into ZrO2 promotes methanol formation due to generation of a high 

concentration of surface oxygen vacancies with moderate adsorption strength of CO2, and 

propane and butane are produced through methanol-to-hydrocarbons (MTH) reaction on 

H-SSZ-13. Unexpectedly, larger numbers of highly strong acid sites in H-SSZ-13 seriously 

restricts formation of aromatic species at high H2 pressure. This leads to suppression of the 

aromatics-based cycle but enhancement of the alkene-based cycle, thus giving far more 

propene and butene than ethene despite that these olefins are rapidly hydrogenated to 

corresponding alkanes on the strong acid sites of H-SSZ-13 as a result of their high acid 

strength. 
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The rapid consumption of fossil resources leads to emission of large amounts of carbon 

dioxide (CO2) in atmosphere, which is considered to result in serious environmental 

problems, such as global warming, ocean acidification and sea level rise, etc. 1 – 4 

Nevertheless, CO2 is also an economical, nontoxic and abundant carbon resource. Direct 

conversion of CO2 into value-added chemicals can not only effectively mitigate the 

greenhouse effect, but also make the utilization of fossil and biomass become sustainable or 

carbon-neutral.5–13 

In this context, CO2 has been converted into urea, cyclic carbonate and methanol.14,15 

Recently, hydrogenation of CO2 to liquid fuels and commodity chemicals attracts great 

research interests, 16 , 17 and has been tried through thermocatalysis, electrocatalysis and 

photocatalysis.18,19 Compared to the latter two catalytic ways, the former one is more 

potential as it gives far higher yield and is more easily scaled up. Two routes have been 

employed for thermocatalytic hydrogenation of CO2. One is Fischer–Tropsch (FT) synthesis 

route, 20–27 and the other is methanol-intermediate route.28,29 Compared to the FT synthesis 

route, the methanol-intermediate route is more interesting because it can effectively break 

the Anderson–Schulz–Flory (ASF) rule limitation, and give much higher selectivity to target 

products such as light olefins and aromatics due to significant constraint effect of zeolite 

component in catalysts. Thus, many efforts have been attempted to development of efficient 

metal oxide/zeolite composite catalyst for production of methanol on metal oxide and 

subsequent transformation of methanol into light olefins or aromatics over zeolite.30–33 

Nevertheless, the selectivity to light olefins or aromatics in hydrocarbons generally 

intermediates between 60% and 87%.34–43 Further increase of it, in particular, acquirement 
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of single specific product is still challenging. This is because CO2 hydrogenation to 

hydrocarbons involves in many elementary reactions, which leads to simultaneously yielding 

of numbers of products. 

Propane is an important platform molecule, which can be selectively dehydrogenated to 

propene, and further aromatized to benzene, toluene, xylene and so on with co-production of 

hydrogen.44–46 Therefore, direct conversion of CO2 into propane is not only scientifically 

important but also practically valuable. Recently, several catalysts, e.g. 

CuZnZrOx/MeSAPO-34, CuZnZrOx/Pd-Beta, Pd/SiO2-ZSM-5 and PdZn-ZrO2/SAPO-34 

have been reported to selectively hydrogenate CO2 to propane and/or liquefied petroleum gas 

(LPG).47–51 However, these catalysts show low catalytic stability (≤ 50 h)47,50 or high 

selectivity to CO (60 – 80%).48 It seems that Pd-based catalysts can somewhat lower the CO 

selectivity along with the increase of the CO2 conversion,49,51 but the propane selectivity in 

hydrocarbons is still lower than 70%. In addition, the use of Pd significantly increases the 

catalyst preparation cost. 

Here, a new catalyst system consisting of GaZrOx oxide and H-SSZ-13 zeolite is 

developed, and it shows extraordinary catalytic performance in CO2 hydrogenation to 

propane; the selectivity to propane reaches 79.5% along with butane selectivity of 9.9% and 

CO selectivity of only 31.8% at CO2 conversion of 43.4%. 

Results 

Catalytic performance of GaZrOx/H-SSZ-13 composite for hydrogenation of CO2 to 

propane. Figure 1(a) and 1(b) shows that ZrO2/H-SSZ-13 exhibits selectivity to propane of 
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73.6% and that to LPG (propane + butane) of 81.3% in (hydrocarbons + oxygenates), while 

CO selectivity of 19.5% at 350 ºC and 3.0 MPa, although its CO2 conversion is only 5.3%. 

Interestingly, the CO2 conversion can be significantly increased along with the propane and 

LPG selectivities by incorporating Ga in ZrO2. When the Ga/Zr molar ratio is 0.5, the CO2 

conversion and the propane selectivity rise to 16.3%, and 78.9% respectively at the same 

reaction conditions (Figure S1). In addition, the LPG selectivity is also elevated to 90.4%, 

despite that CO selectivity gets to 27.2%. As a result, the propane and LPG yields reach 9.4% 

and 10.7% respectively (Figure S2). Nonetheless, further increase of the Ga amount 

decreases both the CO2 conversion and the selectivities to propane and LPG, but leads to 

production of more CO. Figure S3 shows that GaZrOx(0.5) gives the highest methanol space 

time yield (STY). 

The catalytic performance of GaZrOx(0.5)/H-SSZ-13 for hydrogenation of CO2 to 

propane is dependent on the H-SSZ-13 acidity. When the Si/Al ratio of H-SSZ-13 is lowered 

from 22.0 to 6.0, the selectivity of propane and that of LPG increase from 75.8% and 87.6% 

to 78.9% and 90.4%, although a further decrease of the Si/Al ratio to 3.3 leads to a 

remarkable reduction of the propane and the LPG selectivities to 40.1% and 42.3% 

respectively, due to formation of more C2
= – C4

= alkenes (selectivity of 35.4%) (Figure 1(c) 

and 1(d)). Figure S4(a) shows that the amount and the strength of strong acid sites in 

H-SSZ-13(3.3) are lower than those of H-SSZ-13(6.0), suggesting that more strongly acidic 

sites in zeolite are favorable for the formation of alkanes due to enhancement of alkenes 

hydrogenation.31,52 This is supported by the catalytic results of H-SAPO-34 with a weaker 

acid site strength than H-SSZ-13 (Figure S4(b)); the selectivity to propane and that to LPG 
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are dramatically reduced to 18.8% and 21.3% respectively, while large amounts of C2
=–C4

= 

(67.4%) are, as expected, produced (Figures S5(a) and S5(b)). When H-ZSM-35 or 

H-ZSM-11 is used as zeolite component, a propane selectivity of 17.9% or 38.0% is obtained 

along with significant amounts of butane and C5+ alkanes, probably as a result of their larger 

10-membered ring (MR) pore openings. 

The catalytic performance of GaZrOx(0.5)/H-SSZ-13 for direct conversion of CO2 into 

propane is also related to the reaction temperature. At 300 ºC and 3.0 MPa, the selectivity to 

propane and that to LPG reach 79.8% and 91.8% with a CO2 conversion of 9.1% and a CO 

selectivity of just 19.1% (Figures S6(a) and S6(b)). When the reaction temperature is raised 

to 350 ºC, the CO2 conversion climbs to 16.3% without seriously influencing propane and 

LPG selectivities. A further increase in the reaction temperature to 400 ºC elevates the CO2 

conversion to 22.6%, but the selectivity to propane and that to LPG are reduced to 72.9% 

and 84.0% as more methane (selectivity of 6.2%) and C2 hydrocarbons (selectivity of 7.4% 

for ethene and ethane) are produced due to the hydrogenolysis of propane at high 

temperature.53 

In addition, the reaction pressure has a great effect on the catalytic performance of 

GaZrOx(0.5)/H-SSZ-13 (Figures S7(a) and S7(b)). At 350 ºC and 0.1 MPa, it shows 

selectivity to propane and that to LPG of 69.2% and 75.1% respectively, at a CO2 conversion 

of 7.7%. An increase in the reaction pressure to 3.0 MPa raises the CO2 conversion and the 

selectivities of propane and LPG to 16.3%, 78.9% and 90.4%, respectively, at the serious 

expense of C2
=–C4

= selectivity (from 16.5% to < 2.0%), confirming that increase of reaction 

pressure can effectively promote the alkenes hydrogenation to alkanes. 
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The effects of gas hourly space velocities (GHSV), the integration manner of 

GaZrOx(0.5) oxide and H-SSZ-13 zeolite, and the H2/CO2 ratio in feedstock on the catalytic 

activity and product selectivity of GaZrOx(0.5)/H-SSZ-13 are shown in Figure 2 and Figures 

S8 and S9. The CO2 conversion and the selectivity to propane and that to LPG increase with 

lowering space velocity although more CO emission is generated (Figures S8(a) and S8(b)). 

At 350 ºC and 3.0 MPa, a decrease of GHSV from 4800 to 1200 mL/(g·h) elevates the CO2 

conversion and the propane and LPG selectivities to 19.0%, 80.4% and 91.2%, respectively. 

Compared to the granule stacking and the dual bed filling of GaZrOx(0.5) and H-SSZ-13, the 

powder mixing of these two components more effectively suppresses the RWGS reaction 

and hinders the CO production (Figures S9(a) and S9(b)). Increasing the H2/CO2 ratio can 

further enhance the CO2 conversion and significantly decrease the CO selectivity,41,42 while 

it has less effect on the propane and LPG selectivities (Figures 2(a) and 2(b)). 

Upon optimization of catalyst preparation method and reaction conditions, the CO2 

conversion is increased to 43.4% with the selectivity to propane and that to LPG maintained 

at 79.5% and 89.4% (Figures 2c). More interestingly, no considerable increase in the CO 

selectivity occurs. This results in the propane and LPG yields reaching 23.6% and 26.5% 

respectively (Figure 2d). To the best of our knowledge, such a high single hydrocarbon 

product yield has not been achieved yet (Table S1). In addition, an excellent catalytic 

stability is also observed (Figures 2c and Figures S10). At 350 oC, 3.0 MPa and H2/CO2 ratio 

of 6/1, the selectivity to propane and that to LPG still get to 74% and 87% respectively along 

with both the CO2 conversion and the CO selectivity of around 20% even after reaction of 

500 h. 
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Catalyst characterization. Figure S11(a) shows the x-ray diffraction (XRD) patterns of 

GaZrOx, and for comparison, of ZrO2 and Ga2O3. Four reflection peaks are observed at 30.5º, 

35.5º, 50.6º and 60.2º in the patterns of ZrO2, which are typically for the (011), (002), (112) 

and (121) crystal facets of tetragonally structured zirconium oxide (JCPDS NO. 98-0732). 

These crystal facets are further confirmed by the selected area electron diffraction (SAED) 

patterns (Figure S12). In addition, the interplanar spacing of 0.294 nm, corresponding to the 

(011) plane, is observed by the high-resolution transmission electron microscopy (HRTEM) 

(Figure S13). After incorporation of Ga, the 2θ diffraction peak characteristic of the (011) 

crystal facet slightly shifts to higher value, and the degree increases with the Ga/Zr ratio 

from 0 to 1.0 (Figure S11(b)). This is indicative of a shrinkage of unit cell, which is caused 

by the smaller radius of Ga3+ ions (0.40 Å) than that of Zr4+ (0.82 Å). The Rietveld 

refinement results reveal that the unit cell volume gradually declines from 67.24 Å3 to 65.70 

Å3 when the Ga/Zr ratio increases from 0 to 1.0 (Table S2). However, for the GaZrOx(4.0), a 

broad peak is observed in the 2 range of 30 and 35° (Figure S11(a)). It is similar to that of 

amorphous Ga2O3 (α-Ga2O3).
54 The HRTEM images and SAED patterns also confirm no 

definite crystal structure in GaZrOx(4.0) (Figures S12 and S13). TEM images show that the 

mean particle size of ZrO2 is 10.53 nm, and it is decreased to 5.76 nm without change of 

spherical particle shape after incorporation of proper amounts of Ga (GaZrOx(0.5)) (Figure 

S14), which significantly enlarges the specific surface area and pore volume (Figure S15 and 

Table S2). STEM-EDX elemental mapping confirms that Ga, Zr and O elements are 

uniformly and highly dispersed in the GaZrOx(0.5) sample (Figure S16), indicating that it is 

a pure solid solution oxide. 
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The x-ray photoelectron spectra (XPS) of ZrO2, GaZrOx and Ga2O3 are displayed in 

Figure S17. The two signals at 184.6 and 182.3 eV in the Zr(3d)-XPS of ZrO2 are attributed 

to the 3d5/2 and 3d3/2 of Zr (Figure S17(a)),55 while another two at 1144.7 and 1117.9 eV in 

the Ga(2p)-XPS of Ga2O3 are characteristic of Ga 2p3/2 and 2p1/2 (Figure S17(b)).56 After 

incorporation of Ga, Zr(3d) signals slightly shift towards lower binding energies, while 

Ga(2p) shifts to high values. This indicates that Zr and Ga in GaZrOx oxide have strong 

interaction, supporting the incorporation of Ga in ZrO2 lattice sites and formation of GaZrOx 

solid solution.33 Figure S18 shows that four types of oxygen species, viz. lattice oxygen 

species (Olattice, 529.5 eV), O atoms around defect sites (Odefect, 530.5 eV), O atoms in 

surface hydroxyl groups (–OH, 531.8 eV), and O atoms of surface-adsorbed molecular water 

(H2O, 532.5 eV) are present in all the prepared oxides.57 A comparison of the peak intensity 

around 530.5 eV shows that GaZrOx(0.5) and GaZrOx(4.0) contain more surface oxygen 

vacancies than ZrO2 and Ga2O3, thus promoting the adsorption of CO2. This is supported by 

the CO2-TPD results. The two peaks at high temperature (150–320 °C (β peak) and 320–

600 °C (γ peak)) intensify with the incorporated Ga amount (Figure S19). These two peaks 

are due to desorption of CO2 moderately and strongly chemisorbed on the surface oxygen 

vacancies respectively.58,59 It further substantiates that incorporation of Ga in ZrO2 generates 

more oxygen vacancies on the surface. The density functional theory (DFT) computation 

results reveal that GaZrOx exhibits a lower energy for the formation of surface oxygen 

vacancies than ZrO2 (Figure S20). 

Figure S19 shows that larger amounts of CO2 are desorbed from GaZrOx(4.0) than from 

GaZrOx(0.5) between 320 – 600 °C, indicative of presence of more surface oxygen 
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vacancies in GaZrOx(4.0). This is in line with the DFT calculation result that GaZrOx(4.0) 

shows higher CO2 adsorption energy than GaZrOx(0.5) and ZrO2 (Figure S21), which 

originates from its stronger electronic interaction with CO2 molecule, as confirmed by 

projected density of states (PDOS) (Figure S22) and charge difference density (CDD) results 

(Figure S23). However, highly strong CO2 adsorption prevents its desorption and may even 

lead to C-O bond breaking of CO2 to form CO,60,61 and hence, unfavorably forming 

methanol. Indeed, the methanol STY of GaZrOx(4.0) is decreased, whereas it produces more 

CO than GaZrOx(0.5) (Figure S3). This suggests that the moderately adsorbed CO2 on the 

surface oxygen vacancies of GaZrOx(0.5) should be mostly transformed into methanol. 

Figure S24 and Table S3 show that all the H-SSZ-13 zeolites synthesized with synthesis 

gels with Si/Al ratios in the range of 6.0 – 22.0 are pure CHA phase having high crystallinity, 

large specific surface areas and similar pore volumes. The SEM images reveal that these 

H-SSZ-13 zeolites possess an ellipsoid-like habit with a particle size around 0.5 – 1 μm 

(Figure S25). The 27Al MAS NMR spectroscopy evidences that most of Al atoms are 

incorporated in the framework, as a sharp resonance peak was observed between 45 and 65 

ppm with a very small peak at 0 − 10 ppm (Figure S26). However, when the Si/Al ratio in 

H-SSZ-13 is decreased to 3.3, the crystallinity, specific surface area and pore volume are 

heavily decreased (Figure S24 and Table S3), which is consistent with the 27Al MAS NMR 

spectral result; more octahedral extra-framework Al species are present in H-SSZ-13(3.3) 

(Figure S26). 

The NH3-TPD profiles of H-SSZ-13 zeolites are characterized by two peaks centered at 

150−200 ºC and 400−600 ºC, which are caused by desorption of NH3 molecules interacted 
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with weak and strong acid sites, respectively (Figure S4(a)). Except for the H-SSZ-13(3.3), 

increase of the Si/Al ratio decreases the total acid site content (Table S3), but the number and 

strength of strong acid sites exhibit a volcanic function. H-SSZ-13(9.6), followed by 

H-SSZ-13(6.0), possesses more strong acid sites, also with higher acid strength (Figure S4(a) 

and Table S3). This is supported by the NH3-IR results (Figure S27); more than 70% and 

about 62% of acid sites in H-SSZ-13(9.6) and H-SSZ-13(6.0) are strong Brøsted acid sites in 

contrast to ≤ 57% for H-SSZ-13(3.3), H-SSZ-13(15.6) and H-SSZ-13(22.0). This suggests 

that higher yields of propane and LPG obtained on the GaZrOx(0.5)/H-SSZ-13(6.0) and 

GaZrOx(0.5)/H-SSZ-13(9.6) should be related to their larger numbers of strong Brønsted 

acid sites with higher acid strength, which enhances the alkene hydrogenation to alkane. This 

is substantiated by the catalytic results of GaZrOx(0.5)/H-SAPO-34; the selectivity to 

propane and that to LPG are significantly lower as a result of generation of more C2
=–C4

=. 

H-SAPO-34 has the same CHA topological structure and exhibits comparable total acid sites 

amount, specific surface area and pore volume as H-SSZ-13(6.0) (Figure S28 and Table S3), 

but possesses smaller numbers of strong acid sites with lower acid strength (Figure S4(b) 

and Figure S28(d)).  

Reaction mechanism. The detailed reaction mechanism for conversion of CO2 into propane 

was investigated by combining isotope-labeled in situ DRIFTS, 13C MAS NMR with 

pulse-quenched method, GC-MS, various probe experiments and DFT calculations. Figure 3 

and Figures S29 and S30 show the in situ DRIFT spectra of ZrO2, GaZrOx(0.1), GaZrOx(0.5) 

and GaZrOx(4.0) oxides for hydrogenation of CO2 to methanol. For the GaZrOx(0.5) oxide, 

the peaks between 1450 and 1500 cm–1 are attributed to monodentate and/or bidentate 
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carbonate species that are formed by chemical adsorption of CO2 on surface oxygen 

vacancies. 62 , 63  After reaction of 1 min, the peaks at 1585, 1386 and 1373 cm–1, 

corresponding to the C=O stretching and C-H bending vibrations of surface formate 

species,64,65 appear and increase in the intensity with the reaction time (Figure 3(a1)). When 

the reaction was carried out for 5 min, another two peaks assigned to the C−O stretching 

vibrations and the CH3 bending vibrations of methoxy species are detected at about 1143 and 

1060 cm−1 (Figure 3(a2)).38,66 In addition, the peaks for the C−H asymmetric and symmetric 

stretching vibrations of formate and methoxy species are clearly visible at 2885 and 2969 

cm–1, and 2825 and 2930 cm–1, respectively (Figure 3(a3)).38,64–66 These results demonstrate 

that the CO2 molecules adsorbed on the GaZrOx(0.5) surface oxygen vacancies can rapidly 

react with active H* to form formate and methoxy intermediates, which are further 

hydrogenated into methanol. 

The above-mentioned peaks could be observed in the DRIFTS of ZrO2, GaZrOx(0.1) 

and GaZrOx(4.0) too, but the intensities of these peaks are largely different (Figures 3(b1–b3) 

and Figures S29 and S30). The intensity of peaks characteristic of formate and methoxy 

species decreases in the order of GaZrOx(0.5) > GaZrOx(4.0) > GaZrOx(0.1) > ZrO2 (Figure 

S31). It is further confirmed by isotope-labeled in situ DRIFT spectroscopy. When CO2 and 

D2 were fed on the catalyst at 300 ºC for 2 min, a broad band was observed between 2160 

and 2190 cm–1 (Figure 4(a–c)), which is assigned to the C-D vibration of deuterium-labeled 

formate species (DCOO*).33 This broad band quickly enhanced with the reaction time, and 

GaZrOx(0.5) shows higher intensity than ZrO2 and GaZrOx(4.0). Such a phenomenon was 

also observed for the C-D vibration band of deuterium-labeled methoxy species (CD3O*) at 
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about 2060 cm–1,11 although it became visible after reaction of 10 min. The 13C MAS NMR 

spectra for converting 13CO2 and H2 at 300 ºC show a sharp band attributed to the 

13C-labeled formate (H13COO*) species41 at 170 ppm (Figure 4(d)), and it is more intense for 

GaZrOx(0.5) than for ZrO2 and GaZrOx(4.0). These spectroscopy results indicate that 

incorporation of Ga into ZrO2 enhances the adsorption and activation of CO2 molecules, thus 

resulting in the formation of more formate and methoxy intermediates, although addition of 

too much Ga, e.g. for the GaZrOx(4.0) sample, gives a contrary result due to over-strong 

adsorption of CO2 on the surface oxygen vacancies (Figures S19, S22 and S23). 

The formed methanol on GaZrOx oxides is then transformed into hydrocarbons on the 

Brønsted acid sites in H-SSZ-13 via the hydrocarbon pool (HCP) mechanism.67 Figure 5(a) 

shows that the amount of aromatic HCP species, such as polymethylbenzenes (polyMBs) and 

polymethylnaphthenes (polyMNs), clearly decreases with increasing Si/Al ratio of H-SSZ-13 

from 3.3 to 9.6, while substantially rises when the Si/Al ratio is further increased to 15.6 and 

22.0. This is unexpected as the acid strength and content of strong acid sites of H-SSZ-13 

exhibit a volcanic relationship with its Si/Al ratio (Figure S4(a), Figure S27 and Table S3). It 

seems that the presence of large numbers of highly acidic strong acid sites in H-SSZ-13 is 

unfavorable for formation of aromatic species. This is supported by the catalytic results of 

H-SAPO-34 zeolite with smaller numbers of strong acid sites with weaker acid strength 

(Figure S4(b), Figure S28(d) and Table S3); it produces far more aromatic species than 

H-SSZ-13 at the same reaction conditions (Figure 5(b)). The TG analysis results further 

substantiate this point. GaZrOx(0.5)/H-SSZ-13(6.0) and GaZrOx(0.5)/H-SSZ-13(9.6) show a 

much lower coking rate than H-SAPO-34 and other H-SSZ-13 samples (Figure 5(d) and 
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Figure 5(e)). This indicates that at high H2 pressure, increase of strong acid site amount and 

strength of H-SSZ-13 significantly suppresses the formation of aromatic HCP species,68 thus 

weakening the aromatics-based cycle, but relatively enhancing the alkene-based cycle.69,70 

This leads to production of fewer amounts of C2 hydrocarbons (ethene and ethane) but more 

propene and butene that are quickly hydrogenated to propane and butane on strong acid sites. 

This is supported by the finding that the propane amount linearly increases with the content 

of strong acid sites in H-SSZ-13 (including H-SAPO-34) zeolite (Figure 5(c)). It is 

consolidated by the result obtained with GaZrOx(0.5) substituted by other typical oxides 

such as ZnZrOx(0.5) and InZrOx(0.5); propane is still the dominant product with 

selectivity >75% (Figures S32 and S33). 

Figure S34(a) shows the catalytic results for conversion of methanol on H-SSZ-13 and 

H-SAPO-34 zeolites. Clearly, propane (selectivity of 72.7%) and butane (selectivity of 

10.8%) are the main products at the initial reaction stage on H-SSZ-13(6.0) in H2 atmosphere, 

as observed by Davis and co-workers.71 However, the propane selectivity quickly decreases 

along with formation of considerable amounts of light olefins with the reaction time. This is 

probably due to rapid coking that leads to serious coverage of strong acid sites, which 

facilitates formation of aromatic HCP species by weakening their hydrogenolysis, and thus, 

typical MTO product distribution was obtained.72,73 This is proved by attaining high propane 

selectivity (> 60%) within longer reaction time when decreasing methanol weight hourly 

space velocity (WHSV) from 2.0 to 0.24 h–1 (Figure S34(a-c) and Figure 6(a2)). Another 

piece of evidence is observing of a more evident decline of propane selectivity when the 

carrier gas is changed from H2 to Ar (Figure 6(a1) and Figure 6(a2)). 
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Figure 6 reveals that the H2 pressure has a strong effect on the propane selectivity and 

catalytic life. At 350 ºC, 3.0 MPa and WHSVmethanol of 0.24 h–1, the propane selectivity can 

be maintained at 56% over H-SSZ-13 after reaction of 14 h (Figure 6(a3)). However, 

lowering of the H2 pressure to 0.1 MPa quickly decreases the propane selectivity below 50% 

within 5.5 h (Figure 6(a2)). Figure S35 shows that high H2 pressure suppresses formation of 

aromatic HCP species,72,73 consequently, promoting production of more C3 

(propane+propene) and C4 species (butane+butene) but smaller amounts of C2 

(ethene+ethane) (Figure S36). Thus, it can be concluded that high propane selectivity of 

GaZrOx(0.5)/H-SSZ-13 in CO2 hydrogenation is due to attenuation of the aromatics-based 

cycle. 

As expected, H-SAPO-34 shows typical MTO product distribution with C2
=–C4

= 

selectivity of 87.9% in Ar atmosphere (Figure 6(b1)). Although a change of the carrier gas 

from Ar to H2 increases the initial propane selectivity from 8.9% to 26.3% (Figure 6(b2)), it 

is far lower than that obtained on H-SSZ-13(6.0) (propane selectivity of 83.9%) at the same 

reaction conditions (Figure 6(a2)). Moreover, the propane selectivity quickly decreased 

below 10% with increasing reaction time to 5.5 h, while more C2 hydrocarbons (mainly 

ethene (23.3%)) are produced (Figure 6(b2)). Despite that increase of H2 reaction pressure to 

3.0 MPa can elevate the propane selectivity to 59.8% at 0.5 h, it rapidly declined to 3.5% at 

8 h (Figure 6(b3)). In contrast, high propane selectivity (around 56%) is obtained on 

H-SSZ-13(6.0) at least within 14 h (Figure 6(a3)). The much lower propane selectivity of 

H-SAPO-34 results from its weaker Brønsted acidity (Figure S4(b), Figure S28(d) and Table 

S3), which enhances the aromatics-based cycle, and consequently, produces more C2 
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hydrocarbons (ethene and ethane) (Figures 6(b1)-5(b3)). 

The intrinsic kinetics of various elemental reactions in MTO process over H-SSZ-13 

and H-SAPO-34 are investigated by DFT calculations. The 1-hexene can be generated by 

repeatedly methylating initial light olefins (C2
= – C4

=) with free energy barrier of 122–136 kJ 

mol−1 (Figure 7 and Figure S37). It is more possibly produced through C2
= – C4

= 

oligomerizations as their free energy barriers are slightly lower (112–125 kJ mol−1). 

Regardless of the carbon chain growth pathway, the β-scission of 1-hexene to propene is 

energetically more favorable than the cracking to ethene and butene due to lower free energy 

barrier (98 vs. 113 kJ mol−1). Further methylation of 1-hexene to 1-heptene suffers from 

serious space confinement, causing the free energy barrier rise to 141 kJ mol−1. Even if this 

reaction occurs, the formed 1-heptene would be primarily cracked into one propene and one 

butene via β-scission mechanism (107 kJ mol−1) rather than one ethene and one pentene (116 

kJ mol−1). Figure 7 shows that the formed propene and butene are hydrogenated into 

corresponding alkanes, not cyclized and subsequently dehydrogenated into aromatics 

through hydride transfer reactions, as the former reactions (123 and 120 kJ mol−1) require 

lower free energy barriers than the latter (150 kJ mol−1). In addition, it needs to point out that 

the generated aromatic species in H-SSZ-13 zeolite are highly unstable in the H2 atmosphere. 

This is because the hydrogenolysis reaction between the aromatics and H2 just surpasses a 

free energy barrier of 43 – 112 kJ mol−1. It is substantiated by seriously decreasing coking 

rate in methanol conversion upon change of the carrier gas from Ar to H2 and increasing H2 

pressure (Figure S38). The effect of generated CO through RWGS on the coking rate in 

methanol conversion can be excluded as no obvious difference was observed with Ar and 
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with 10%CO/Ar as carrier gas (Figure S39). The above calculation results indicate that 

propene as dominant product is generated from the alkene-based cycle, but it is rapidly 

hydrogenated to propane on the strong acid sites of H-SSZ-13. This is consolidated by the 

results for conversion of 1-hexene on H-SSZ-13 at 350 ºC and 1.5 MPa in H2 atmosphere; 

the selectivity to propane reaches 75%, while that to light olefins is < 0.1%, along with 

detection of few amounts of aromatic species by GC-MS in used H-SSZ-13 (Figures S40(a) 

and S41).  

Similarly, 1-hexene is also formed via both successive methylations and 

oligomerization of C2
= – C4

=, and also inclined to cracking into propene rather than ethene 

and butene on H-SAPO-34 (108 vs. 130 kJ mol-1, Figure S37). Notably, although its 

aromatization following cyclization and hydride transfer reaction crosses slightly higher free 

energy barrier (160 kJ mol−1 and 120 – 125 kJ mol−1) than that on H-SSZ-13, the generated 

aromatic species is rather stable on H-SAPO-34 even in H2 atmosphere, as its 

hydrogenolysis demands 180 kJ mol−1 in terms of the rate-determining step (Figure S37). 

Thus, once the aromatic species are formed, it will be accumulated in H-SAPO-34 and 

rapidly propagated, as confirmed by detecting larger amounts of bulky aromatic residues in 

used H-SAPO-34 (Figure S41). Another piece of evidence is that changing carrier gas from 

Ar to H2 or increasing the pressure of H2 has insignificant influence on the coking rate 

(Figure S42). Moreover, it is found that hydrogenation of generated propene to propane 

requires more demanding free energy barrier on H-SAPO-34 (160 kJ mol−1) than on 

H-SSZ-13 (123 kJ mol−1). Consequently, conversion of 1-hexene on H-SAPO-34 gave 

propane selectivity as low as 39.8%, but light olefins selectivity of 22.5% (Figure S40(b)). 
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Discussion 

A new catalyst system consisting of GaZrOx oxide and H-SSZ-13 zeolite has been 

prepared, and it shows excellent catalytic performance for direct hydrogenation of CO2 into 

propane. The selectivity of propane and LPG (propane+butane) can reach 79.5% and 89.4%, 

at CO2 conversion of 43.4%, but undesired CO selectivity is only 31.8% at 350 ºC and 3.0 

MPa. This results in the propane and the LPG yields as high as 23.6% and 26.5%, 

respectively. This extraordinary catalytic performance is well maintained as least 500 h. The 

results of isotope-labeled in situ DRIFTS, 13C MAS NMR with pulse-quenched method, 

GC-MS, various probe experiments and DFT calculations demonstrate that the high 

concentration of surface oxygen vacancies and the moderate adsorption strength of CO2 

molecules on GaZrOx(0.5) enhance methanol production by forming more formate and 

methoxy intermediates. Subsequently, the generated methanol quickly diffuses onto zeolites 

and transforms into hydrocarbons via the HCP mechanism. At high H2 pressure, stronger 

Brøsted acid sites of H-SSZ-13 zeolite can effectively inhibit the formation of aromatic HCP 

species, thus significantly decreasing the contribution of aromatic-based cycle, but 

enhancing the alkene-based cycle. As a result, the formation of C2 hydrocarbons (ethene and 

ethane) is suppressed, while that of propene and butene is promoted. The produced olefins 

are quickly hydrogenated to corresponding alkanes on the strong acid sites of H-SSZ-13 

(Figure 8). This work provides not only a highly efficient catalyst system for selective 

conversion of CO2 into propane but also new insights into precisely controlling the catalytic 

reaction pathways and finely tuning the product distribution in CO2 hydrogenation. 
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Method 

Catalyst preparation. Zirconium oxide (ZrO2), gallium oxide (Ga2O3) and 

gallium-zirconium oxides (GaZrOx(N), N represents the Ga/Zr molar ratio) were prepared by 

the sol-gel method. First, designed amounts of zirconium nitrate (Zr(NO3)4) or gallium 

nitrate (Ga(NO3)3), and/or zirconium nitrate (Zr(NO3)4) and gallium nitrate (Ga(NO3)3) 

mixture with the Ga/Zr molar ratio of 0.1, 0.25, 0.5, 1.0, 2.0 and 4.0 were dissolved in 

deionized water (150 mL) and stirred at room temperature for 2 h. Then, the glucose was 

slowly added at 80 °C and vigorously stirred for at least 8 h. The molar ratio of glucose to 

the total metal ions in the solution is 3.0. The obtained colloid was dried at 100 °C for 12 h, 

and sequentially calcined at 300 and 500 °C for 1 and 3 h respectively in air. 

SSZ-13 (CHA), SAPO-34 (CHA), ZSM-11 (MEL) and ZSM-35 (FER) zeolites were 

prepared by the hydrothermal synthesis method. SSZ-13 zeolite was synthesized with 

aluminum sulfate (Al2(SO4)3), silica sol (JN-25), N,N,N-trimethyl-1-adamantam monium 

hydroxide (TMAdaOH), deionized water and potassium hydroxide (KOH) with the chemical 

compositions of 1.0SiO2: xAl2O3: 0.4TMAdaOH: 0.6KOH: 88H2O (x = 0.151, 0.083, 0.052, 

0.032 and 0.023). The mixture was stirred at room temperature for 3 h. For SAPO-34 zeolite, 

the silica sol (JN-40), phosphoric acid (H3PO4), pseudo-boehmite (Al2O3), tetraethyl 

ammonium hydroxide (TEAOH) and deionized water were mixed and stirred at room 

temperature for 2 h in terms of a composition of 2.0TEAOH: 0.3SiO2: 1.0Al2O3: 1.0P2O5: 

70H2O. ZSM-11 zeolite was prepared by using the silica sol (JN-40), deionized water, 

tetrabutylammonium hydroxide (TBAOH), sodium aluminate (NaAlO2) and sodium 

hydroxide (NaOH) with the ratio of mixture of 12TBAOH: 5.0Al2O3: 120SiO2: 1420H2O: 
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8.6Na2O. The obtained mixture was then stirred at room temperature for 2 h. ZSM-35 zeolite 

was synthesis with the silica sol (JN-40), pyrrolidine (PYR), sodium hydroxide (NaOH), 

sodium aluminate (NaAlO2) and deionized water. The mixture was stirred at room 

temperature for 4 h. The obtained gel had a composition of 1.85Na2O: 1.0Al2O3: 20SiO2: 

19.7PYR: 592H2O. 

The resultant gel was then transferred into a Teflon-lined stainless-steel autoclave and 

crystallized at 150 °C for 144 h for SSZ-13, 200 °C for 20 h for SAPO-34, 170 °C for 20 h 

and 48 h for ZSM-11 and ZSM-35, respectively. Various H-type zeolite samples of 

H-SSZ-13, H-ZSM-11 and H-ZSM-35 were obtained by repeatedly ion-exchanging calcined 

Na-type samples with 1 M NH4NO3 aqueous solution at 80 °C for three times, drying at 

100 °C for 12 h, and calcining at 560 °C for 5 h. For the preparation of H-SAPO-34, the 

as-synthesized sample was directly calcined at 550 °C for 10 h in air. 

Catalyst characterization. The prepared catalysts were characterized by the X-ray 

diffraction (XRD), N2 sorption, X-ray photoelectron spectra (XPS), transmission electron 

microscopy (TEM), high-resolution TEM (HRTEM), scanning transmission electron 

microscopy (STEM) and energy-dispersive x-ray spectroscopy (EDX) elemental mapping, 

scanning electron microscopy (SEM), temperature programmed desorption of CO2 or NH3 

(CO2-TPD or NH3-TPD), ammonia-adsorbed Fourier transform infrared spectroscopy 

(NH3-IR), 13C and 27Al magic angle spinning nuclear magnetic resonance (13C/27Al MAS 

NMR), thermogravmetric (TG) analysis, in situ diffuse reflectance infrared Fourier transform 

spectra (DRIFTS) and gas chromatography−mass spectrometry (GC-MS) spectroscopy. 

More information about the characterization methods could be seen in Supplementary 

Information. 
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DFT calculation. Periodic density functional theory (DFT) calculations within the 

generalized gradient approximation (GGA) were conducted with the Vienna ab initio 

Simulation Package (VASP 5.3.5). The Perdew, Burke, and Ernzrhof (PBE) 

exchange-correlation functional was applied, and the projected augmented wave (PAW) 

method was employed to represent the electron−ion interactions. More information about the 

DFT calculation methods could be seen in Supplementary Information. 

Catalytic evaluation. CO2 conversion was carried out in a stainless steel tubular fixed-bed 

reactor with an inner diameter of 10 mm. 1.0 g Composite catalyst (20−40 mesh) prepared 

by mixed the power of the ZrO2, Ga2O3 or GaZrOx(N) oxide and H-SSZ-13 zeolite with 

mass ratio of 1/2 was loaded unless being specifically stated. Before the reaction, the catalyst 

was pre-reduced at 400 ºC and atmospheric pressure for 2 h in a pure H2 flow (30 mL/min). 

Then, it was cooled to 350 ºC in a N2 flow (30 mL/min). The CO2 and H2 with a CO2/H2 of 

1/3 (with 3 vol.% N2 as internal standard) was introduced in the reactor at 350 ºC, 3.0 MPa 

and 2400 mL/(g·h) unless otherwise stated. The effluent products were online analyzed using 

an Agilent 7890A gas chromatograph (GC) equipped with one TCD and two flame ionization 

detectors (FID) and two capillary columns (J&W 127-7031, 30 m × 530 μm × 0.25μm; 

Agilent 19095P-S25, 50 m × 530 μm × 15 μm). The product selectivity (not include CO) 

was calculated on a molar carbon basis. The CO2 conversion was calculated by the equation 

(1), and the selectivity to hydrocarbons (including alkenes and alkanes, CnHm) and 

oxygenates (including methanol (CH3OH) and dimethyl ether (DME)) were calculated by 

the equations (3) and (4), respectively, without considering CO. The CO emission was 

separately evaluated by the equation (2), as reported by other researchers.36−40 The carbon 
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molar balances were at least 95%. 

2in 2out
2

2in

CO - CO
CO  conversion = 100%

CO
                                      (1) 

out

2in 2out

CO
CO selectivity = 100%

CO - CO
                                      (2) 

where CO2in and CO2out are the inlet and outlet amounts (moles) of CO2 respectively; COout 

is the outlet amount (mole) of CO. 

CnHm selectivity = nCnHm/∑(CnHm+ oxygenates) ×100%;                        (3) 

Oxygenates selectivity = noxygenates /∑(CnHm+ oxygenates) ×100%;                (4) 

where nCnHm is the amount (carbon moles) of individual hydrocarbon product at the 

outlet and ∑(CnHm+ oxygenates) is the total carbon mole of products, including 

hydrocarbons and oxygenates. The catalytic results obtained at reaction time of 28 h were 

generally used for comparison. 

The methanol conversion and hexene conversion were performed in the same fixed-bed 

reactor. The zeolite catalyst (20−40 mesh) was first pretreated at 400 ºC and atmospheric 

pressure for 2 h. Then, the reaction was conducted at 350 ºC and different reaction pressures. 

Methanol or hexene was continuously introduced into the reactor by an infusion pump with a 

weight hourly space velocity (WHSV) of 2.0, 1.0, 0.5 or 0.24 h−1 under the Ar or H2 (30 mL 

min−1) atmosphere. The effluent products were online analyzed using a same Agilent 7890A 

gas chromatograph (GC) in the CO2 conversion reaction. The methanol conversion (xmethanol) 

or hexene conversion (xhexene) and the selectivity to product i (si) were calculated by the 

following equations: 
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𝑥methanol = (𝑛methanol,in − 𝑛methanol,out) 𝑛methanol,in × 100%⁄  

𝑥hexene = (𝑛hexene,in − 𝑛hexene,out) 𝑛hexene,in × 100%⁄  

𝑠𝑖 = 𝑛𝑖 ⋅ 𝑘𝑖 ∑𝑛𝑖 ⋅ 𝑘𝑖⁄ × 100% 

where ni is the molar quantity of product i in the effluents and ki is the number of 

carbon atoms in its molecule. 

Data Availability. The data that support the findings of this study including the article and 

its Supplementary Information are available from the corresponding authors upon a 

reasonable request. 
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Figure 1. (a) and (b) the catalytic performance for direct conversion of CO2 into propane 

over various GaZrOx(N) and H-SSZ-13(6.0) catalysts; (c) and (d) influence of the Si/Al ratio 

of H-SSZ-13 zeolite on the CO2 conversion and product distribution in direct hydrogenation 

of CO2 into propane over various GaZrOx(0.5)/H-SSZ-13 catalysts. Others-HC represents 

the selectivity of hydrocarbons, excluding the methane, propane and butane. The CH3OR (R 

= H or CH3) is sum of methanol and dimethyl ether. Typical reaction conditions: H2/CO2 = 

3:1, GHSV = 2400 mL/(g·h), 3.0 MPa and 350 °C. 
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Figure 2. (a) and (b) the influence of H2/CO2 ratio on the catalytic performance for direct 

conversion of CO2 into propane over GaZrOx(0.5)/H-SSZ-13(6.0) catalyst at 3.0 MPa, 

350 °C and GHSV = 1200 mL/(g·h); (c) and (d) evolution of CO2 conversion and product 

distribution with reaction time over GaZrOx(0.5)/H-SSZ-13(6.0) catalyst (reaction conditions: 

H2/CO2 = 6/1, 350 °C, 3.0 MPa and GHSV = 960 mL/g·h). Others-HC represents the 

selectivity of hydrocarbons, excluding the methane, propane and butane. The CH3OR (R = H 

or CH3) is sum of methanol and dimethyl ether. 
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Figure 3. Time-dependent DRIFT spectra for CO2 hydrogenation to methanol on the 

GaZrOx(0.5) (a) and GaZrOx(4.0) (b) oxides. The spectra was collected every 5 min up to 60 

min after pre-treatment of the sample with H2 (30 mL/min) for 2 h at 400 °C and purged with 

Ar (30 mL/min) for 0.5 h at 300 °C (Typical reaction conditions: 300 °C and 0.1 MPa). 
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Figure 4. Time-dependent DRIFT spectra for CO2 + D2 reaction on ZrO2 (a), GaZrOx(0.5) (b) 

and GaZrOx(4.0) (c) oxides at 300 °C, as collected at a resolution of 4 cm−1 by accumulating 

64 scans. 13C MAS NMR spectra (d) for converting 13CO2 and H2 on ZrO2, GaZrOx(0.5) and 

GaZrOx(4.0) oxides at 300 °C.
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Figure 5. (a) and (b) GC-MS diagrams of the carbonaceous species confined in the 

GaZrOx(0.5)/H-SSZ-13 and GaZrOx(0.5)/H-SAPO-34 catalysts after catalyzing CO2 

conversion into propane around 30 h. * is the internal standard (hexachloroethane); (c) the 

relation of propane yield with the proportion of strong acid sites of H-SSZ-13 and 

H-SAPO-34 zeolites. The proportion of strong acid sites is obtained from the results of 

NH3-IR. (d) and (e) TG curve of GaZrOx(0.5)/H-SSZ-13 and GaZrOx(0.5)/H-SAPO-34 

catalysts after catalyzing the CO2 hydrogenation to propane for around 30 h (The data 

represent the coking rate (h-1) at >200 ºC). 
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Figure 6. 
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Figure 6. The catalytic performance of methanol conversion over H-SSZ-13 zeolite (a) 

under Ar atmosphere at 0.1 MPa (1) and H2 atmosphere at 0.1 MPa (2) and 3.0 MPa (3), and 

H-SAPO-34 zeolite (b) under Ar atmosphere at 0.1 MPa (1) and H2 atmosphere at 0.1 MPa 

(2) and 3.0 MPa (3). Typical reaction conditions: 350 °C and WHSVmethanol of 0.24 h-1. 
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Figure 7. 

 

 

 

Figure 7. Reaction network and calculated intrinsic kinetics of various elemental steps for 

alkene-based cycle, aromatization and hydrogenolysis reactions over H-SSZ-13. The data 

represent the free energy barrier (kJ mol−1). M, O, C, H, CY, HT, HS and RO are short for 

methylation, oligomerization, cracking, hydrogenation, cyclization, hydride transfer, 

hydrogenolysis and ring-opening reactions, respectively. 
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Figure 8. 

 

 

 

Figure 8. Reaction scheme for direct conversion of CO2 into propane over 

GaZrOx/H-SSZ-13 catalyst system. 


