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Abstract.

Conversion of CO; into value-added light olefins is a potential strategy for sustainable
utilization of fossil energy and biomass due to realization of carbon neutrality. However,
highly selective production of light olefins, particularly of specific olefin such as ethene,
from CO; hydrogenation is a challenge. Thus, a new catalyst system consisting of Cr2O3
oxide and H-SAPO-34 zeolite is manufactured here. It shows a C;~ — C4~ selectivity in
hydrocarbons as high as 95.7% along with CHs and C2° — C4? selectivities of only 1.2% and
2.5% respectively at CO2 conversion of 13.1% at 370 °C and 0.5 MPa. More interestingly,
about 74.2% of light olefins is ethene, and the ethene/propene ratio reaches 3.1, being more
than 3 times of previously reported results. Such an unprecedented catalytic performance can
be well maintained at least within 600 h. A combination of in situ spectroscopy, density
functional theory (DFT) calculation and molecular dynamic (MD) simulation results reveals
that ethanol is directly produced on Cr,O3 through successive hydrogenations of CH3;COO*
intermediate species, which is generated through the interaction of CO, with CH3* formed
by dissociating the C-O bond of H3CO* intermediate, not the insertion of CO in the H3;CO*.
The produced ethanol is quickly converted into ethene on H-SAPO-34 and responsible for

the primary light olefins product.



The fast consumption of fossil fuels leads to massive emission of CO> that causes the
serious greenhouse effect and global climate change. CO> capture, storage and further
conversion into various value-added chemicals, such as methane (CH4), methanol (CH3OH),
formic acid (HCOOH), light olefins and aromatics, can not only reduce the CO, amount in
atmosphere, but also develop a potential route to achieve carbon neutrality.)® As an
important commodity product, light olefins (C2™ — C47) directly converted from CO: has
attracted many research interests.

Direct conversion of CO> into light olefins has been achieved via the modified
Fischer—Tropsch (FT) synthesis and the formation of methanol intermediate.'®?° Generally,
the Co~— C4~ selectivity is lower than 61%, while the CHy selectivity reaches 25% in FT
synthesis as a result of Anderson—Schultz—Flory (ASF) rule.?* This is because CO; is firstly
converted into CO via the reverse water-gas shift (RWGS) reaction, and subsequently
transformed into hydrocarbons in the FT synthesis route.?> ?* To surmount the ASF rule,
various metal oxides and zeolites composite catalysts have been developed as they
catalytically convert CO; into methanol, and further into alkenes. In this way, the Co™— C4~
selectivity gets to 70 — 87% in hydrocarbons with a significant decrease of the CHs
selectivity to 1 — 5% and that of C2°— C4’to 10 — 25%.252

On the other hand, control of light olefin distribution is also a challenge at a high C>™—
C4 selectivity. Ethene is a basic building block for many petrochemicals, and thus, has a
huge market demand.®®3® Usually, ethene is produced by steam cracking of naphtha, but it
is an energy-consumption process. Therefore, development of a green and costly effective

pathway to produce light olefins, particularly ethene, is of great interest, as it is scientifically



important too. Thus, direct transformation of CO; into ethene under mild conditions is of
great interest. Recently, several Cu-based catalysts have been prepared for electrocatalytic
reduction of CO, (CO2 RR) into C, product mixture of ethene, ethanol and acetaldehyde.3*3°
However, there is a long way to go due to its very low efficiency. With respect to
thermocatalytic processes, FT synthesis generally gives a (C2~ + C2°) selectivity < 30%,!740-
43 1t also holds true for the route via formation of methanol intermediate; the ethene
selectivity is not higher than 35%.%7°° From both the practical and the theoretical
viewpoints, it is imperative and necessary to manufacture a highly efficient catalyst system
for hydrogenation of CO; to light olefins, and particularly of ethene.

In this context, a new composite catalyst consisting of Cr,O3 oxide and H-SAPO-34
zeolite is fabricated here for efficient conversion of CO» to light olefins. Interestingly, it
shows a C;~— C4 selectivity as high as 95.7% in hydrocarbons, while the selectivity to CH4
and that to C2° — C4° alkanes of only 1.2% and 2.5% respectively at 370 °C and 0.5 MPa. In
particular, ethene accounts for more than 74% of light olefins at CO> conversion of 13.1%
and CO selectivity of 36.0%. As a consequence, the ethene/propene (E/P) ratio reaches 3.1,

being more than three times of previously reported results (E/P ratio: <1.0).*+°

Results

Catalyst characterization. The Cr.O3; oxide and H-SAPO-34 zeolite were synthesized by
the sol-gel and the hydrothermal methods respectively. X-ray diffraction (XRD) pattern of
Cr203 oxide shows that it has a hexagonal structure (Figure la and 1c), as indexed to the

(012), (104), (110), (113), (024), (116), (214), (030) and (220) crystal facets (JCPDS



96-900-8096). These crystal facets are further confirmed by its selected-area electron
diffraction (SAED) patterns (Figure 1f). The interplanar spacing of 0.264 nm, being
correspondent to the (104) crystal facet, was observed in the high-resolution transmission
electron microscopy (HRTEM) image (Figure le). CroO3 oxide is aggregates of small
nanoparticles (NPs) with a means size of 20.7 nm (Figure 1d) and a uniform and high
dispersion of both Cr and O atoms (Figure 1g). Its surface area and pore volume are 60.8 m?
g 'and 0.39 cm® g ! (Figure S1 and Table S1).

Figure S2 shows the Cr(2p) x-ray photoelectron spectra (XPS) of Cr,O3. Two intense
peaks are observed at about 577.5 and 586.9 eV, which are assigned to 2p3» and 2pi2 of
Cr’"®! The shoulder peaks around 579.9 and 589.1 eV indicate the existence of certain
amounts of Cr®" species.>? These Cr®" (r = 0.44 nm) species can be mostly reduced to Cr** (r
= 0.62 nm) upon treatment at 400 °C for 2 h in H (Figure S2), which is supported by the
shift of x-ray diffraction peaks to lower 26 values as a result of unit cell expansion (Figure la,
Figure S3 and Table S2). The intense peak at 531.0 eV in O(1s) XPS (Figure 1b) reveals the
presence of large numbers of surface oxygen vacancies (49.3%).> It is supported by
observing an obvious broad peak between 150 and 450 °C in the CO>-TPD profile (Figure
S4a), which is ascribed to chemically adsorbed CO, on surface oxygen vacancies.® In situ
O(1s) XPS shows an increase of surface oxygen vacancy concentration after H> reduction
(Figure 1b). This is consolidated by consuming large amounts of hydrogen between 150 and
250 °C in the H,-TPR profile (Figure S4b), which is indicative of the presence of more
surface reducible oxygen species.> It needs to point out that Cr®" species can be reduced to

Cr® species, as indicated by the reduction peak between 250 and 450 °C (Figure S4b) in H>



reduction and CO, hydrogenation processes,” but it is very difficult to be further reduced to
metallic Cr, as confirmed by the in situ XPS and in situ XRD results (Figure 1a, Figure S5
and Table S3).

The prepared H-SAPO-34 samples have high crystallinity and their crystals are cuboid
with a size of about 1 um (Figure S6¢). Powder mixing of it with Cr2O3 oxide does not
influence its structure (Figure S6a). SEM and TEM images show that CroOs; NPs are
dispersed on the H-SAPO-34 crystal surface (Figures S6b, S6d and Sé6e), as a result, leading
to a slight decrease of the surface area and pore volume of H-SAPO-34 (Figure S7 and Table

S4).

Catalytic evaluation. Figure 2a shows the catalytic results of Cr203/SAPO-34 composite for
hydrogenation of CO,. At 370 °C and 0.5 MPa, C2~ — C4~ selectivity in (hydrocarbons +
oxygenates) and (C2~ — C47)/(C2° — C4°) (O/P) ratio reach 96.0% and 41.8 at a moderate CO»
conversion of 12.7% along with the selectivities to undesired CHs and C2° — C4° of just 1.0%
and 2.3%, respectively. In addition, the CO selectivity is not high (32.0%). To the best of our
knowledge, this light olefins selectivity is much higher than all the reported values not
matter that the hydrogenation of CO; occurs via the Fischer—Tropsch (FT) synthesis (35 —
61%) or the methanol-intermediate (70 — 87%) route.!* 240759 More interestingly, the ethene
(Cy") selectivity accounts for 69.3% of light olefins (Figure 2b). This leads to a
ethene/propene (E/P) ratio > 2.64, which is far higher than the results obtained on
ZnZrOx/SAPO-34, ZnAlO4/SAPO-34, 7ZnGa;04/SAPO-34, In2O3/SAPO-34  and
InZrOx/SAPO-34 in CO> hydrogenation,*° where the ethene selectivity and the E/P ratio

are only 20 — 35% and 0.5 — 1.0 (Figures 2c, 2d, Figure S8 and Tables S5 and S6).
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Figure S9 displays the effect of reaction temperature on the catalytic performance of
Cr203/SAPO-34 for conversion of CO> into light olefins. CO> conversion, as expected,
increases with the reaction temperature, but the selectivity to C2~— C4~ and that to ethene
both reach the highest value of 96.0% and 66.5% at 370 °C and 0.5 MPa. At lower
temperature of 300 °C, CO» conversion, C2~ — C4~ selectivity and ethene selectivity decrease
to 6.3%, 95.1% and 57.4%, respectively. However, when the temperature is increased to 400
°C, large amounts of CHa, C2° — C4° and CO are generated due to enhancement of hydride
transfer and RWGS reactions.??#+4

The reaction pressure also has a great effect on the catalytic performance of
Cr203/SAPO-34. At 370 °C, a lower pressure of 0.25 MPa leads to a CO» conversion of 8.2%
and a (C2~ — C4") selectivity of 95.3% with 65.2% of light olefins being ethene (Figure S10),
while a higher pressure of 3.0 MPa decreases the C2~ — C4~ selectivity to 76.3% while
considerably increases the C2° — C4° selectivity to 18.3% owing to enhancement of light
olefins hydrogenation, despite that CO> conversion is elevated to 21.5%. In particular, the
ethene selectivity is significantly declined to 32.2%. This is probably because increases of
the reaction pressure from 0.5 to 3.0 MPa promotes the formation of methanol (its selectivity
raises from 37.5% to 77.9%) on Cr20O3 at the expense of ethanol (its selectivity drastically
reduced to below 0.5%) (Figure S11).

On the basis of the above results, a new program is proposed for conducting the
reaction by gradually lowering the reaction pressure. First, the reaction is carried out at 3.0

MPa. As expected, a Co~ — C4~ selectivity of 74.5% (Figures 2e and 2f, and Figure S12),

including 30.0% of ethene, 32.9% of propene and 11.6% of butene, was obtained on the



Cr203/SAPO-34. Then, a rapid reduction of the reaction pressure to 1.0 MPa raised the C>™ —
C4~ selectivity to 93.6% along with a great increase in ethene selectivity to 59.5%. A more
profound elevation of C;~ — C4~ selectivity to 95.7% and ethene selectivity to 71.0% was
observed with a CO; conversion of 13.1%, when the reaction pressure was subsequently
lowered to 0.5 MPa. At this condition, the E/P ratio reaches as high as 3.1.

The catalytic activity and light olefins distribution of Cr203/SAPO-34 are also related to
the gas hourly space velocity (GHSV), the synthesis method of Cr,O3 and its integration
manner with zeolite. An increase in the GHSV from 1700 to 4000 mL/(g'h) and powder
mixing Cr,03; and H-SAPO-34 benefit to the formation of ethene (Figures S13 and S14).
Cr203(SG)/SAPO-34 shows higher CO; conversion than Cr,O3(CP)/SAPO-34, as the Cr203
prepared by the sol-gel method (designated as Cr,O3(SG)) has larger numbers of surface
oxygen vacancies, which facilitate the adsorption and activation of CO, than the sample

prepared by the co-precipitation method (Cr203(CP)) (Figures S15 and S16).

Catalytic stability. Cr,O3/SAPO-34 composite shows excellent catalytic stability in CO>
hydrogenation to light olefins. At least within 600 h, the CO: conversion, Co~ — C4
selectivity and E/P ratio are well maintained at around 8.2%, 91.0% (ethene selectivity of
62.5%) and 2.6, along with a CO selectivity of about 35.0% (Figures 3a and 3b). XRD, N
sorption, SEM and TEM measurements evidence that compared to the fresh catalyst, the
crystal structure and the dispersion of Cr203 NPs on H-SAPO-34 of the used sample have no
significant change, although the surface area and pore volume reduce due to the formation of

carbonaceous species in SAPO-34 (Figures S17).

Reaction mechanism. Figure S18 displays the catalytic results obtained on pure Cr203
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oxide at 370 °C and 0.5 MPa in CO; hydrogenation. As expected, CH30OH (selectivity of
37.5%) and CHs (selectivity of 24.1%) are the main components in (hydrocarbons +
oxygenates) with a CO> conversion of around 5.0%. Nonetheless, appreciable amounts of
ethanol (C;HsOH) were unexpectedly detected and its selectivity reaches 30.5% at initial
stage. This suggests that the increases of the ethene selectivity on the Cr,03/SAPO-34 should
mainly arise from the quick conversion of the generated ethanol on Cr2O; into ethene over
H-SAPO-34.%%57 Indeed, when a methanol and ethanol mixture with the same mass ratio
(methanol/ethanol = 1.60/1) as that produced at initial stage over pure Cr,O3 oxide in CO»
hydrogenation (Figure S18) was fed on H-SAPO-34, a selectivity to C2~ — C4~ of 96.2% with
an ethene selectivity of 71.8% and an E/P ratio of 4.12 was obtained (Table S7 and Figure
S19d), which are highly comparable to those attained on Cr,O3/SAPO-34 composite in CO»
hydrogenation (Figures 2a and 2b). In contrast, in the methanol-to-olefins (MTO) reaction,
the light olefins distribution is similar to those generally reported results with ethene,
propene and butene selectivities of 25.6%, 45.7% and 18.7%, respectively (Table S7 and
Figure S192).%8%2 One may think that methylation of ethene occurs when feeding methanol
and ethanol mixtures, but it is not significant, as supported by an obvious reduction in
propene and butene selectivities with increasing ethanol content in the feedstock at
1so-conversions (75-85%) (Table S7 and Figure S19). Difficult transformation of produced
ethene into other hydrocarbons is further confirmed by the catalytic result of H-SAPO-34 for
conversion of pure ethanol; ethene selectivity gets to 98.4% (Table S7 and Figure S19e).

The detailed mechanisms for formation of methanol and ethanol on Cr2O; oxide were

investigated by combining in situ diffuse reflectance infrared Fourier transform spectroscopy



(DRIFTS), gas chromatography—mass spectrometry (GC-MS), density functional theory
(DFT) calculation and molecular dynamic simulation (MD). After being exposed to a
H2/CO; flow (H2/CO2= 3/1, 40 mL/min) for 1 min at 300 °C, the sample shows two board
peaks in the ranges of 1470 — 1530 and 1200 — 1300 cm™! (Figure 4a), which are assigned to

monodentate and/or bidentate carbonate species®®%*

that are formed through adsorption of
CO; on the surface oxygen vacancies of Cr20s. Interestingly, the characteristic bands of
formate species at 1592, 1562, 1354 and 1307 cm™! and methoxy species between 1025 and
1090 cm™! are subsequently identified, and gradually increase in the intensity with the
reaction time.®>®" This suggests that the adsorbed CO, on the surface oxygen vacancies
quickly transform into carbonate species, and further into formate and methoxy species,
which are followed by hydrogenation to methanol.®8®° It is worth noting that the bands
attributed to acetate (CH;COO*),’%™! acetaldehyde (CH;CHO*)"? and ethoxy (CH;CH>O%*)

3 are simultaneously observed at 1541, 1575 and 1715, and 1012 cm ™!, respectively

species’
(Figures 4a and 4b) in the beginning of the reaction. These species are the intermediates for
formation of ethanol.

The evolution of formate, methoxy and acetate, acetaldehyde and ethoxy species with
the reaction time is followed by in situ DRIFTS. The peaks for formate and methoxy species
gradually intensify with prolonging reaction time, whereas those assigned to acetate,
acetaldehyde and ethoxy species are enhanced up to around 20 min, and then weakened
(Figures 4c and 4d), which is supported by the catalytic result that the ethanol selectivity

rapidly reduces with the reaction time (Figure S18). A similar phenomenon was observed by

Zhu and co-workers over Cu embedded in defect carbon.”? Increase of the reaction
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temperature from 300 to 340 and 370 °C leads to a more rapid weakening of the bands of
acetate and acetaldehyde with the time on stream, along with the enhancement of the
vibration bands of formate species (Figure S20).

The effluents in CO; hydrogenation at different reaction times are further analyzed by
GC-MS spectra. Besides methanol, the ethanol is also distinctly detected on Cr20O3 at 370 °C
and 0.5 MPa despite that its amount is much lower than that of methanol (Figures 5a, 5b, 5d
and 5e). Moreover, some acetic acid species are observed at initial reaction stage, although
their amount is quickly decreased with the reaction time (Figures Sc and 5f).

In contrast, no bands characteristic of acetate, acetaldehyde and ethoxy species but
those of formate and methoxy species were observed in the in situ DRIFTS of ZnZrOy for
CO> hydrogenation (Figure S21), as reported in the previous literatures.**’ This is further
confirmed by the GC-MS analysis results that no ethanol and acetic acid species were
detected during the whole reaction process in the effluents obtained on ZnZrOx at 370 °C
and 0.5 MPa (Figures 5g, 5h and 51). Thus, ZnZrOx/SAPO-34 shows an ethene selectivity of
38.6%, which is similar to typical MTO results (Figure 2d).

The intrinsic reaction kinetics for formation of methanol and ethanol on Cr;0O; are
further investigated by density functional theory (DFT) calculation. CO; is firstly adsorbed
on the Cr2O3 surface oxygen vacancies, and interacts with H* to form formate (HCOO*) and
methoxy (H3CO%*) species through hydrogenations (Figure 6¢). Then, CH3OH* is generated
through hydrogenation of H3CO*.”>’® On the other hand, the H;CO* can be dissociated into
CHs* species, and further interact with CO> to give acetate species (CH3COO*). The

CH3COO* is subsequently transformed into CH3;CHO*, CH3CH>O* and CH3;CH,OH*
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through sequential C-O breaking and hydrogenation reactions.”” ® The detailed optimized
transition states of various steps and the calculated kinetic results are depicted in Figure 6a,
6b, Figure S22 and Table S8. The formations of HCOO* (TS2) and H3zCO* (TS6)
intermediates require to overcome free energy barriers of 2.09 and 2.52 eV, with enthalpy
barriers of 2.11 and 2.48 eV, and entropy losses of —0.02 and 0.04 eV, respectively, while
hydrogenation of H;CO* to CH3;OH* (TS7) just needs to surmount a free energy barrier of
1.72 eV and an enthalpy barrier of 1.60 eV, with a slight endothermic amount of 0.27 eV.

In comparison, the dissociation of C-O bond of H;CO* to form CHz* (TS1*) is more
difficult, because its free energy barrier and enthalpy barrier reach 2.57 eV and 2.45 eV
respectively. Once the CH3z* species is formed, it can rapidly interact with CO> to generate
CH3COO* species as results of lower free energy (1.48 eV) and enthalpy barriers (1.76 eV).
Subsequently, the CH;COO* is hydrogenated into CH3CHO*, CH3CH,0* and CH3CH,OH*
by overcoming free energy barriers of 1.76, 0.18 and 1.41 eV, with enthalpy barriers of 1.82,
0.22 and 1.39 eV, respectively (Table S8). The lower free energy barrier for the
hydrogenation of H;CO* to CH3OH* suggests that methanol is more easily formed than
ethanol on Cr;0s. Nevertheless, the energetic span model shows that the highest free energy
surface and enthalpy surface for ethanol formation are only 1.30 and 1.74 eV respectively
(Figure 6b).8182 In addition, formation of ethanol is thermodynamically more favorable than
that of methanol (-2.36 eV vs. —1.07 eV). Thus, CO> hydrogenation to ethanol is feasible on
Cr203, although the activity is lower than that of methanol formation.

For ZnZrOx oxide, it gives a slightly lower free energy barrier and enthalpy barrier for

hydrogenation of H3CO* than Cr203 (1.67 and 1.45 eV vs. 1.72 and 1.60 eV); however, the
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free energy barrier and enthalpy barrier for the dissociation of C-O bond of H;CO* to form
CHs* (3.71 eV and 3.69 eV) and the generation of CH3;COO* via the interaction of CHz*
with CO; (4.80 eV and 4.67 eV) are much higher than those on Cr,03 (2.57 and 2.45 eV, and
1.48 and 1.76 eV) (Table S9). Therefore, ethanol is much more difficult to be formed on
ZnZrOx than on Cr20s.

It has been reported that the CH3COO* species is produced on Pd-Cu and Rh nano
particles through insertion of CO into the C-O bond of H;CO* species.””’® However, it
requires overcoming a free energy barrier and an enthalpy barrier as high as 4.00 and 3.50
eV respectively on Cr2O3 (Figure S23). This shows that the formation of CH3COO* species
on Cr;03 is energetically much more favorable through the interaction of CO, with CHz*
formed by dissociating the C-O bond of H3CO* than through the insertion of CO into the
C-O bond of H;CO* species.

Another notable point is that the free energy barrier (1.92 eV) for methane formation on

Cr20; through CO dissociation and subsequent hydrogenation® %

is highly comparable to
that for methanol formation (1.72 eV), but lower than that for ethanol formation (2.57 eV)
(Tables S8 and S10). This implies that addition of CO is not good for the production of
methanol and ethanol, as it would lead to formation of more CH4 and other alkanes. Indeed,
addition of CO into the feedstock (H2/(CO2+CO) = 3/1) heavily decreases the Co~ — C4~
selectivity, and especially, the ethene selectivity, while more CHs and C,° — C4° are produced
(Figure S24). This is consolidated by the catalytic result for CO hydrogenation; much more

CH4 and C; — C4 hydrocarbons (including alkenes and alkanes) are produced than in CO»

hydrogenation at the serious expense of methanol and ethanol (Figure S25).
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The in situ DRIFTS shows that the peaks characteristic of formate, methoxy, acetate
and acetaldehyde species in CO hydrogenation are significantly weaker than those in CO»
hydrogenation (Figure S26). This confirms that more methanol and ethanol are formed on
Cr203 in CO2 hydrogenation than in CO hydrogenation. One might say that the CO:
hydrogenation process generates CO through the RWGS reaction, but the overwhelming
amount of CO» inhibits the adsorption and the dissociation of CO, as CO; is more strongly
adsorbed on the CrO3 surface than CO (Table S11). The molecular dynamic (MD)
simulation results at realistic reaction conditions (370 °C and 0.5 MPa) further corroborated
this point. Although the CO>/CO molar ratio (45/5) in the reaction mixture in the initial
optimized reaction system is lower than the experimental result (95/3.5) calculated from CO»
conversion and CO selectivity in CO2 hydrogenation (Figure S25), the strong adsorption of
CO; completely expels CO from approaching the surface of Cr,O3 (Figure S27a and Video
S1). Nevertheless, when the proportion of CO2 was decreased to the CO2/CO molar ratio of
1/49, which is higher than the actual value (0.4/99) in CO hydrogenation (Figure S25), the
Cr03 surface is almost entirely occupied by the CO (Figure S27b and Video S2). As a result,
significant amounts of C; — C4 hydrocarbons are produced due to the dissociation of

adsorbed CO and coupling of CHx* species.

Discussion

In summary, a new catalyst system consisting of Cr,O3 oxide and H-SAPO-34 zeolite
has been prepared, and it shows outstanding catalytic performance for direct hydrogenation

of CO» into light olefins at 370 °C and 0.5 MPa; the C,~ — C4~ selectivity in hydrocarbons
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reaches 95.7% with ethene accounting for 74.2% of light olefins (E/P = 3.1), but those of
undesired CHa, C2° — C4° and CO are only 1.2%, 2.5% and 36.0%, respectively, at COa
conversion of 13.1%. Such a catalytic performance can well be maintained at least within
600 h. In situ DRIFTS, GC-MS, DFT calculation and MD simulation results reveal that
appreciable amount of ethanol is generated on Cr.O3 despite that methanol is the major
product. The ethanol is formed through the interaction of CO> with CH3*, which is produced
by dissociating the C-O bond of H3CO* intermediate species, and subsequent successive
hydrogenations. It is then quickly converted into ethene on H-SAPO-34 molecular sieve, and
thereof, leading to production of unexpectedly large amounts of light olefins with ethene as
major product. This work provides not only a highly effective catalyst for conversion of CO>
into light olefins abundant in ethene but also a new strategy for rational design of catalysts

with the purpose of controlling light olefins distribution.
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Methods

Catalyst preparation. Cr.O3; oxide was prepared by the sol-gel method. First, designed
amounts of chromic nitrates (Cr(NO3)3*9H>0) were dissolved in 150 mL of deionized water
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 obtained colloid was dried at 100 °C for 12 h, and

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

SAPO-34 molecular sieve was synthesized with silica sol (JN-40), phosphoric acid
(H3POy4), pseudo-boehmite (Al2O3) and tetracthyl ammonium hydroxide (TEAOH). The
mixture with a composition of 2.0TEAOH: 0.05S102: 1.0A1203: 1.0P20s: 70H,0 was stirred
at room temperature for 2 h. The obtained synthesis gel was sealed into a Teflon-lined
stainless steel autoclave and crystallized at 200 °C for 20 h with rotation speed of 15 rpm.
The H-SAPO-34 was attained by directly calcining the as-synthesized sample at 550 °C for

10 h in air.

Catalyst characterization. Catalysts were characterized with in situ X-ray diffraction
(XRD), N> sorption, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), scanning transmission electron microscopy (STEM)
equipped with energy-dispersive x-ray spectroscopy (EDX), in situ X-ray photoelectron
spectra (XPS), temperature-programmed reduction by hydrogen (H>-TPR), temperature
programmed desorption of CO> (CO,-TPD), in situ diffuse reflectance infrared Fourier
transform spectra (DRIFTS) and gas chromatography—mass spectrometry (GC-MS)

techniques. Details about the catalyst characterizations are described in Supplementary
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Information.

DFT calculation. Periodic density functional theory (DFT) calculations within the
generalized gradient approximation (GGA) were performed 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—cation interactions. More information about

the calculation methods are shown in Supplementary Information.

Catalytic evaluation. CO; conversion was carried out in a stainless steel tubular fixed-bed
reactor with an inner diameter of 10 mm. 0.6 g Composite catalyst (20—40 mesh) prepared
by power mixing of Cr.O3 oxide and H-SAPO-34 molecular sieve with a mass ratio of 1/2
was loaded unless being specifically stated. Before the reaction, the catalyst was pre-reduced
at 400 °C and atmospheric pressure for 2 h in a pure H> flow (30 mL/min). Then, it was
cooled to 370 °C in a N> flow (30 mL/min), and the CO> and H» gaseous mixture with a
CO2/H; of 1/3 (with 3 vol.% N2 as internal standard) was introduced in the reactor at 370 °C,
0.5 MPa and 4000 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 x 530 um
x 0.25um; Agilent 19095P-S25, 50 m x 530 um % 15 um). 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 of hydrocarbons (including alkenes and alkanes, C,Hm)
and that of oxygenates (including methanol (CH30OH), dimethyl ether (DME) and ethanol

(C2HsOH)) were calculated by the equations (3) and (4), respectively, without considering
17



CO. The CO emission was separately evaluated by the equation (2), as reported by other

researchers.*~*6 Both the carbon and oxygen molar balances were > 95%.

COzconversion = S22~ €O 10004 (1)
Cozin
CO selectivity = __COm 100% )
COZin - Co2out

where COain and COaoy¢ are the inlet and outlet amounts (moles) of CO» respectively; COout

is the outlet amount (mole) of CO.

CnHn selectivity = ncnim/Y (CaHmt oxygenates) x100%; 3)

oxygenates selectivity = Noxygenates /Y (CnHm* oxygenates)x100%; 4)

where ncnnm 18 the carbon moles of individual hydrocarbon product at the outlet, and
> (CoHmt oxygenates) is the total carbon moles of hydrocarbons and oxygenates. The

catalytic results obtained at reaction time of 30 h were used for comparison.

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. Catalysts characterization. (a) In situ XRD patterns and (b) in situ O(1s) XPS
of fresh and H»-treated (400 °C for 2 h) Cr20s3; (c) crystal structure of hexagonal Cr2O3 (Cr:
grey; O: red); (d) TEM image of CrO3 (Insert: particle size distribution estimated by
counting 100 NPs); (e) HRTEM image of Cr>O3 (Insert: magnified images); (f) selected-area
electron diffraction (SAED) patterns of Cr20s3; (g) HAADF-STEM image and EDX

elemental distributions of Cr and O elements of Cr0s.
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Figure 2. Catalytic results. Dependences of CO> conversion and product distribution on the
reaction time ((a) and (b)) and the reaction pressure ((e) and (f)) on the Cr.O3/SAPO-34
composite catalyst; and CO, conversion and product distribution obtained over various metal
oxides/SAPO-34 composite catalysts ((c) and (d)) (typical reaction conditions: H»/CO> = 3:1,

GHSV = 4000 mL/(g‘h), 0.5 MPa and 370 °C).
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Figure 3.
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Figure 3. Catalyst stability. Catalytic stability of Cr,O3/SAPO-34 (Si/Al = 0.15) composite
catalyst in CO> hydrogenation to light olefins (reaction conditions: H»/CO> = 3/1, 370 °C,

0.5 MPa and GHSV = 4000 mL/g"h).
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Figure 4.
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Figure 4. In situ DRIFT spectroscopy. (a) and (b) Time-dependent DRIFT spectra for CO»
hydrogenation on neat Cr>O3 (the spectra were collected every 5 min up to 60 min after the
sample was treated at 400 °C for 2 h in a H> flow (30 mL/min), and then, purged at 300 °C
for 0.5 h with an Ar flow (30 mL/min) (typical reaction conditions: 300 °C, 0.1 MPa)); (c)
and (d) evolutions of DRIFT peak intensity with the reaction time on neat Cr,O3 at 300 <T in

COz hydrogenation.
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Figure 5.
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Figure 5. Reaction mechanism. GC-MS diagrams of the methanol ((a) and (g)), ethanol ((b)
and (h)) and acetic acid ((c) and (1)) in effluents obtained at different times on neat Cr2O3 ((a),
(b) and (c)) and ZnZrOx ((g), (h) and (1)) at 370 °C in CO; hydrogenation (typical reaction
conditions: 370 °C and 0.5 MPa); corresponding MS spectra of the generated methanol (d),
ethanol (e) and acetic acid (f) in effluents. The blank experiment was conducted under the

same reaction conditions without using the catalyst.
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Figure 6.
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Figure 6. Density functional theory (DFT) calculations. (a) and (b) Free energy (AGg),

enthalpy (AHRr) and entropy (TASR) profiles for CO2 hydrogenation at 300 °C on Cr20s3; (c¢)

reaction scheme for formation of methanol and ethanol in CO2 hydrogenation on Cr,0s.
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