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A highly active and selective GaZrOx/SAPO-34 bifunctional catalyst was developed for CO2 hydrogenation into
C2 —C4 . A high C27-C4™ selectivity of 88.8% at CO» conversion of 26.7% was achieved, and the olefin yield
reached 11.3%, outperforming the previous reports. As Ga:Zr atomic ratio increases, the surface oxygen vacancy
content (Oy), responsible for CO, activation, firstly increases from 22.5% to 32.6% and then decreases to 15.4%,
while the H; dissociation ability produced by Ga site increases gradually. Activated CO5 at Zr-Oy-Zr site could
either react with Ga—H% to form HCOO* , then successive hydrogenation to CH30* intermediate, or combine

with O-H%* to form COOH* , followed by dissociation to form CO. The formation of CH30* or CO is competitive,
which highly depends on the Hy dissociation ability, only the moderate Hy dissociation ability benefits COy
hydrogenation to CH3O* at high temperature, leading to a high C;™-C4~ yield.

1. Introduction

The utilization of COy to synthesize light olefin (C;™—C47), the
crucial raw material in chemical industry, has attracted great attentions
in recent years [1,2], which could not only mitigate the climate change
caused by CO; emission, but also provide a new sustainable synthesis
route to reduce the consumption of fossil fuels [3]. By employing
Fe-based catalysts, CO; is firstly converted to CO via reverse water gas
shift (RWGS) reaction, followed by hydrogenation of CO to C;™—C4~ via
Fischer-Tropsch to olefin synthesis route (FTO) [4,5], but, the selectivity
of C;7—C4~ hardly exceed 60%, which is limited by the Ander-
son-Schulz-Flory (ASF) rule [6].

Recently, bifunctional catalysts composed of metal oxide and zeolite
are employed to catalyze CO, hydrogenation into C,~—-C4~ with high
selectivity of ~80% in the hydrocarbon products [1,7-9]. In this cata-
lytic route, the hydrogenation of CO5 occurs on the surface of metal
oxide to form CH,O (CH30*, CH30H) intermediate, and then converts
into C;~—C4~ by the zeolite’s acidic sites. The C-C coupling of CH4O over
zeolite requires the reaction temperature of about 400 °C [10], however,
such high reaction temperature results in the formation of CO via RWGS
reaction as the dominant product rather than the CHxO intermediate
over metal oxide [9]. As a result, reducing the selectivity of total
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hydrocarbon products, the obtained yield of C;™—C4~ was normally less
than 7% [11-16]. For example, by employing Zn-Zr/SAPO-34 catalyst
[11], the Co™—C4~ selectivity reached as high as 80% in hydrocarbon
products at COy conversion of 18% (400 °C, 2.0 MPa), but the CO
selectivity was 65%, leading to the low Cy™—C4~ yield of 5.0%. By
employing In-Zr /SAPO-34 catalyst [13], the CO5 conversion reached as
high as 35.5%, and the C; —C4~ selectivity was 76.4% (400 °C, 3.0
MPa), but the C;™—C4~ yield was only 5.4%. The reason is that the most
of CO5 converts to CO, about 80%, and only 7.1% to hydrocarbons. Since
the higher CO, conversion is always along with the higher CO selec-
tivity, it is necessary, albeit very challenging, to develop the novel metal
oxide catalyst to boost the selective conversion of CO5 to CHO instead
of CO at high temperature, and further enhance the C,™—C4~ yield after
combined with SAPO-34 zeolite.

Extensive studies have revealed that the oxygen vacancy on the
metal oxide surface benefits the CO, adsorption, activation and to form
CH3OH intermediates [17-20]. Liu et al. reported that over the ZnGas04
catalyst, the increase of density of oxygen vacancy linearly enhanced the
formation rates of methanol/dimethyl ether [15]. Density functional
theory (DFT) calculations revealed that the oxygen vacancy created by
incorporation of Zr to InpO3 surface facilitates to form and stabilize
CH3OH while strongly suppress the CO formation [13]. It is indicated
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that abundant and special oxygen vacancy of metal oxides is essential to
boost the conversion of COy to CH,O, consequently to increase the
Co —C4~ yield. It is well known that ZrO, surface easily produce suffi-
cient oxygen vacancy to activate COy [21-25], but it has a little Hy
activation ability [26]. Therefore, adding another component with
hydrogen dissociation ability to ZrO, is essential for CO hydrogenation
to CH4O such as ZnO [27], InyO3 [24], CdO [19]. In addition to these
oxides, GapOg3 has the similar property to activate the Hy with hetero-
lytic dissociation [28,29]. Pan et al. found that high temperature facil-
itates the Hy dissociation on GapO3 and produce GaH species [29]. Our
recent work found that Ga;O3 provides a proper Hj dissociation ability
to boost the conversion of syngas into light olefin by employing Ga-Mn
oxide/SAPO-34 [30]. Witoon et al. reported that the adding Ga to In,O3
benefits the CO5 hydrogenation to methanol and suppress the RWGS
reaction at high temperature [18]. It is suggested that GaZrOy with
SAPO-34 perhaps have an excellent catalytic activity and selectivity to
synthesize C;™-C4~ from CO; hydrogenation. To the best of our
knowledge, there has been no research reports on this catalyst and the
synergistic effect of Zr and Ga on CO; hydrogenation to Cy —C4~ is
unclear.

In this work, the binary GaZrOy with SAPO-34 catalyst for CO2 hy-
drogenation into Cy;™-C4~ was investigated. The structure, physico-
chemical properties, and electronic properties of GaZrOx with different
Ga:Zr atomic ratios were characterized to reveal the relationship be-
tween the structure and activity. The CO5/H; adsorption, activation, and
the hydrogenation mechanism were discussed.

2. Experimental section
2.1. Catalytic preparation

A series of GaZrOy with different Ga:Zr atomic ratios (1:16, 1:8, 1:4,
4:1) as well as the sole ZrO2, Ga;O3 were prepared via parallel flow co-
precipitation method. Typically, the required amount of Zr(NO3)5-5H20
and Ga(NO3)2-9H50 were dissolved in deionized water to form a mixed
salt solution with total concentration of Ga and Zr for 1.0 mol-L™}. An
aqueous solution of ammonia (1.0 mol-L™!) was prepared as the pre-
cipitation agent. Then they were simultaneously added dropwise to 100
mL deionized water under continuous stirring at 30 °C. The pH value of
the aqueous solution was kept at 7.0 £ 0.1 by adjusting the addition rate
of the basic solution, the obtained suspension was aged for 1 h at 60 °C,
and then centrifuged, washed with deionized water until neutral.
Finally, the precipitate was dried at 110 °C for 12 h, and calcined in air
at 450 °C for 4 h. The obtained samples for GaZrOx with various Ga:Zr
atomic ratios were named as Ga:Zr(m:n), where m:n is the atomic ratio
of Ga:Zr.

SAPO-34 zeolite was hydrothermally synthesized as presented in our
previous reports [30]. More information about the SAPO-34 preparation
is given in Supporting information (SI).

Bifunctional catalyst was prepared by mortar-mixing configuration,
in which the SAPO-34 and GaZrOy oxides with a mass ratio of 1:2 were
grounded in an agate mortar for 10 min to mix well, and then pressed
and crushed into 20-40 mesh particles.

2.2. Catalyst characterization

The samples were characterized by X-ray diffraction (XRD); Raman
spectra; Time-of-flight secondary ion mass spectrometry (TOF-SIMS); X-
ray photoelectron spectroscopy (XPS); Electron paramagnetic resonance
(EPR); Temperature-programmed desorption of CO3 (CO,-TPD); Trans-
mission electron microscopy (TEM) and EDX mapping; In-situ diffuse
reflection infrared Fourier transform (in-situ DRIFT). More information
about the catalyst characterization is given in SI.
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2.3. DFT calculations

Spin-polarized density functional theory (DFT) calculations were
implemented by the Vienna Ab Initio Simulation Package (VASP) code
[31,32], and the projector augmented wave (PAW) method have been
employed. Details are presented in SI.

2.4. Catalytic activity test

The reaction of direct hydrogenation of CO5 into C;™-C4~ was tested
on a high-pressure fixed-bed reactor. Typically, 0.4 g of bifunctional
catalyst was loaded in the quartz tube with inner diameter of 6.0 mm
embedded in stainless steel tubular reactor. Prior to reaction, the cata-
lyst was pretreated in the Hj flow (20 mL~min'1) for 4 h at 390 °C, and
then the mixed gas (COy/Hy/Ny = 24:72:4) was introduced. The reac-
tion was carried out under 390 °C, 3.0 MPa, and 3000 mL-h’l-g’1 unless
otherwise stated. N2 was used as an internal standard gas to ensure an
accurate carbon balance. Details about the products analysis are pre-
sented in SI.

3. Results and discussion
3.1. Catalytic activity evaluation

The methanol synthesis (CO2 +3 Hy — CH30OH+H30 AHozgg =
—45.9 kJ-mol™!) and RWGS reaction (CO5 +Hy; — CO+Hy0 AH%gg =
42.1 kJ-mol™) usually occur simultaneously, whereas the latter is more
competitive at high temperature, according to the equilibrium calcula-
tions, the equilibrium selectivity of CO reaches 99.3% at 390 °C, 3.0
MPa (Fig. Sla), compared with the methanol synthesis reaction, the
hydrogenation of CO, into C; —C4~ is thermodynamically more favor-
able, the equilibrium selectivity and yield of olefin (represented by
ethylene) is 94.0% and 55.5% at 390 °C, 3.0 MPa (Fig. S1b). It means
combining methanol synthesis reaction with MTO reaction can decrease
the selectivity of CO and promote C; —C4~ formation. Fig. 1 shows the
performance of CO5 hydrogenation into C;™—C4~ over bifunctional
catalysts. The effect of different Ga:Zr atomic ratios on catalytic per-
formance is displayed in Fig. 1a, the sole ZrO, combined with SAPO-34
shows a high C;™—C4~ selectivity of 82.4% in hydrocarbon, but the ob-
tained yield of Co™—C4~ is only 0.2%, which is due to the low CO;
conversion of 9.6% and high CO selectivity of 97%. A small amount of
Ga (Ga:Zr=1:16) significantly enhances the CO; conversion and
Cy™-C4~ yield, further increasing Ga:Zr atomic ratio, the volcano-type
curves are obtained; Meanwhile, the CO selectivity, which produced
from RWGS reaction, exhibits an inverted volcanic result as compared
with CO5 conversion and C; —C4~ yield. GaZrOx with the Ga:Zr atomic
ratio of 1:4 shows the highest CO, conversion of 26.7% and high
Cy -C4~ selectivity of 88.8% in hydrocarbon. Moreover, the CO selec-
tivity decreases to the minimum value of 52.4% at the same time, sug-
gesting the introduction of optimized Ga to ZrO2 not only improve the
CO conversion, but also obviously inhibit the CO formation, the ob-
tained C;™—C4~ yield is as high as 11.3%, which outperforms the pre-
viously reported results as shown in Table S1. Moreover, it is found that
the selectivity of C,™—C4~ obviously decreases to 75.9% as Ga:Zr ratio
reaches 4:1, suggesting that the high content of Ga leads to excessive
hydrogenation of light olefin. The catalytic performance can be further
enhanced by adjusting the reaction conditions. Fig. 1b and Fig. 1c show
that as the temperature increases or GHSV decreases, both COy con-
version and Cp -C4~ yield gradually boost, while the Co™-C4~ selec-
tivity slightly reduces. However, both the reaction temperature and
GHSV show little effect on CO selectivity, even at high temperature of
400 °C or 410 °C, the CO selectivity keep about 52-54%. As comparison,
for other typically bifunctional catalysts reported in the previous liter-
ature, such high reaction temperature leads to the very high CO selec-
tivity of 65-85% (Table S1). The catalytic stability result for Ga:Zr(1:4)/
SAPO-34 catalyst is shown in Fig. 1d. After the induction period, the CO,
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Fig. 1. Catalytic performance of CO5 hydrogenation into light olefin over GaZrO, combined with SAPO-34.

conversion, C2~—C4~ selectivity and CO selectivity kept stable at around
26%, 88% and 52%, respectively. No obvious deactivation is observed
after a reaction time for 100 h, suggesting a potential for industrial
application.

3.2. Structure and morphology analysis

To investigate the structure of GaZrOy with various Ga:Zr atomic
ratios, XRD patterns are performed and displayed in Fig. 2a. The sole
ZrO, shows the characteristic diffraction peaks at 20 of 30.3°, 35.3°,
50.6°, 60.2°, 63.0°, and 74.5°, corresponding to tetragonal ZrO5 (t-ZrOs,
PDF#50-1089), and the very weak diffraction peaks at 24.0°, 28.2°,
31.4° and 40.7° are attributed to monoclinic ZrOy (m-ZrO,,
PDF#37-1484). After the introduction of small amount of Ga, the
diffraction peaks corresponding to m-ZrO, disappear, and the t-ZrO,
phase of Ga:Zr(1:16) and Ga:Zr(1:8) shifts to higher angles, compared
with the sole ZrO; as shown in Fig. S3; Moreover, no crystalline phase
corresponding to GayOs is detected. The results confirm that Ga incor-
porated into ZrO, crystal lattice and thus shrank the ZrO; crystal
spacing, which is attributed to the larger atomic radius of
Zr*7(0.072 nm) than that of Ga®(0.062 nm). It is interesting to find
that Ga:Zr(1:4) exhibits amorphous structure, suggesting that the
introduction of certain amount of Ga into ZrO, form a highly dispersed
Zr and Ga species. Ga:Zr(4:1) exhibits the characteristic peaks of
a-Gap03 (PDF#06-0503), which is similar to that of sole Ga;O3. No
crystalline phase corresponding to t-ZrOy or m-ZrO3 is detected.

Raman spectra of metal oxides are shown in Fig. 2b. For sole ZrO,,
the characteristic peaks correspond ing to t-ZrO, at 148, 268, 316, 461,
and 644 cm™ as well as corresponding to m-ZrO, at 178, 189, and
382 cm™! are presented, indicating that t-ZrO, and m-ZrO, are co-existed
in sole ZrO5 sample, and ¢-ZrO is the dominant phase [33]. For binary
oxides Ga:Zr(1:16) and Ga:Zr(1:8), the peaks belonging to m-ZrO,
disappear, and the peaks intensity for t-ZrO, decrease as the Ga:Zr
atomic ratio increases. Interestingly, Ga:Zr(1:4) displays no obvious
peaks, suggesting the high dispersion of Zr and Ga species in GaZrOy.
Further increasing the Ga:Zr atomic ratio, the characteristic peaks cor-
responding to a-Gag03 at 218, 287, 433, 570, 648, and 709 em™! are
observed [34], similar to that of sole Ga;O3 sample. These results are
consistent with XRD analysis.

The molecular specificity and surface sensitivity TOF-SIMS is used to
further determine to molecular structure and surface composition in
GaZrOx [35], Fig. 2c shows the partial negative TOF-SIMS spectra result
in Ga:Zr(1:4), the ions of GaZrO™ (m/z = 176.8), GaZrO, (m/z = 192.8),
GaZrO3 (m/z = 208.8), GaZrO4 (m/z = 224.8), GaZrOs (m/z = 240.8)
are presented, this result provides strong evidence that the Ga-O-Zr
bridges existed in GaZrOy [20], confirming the introduction of Ga into
ZrO, formed the solid solution structure with the cation substitution.

To study the morphology and crystallite transformation of metal
oxides, TEM and HR-TEM images of sole ZrO,, Ga:Zr(1:8), Ga:Zr(1:4),
Ga:Zr(4:1), and Gay03 are performed and shown in Fig. 3. As shown in
Fig. 3a, sole ZrO, shows irregular agglomeration of nanoparticles. After
the introduction of Ga and increasing the Ga:Zr atomic ratio, the
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morphology of GaZrOy gradually shifts to rod-like morphology, as
shown in Fig. 3b-d. In particularly, Ga:Zr(4:1) in Fig. 3d with more
content of Ga displays the similar particles morphology to that of sole
GayO3 (Fig. 3e), which exhibits a regular monodispersed rod-like
morphology. The inset HR-TEM image of sole ZrO; shows a well-
defined lattice fringe of 0.299 nm, corresponding to t-ZrOy(011). The
introduction of Ga shrank the lattice fringe of Ga:Zr(1:8) to 0.291 nm,
suggesting that Ga®" is incorporated into the lattice of ZrO,. Ga:Zr(1:4)
exhibits no lattice fringes, which is probably due to the high mutual
solubility of Zr and Ga species. Ga:Zr(4:1) shows the lattice fringe of
0.370 nm, which is similar to that of sole GayO3 (0.371 nm), corre-
sponding to a-Gay0O3 (012). The HRTEM-EDS images in Fig. 3f demon-
strate that the elements of Zr, Ga and O are uniformly dispersed in Ga:Zr
(1:4) oxide sample, consistent with XRD and Raman analyses.

3.3. Surface property analysis

XPS spectra results of Ga 2p3,, in metal oxides are shown in Fig. 4a,
for sole Gay0s3, the binding energies of Ga 2p3, at 1118.7 eV is assigned
to the bonding of Ga-OH species in Ga(OH)3 [36], which produced from
the remnants of growth precursor. The binding energies at 1117.3 eV is
attributed to the Ga3" species in GayOs [37], it is found the binding
energies for Ga®t species in GaZrOy is higher than that of GayOs, the
variation tendency of Ga 2p3/» indicates that the electronic property of
the Ga site is modified by the adjacent Zr site, caused by the incorpo-
ration of Ga into ZrO; lattice. The surface oxygen vacancy concentration
in GaZrOy is further studied by O 1s spectra. Three types of O species are
observed in O 1 s spectra as shown in Fig. 4b. The peaks centered at the
binding energies of 529.5-530.5 eV are attributed to lattice oxygen (Oy),
the peaks occurred at binding energies of 530.5-531.5 eV is associated
with oxygen atoms next to surface oxygen vacancy (Oy), and the peaks
located at 531.5-532.5 eV are attributed to hydroxyl group (Ooy) [13,
38,39], the concentrations of these surface oxygen species are listed in

Table S2, as the Ga:Zr atomic ratio increases, the binding energy of O 1s
shifts towards higher binding energy, which is due to the formation of
Ga-O-Zr structure. Furthermore, it is found that the concentration of Oy
firstly increases and then decreases as the Ga:Zr atomic ratio increases,
Ga:Zr(1:4) oxide shows the highest Oy concentration of 32.6%, con-
firming the introduction of an optimal amount of Ga into ZrO; lattice
benefits the formation of large amounts of surface oxygen vacancy. EPR
is further used to characterize the Oy concentration in the bulk and
surface of metal oxides [40], it is found the EPR signal at g = 2.002,
which is presented due to the unpaired electrons trapped on Oy, firstly
increases and then decreases as the Ga:Zr atomic ratio increases, Ga:Zr
(1:4) oxide shows the highest Oy concentration in comparison to the
other samples, consistent with the XPS result.

The adsorption ability of CO5 for metal oxides is examined by CO»-
TPD. The profiles are shown in Fig. 5. Two distinct desorption regions in
the range of 50-150 °C and 280-360 °C are observed and denoted as
peak o and f. The low-temperature CO, desorption peaks centered at ca.
90 °C are attributed to the physical adsorption of CO3 on GaZrOy oxides
surface. While the desorption peaks at high-temperature are ascribed to
the strong chemisorption sites [13,14]. The amounts of desorbed CO3 for
peak B listed in Table S3 follow the sequence: Ga:Zr(1:4) > Ga:Zr(1:8)
> Ga:Zr(1:16) > ZrO, > Ga:Zr(4:1) > Gas0s3. To evaluate the dissocia-
tion ability of Hy of metal oxides, the hydrogenation of ethylene over
metal oxides is selected as a probe reaction to represent Hy dissociation
ability. The results are shown in Fig. S4. After normalizing the conver-
sion of CyHy, the sole ZrO, exhibits the lowest Hy dissociation ability
(6.9). The Hy dissociation ability enhances after the introduction of Ga
into ZrO and linearly increases with the increasing of Ga:Zr atomic
ratio. In addition, the Hj dissociation ability is not related to the specific
surface area as shown in Table S4. Thus, it is concluded that Ga species is
mainly responsible for Hy activation. Increasing Ga content leads to an
obvious increase of Hy dissociation ability.

Fig. 6 shows the relationship between the catalytic performance and
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structure. As shown in Fig. 6a, as the Ga:Zr atomic ratio increases, the
surface Oy concentration firstly increases and then decreases, while the
Ho dissociation ability gradually increases. Ga:Zr(1:4) exhibits the
highest C;™-C4~ yield among the investigated samples, which possesses
the highest surface Oy content with moderate H; dissociation ability. As
shown in Fig. 6b, it is found that the CO5 desorption amount shows
obvious linear correlation with the surface Oy content, indicating that
the presence of surface Oy of GaZrOy oxides facilitate the adsorption and
activation of CO,. Moreover, the linear correlation between CO, con-
version and surface Oy content also confirms that the surface Oy serving
as the active site promotes the conversion of CO,, similar finding was
also reported to prove that Oy is the active site for CO2 adsorption and
activation over ZnO-ZrO, oxide, and the formation rate of methanol/
DME intermediate is dominated by the total amount of Oy [41]. As
shown in Fig. 6c, it is found that increasing a certain Hy dissociation

ability (<50) do not obviously influence the O/P ratio, it is inferred that
the formation rate of “dissociated Hy” is well matched with the “active
COy” produced by surface Oy, thus avoiding the second hydrogenation
of olefin. While the strong Hy dissociation ability (>50) makes the
“dissociated Hy” is excessive, leading to the more paraffin formation. As
shown in Fig. 6d, increasing Hy dissociation ability in GaZrOyx leads to
the total hydrocarbon selectivity firstly increases and then decreases,
while the CO selectivity is inverse, which indicates that the moderate Hy
dissociation ability produced by incorporation optimal Ga is more
favorable for hydrocarbon products formation. Above analysis suggests
that both surface Oy content and H, dissociation ability created by
synergistic effect of Ga and Zr in GaZrOx dominates the catalytic per-
formance. The high surface Oy content (32.6%) with moderate Hy
dissociation ability (56.9) over Ga:Zr (1:4) oxide not only improves the
CO; conversion, but also obviously inhibits the excessive hydrogenation
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of C,™—C4~ and RWGS reaction, in turn boosting the yield of Co™-C4".

The in-situ DRIFT spectra of metal oxides in Hy flow under 390 °C are
shown in Fig. 7a. The bands at 3745 cm ™! and 3668 cm ™! are assigned to
the terminal hydroxyl and bridged hydroxyl, respectively [42]. All the
metal oxides, except the sole GayOs, exhibit the signals for the terminal
hydroxyl and bridged hydroxyl. For the sole GayOs, only the bridged
hydroxyl appears. Interestingly, a new band presents at 1988 cm™,
produced from H; dissociation on the surface of GayOs, is attributed to
Ga-H species [29], indicating that the Hj dissociates on the Ga-O site,
producing the O-H and Ga-H group, which is consistent with the pre-
vious reports [29,43]. Moreover, the increase of Ga:Zr atomic ratio en-
hances the intensity of Ga-H band, which is due to the high dissociation
ability of Ga species.

To further distinguish the key surface intermediates over Ga:Zr(1:4)
oxide, the adsorption of Hy for COj-pretreated Ga:Zr(1:4) oxide at
different time is shown in Fig. 7b. After the adsorption of time for 1 min,
the peaks ascribed to bidentate formate (bi-HCOO*) at 2968, 2879,
1587, 1386, and 1366 cm ™ appear [23,27,44,45]. As the adsorption
time increases to 3 min, new apparent peaks at 2933, 2825, 1139 and
1037 cm™! related to methoxide group (CH30*) are observed and
gradually intensified [44,46]. The results indicate that the hydrogena-
tion of CO, generates the HCOO* , then HCOO* converts to CH30*,
suggesting that CH30* is more likely the key intermediate during the

CO2 hydrogenation process. Subsequently, the Ga:Zr(1:4) oxide was
exposed to mixture gas (CO» +Hy) at different temperatures, it is found
that the peaks ascribed to CH30* species gradually decrease as the
temperature increases, owning to the thermodynamic effect that inhibits
the production of CH30* species at high temperature, but still clearly
observed even up to 360 °C and 390 °C, suggesting that Ga:Zr(1:4) oxide
can produce and stabilize the CH30* at high temperature. Upon com-
bination with SAPO-34, as shown in Fig. S5, however, both signal for
HCOO* and CH30* are much weaker, and the new 1(C=C) peaks at
1300 — 1000 cm ™! are observed at high temperature [47], implying
that the CH30* converts to olefin in the presence of SAPO-34.

For comparison, the DRIFT spectra of sole ZrO5 and Gay0s, treated
by CO4 +H; flow at different temperatures are displayed in Fig. 7c and
Fig. 7d, and other GaZrOy with Ga:Zr atomic ratio of 1:16, 1:8, and 4:1
are shown in Fig. S6. The sole ZrO, shows that only exhibits the strong
signal for HCOO* (2965, 2878, 1585, 1385, 1366) at 240-420 °C, and
no signal for CH30* is observed (Fig. 7c), the results indicate that the
formation of HCOO* species via CO2 hydrogenation is a facile step,
which is not influenced by weak Hs dissociation ability of ZrO,. While
the hydrogenation of HCOO* to form CH3O* is dominated by Hj
dissociation of metal oxide. It is found the introduction of Ga can
obviously boost the conversion of HCOO* to CH30* (Fig. S6), which is
due to the introduction of Ga accelerate the Hy dissociation, confirming
the vital role of Ga species in the conversion HCOO* to form CH30* ;
however, the GaZrOy with excessive Ga leads to the obvious decrease the
intensity of HCOO* at high temperature (Fig. S6¢). For sole GapO3 as
shown in Fig. 7d, the signals for both HCOO* (2973, 2889, 1599, 1385,
1368 cm ™) and CH30* (2938, 2832 em™ ) are detected between the
temperature of 270 °C and 360 °C. However, the intensity of these peaks
are extremely weak, especially at high temperature (>360 °C), implying
that the formation of the HCOO* and CH30* over sole GayO3 or GaZrOy
at high Ga content are obviously limited at high temperature.

Interestingly, it is found that the peak positions of HCOO*species for
all the GaZrOy oxides are well accordance with the ZrO, and the peak
positions of both HCOO* and CH30* in GaZrOy oxides are much lower
than GayO3 (Fig. 7, Fig. S6), it is reasonable to deduce that the oxygen
vacancy at Zr site in GaZrOy is mainly responsible for CO5 adsorption,
activation, while Ga sites provide the essential hydrogenation sites, the
moderate Hy dissociation ability produced by incorporation optimal Ga
boosts CO, hydrogenation to CH3O* intermediate at high temperature.

3.4. DFT calculations

To illustrate above experimental results and gain a deeper insight of
the COy/H; adsorption, activation, and the hydrogenation mechanism



P. Zhang et al.

(@)

50
251 50 _* 100
L2 45F *7 -
.—v I ‘ 3.
20T za0! / 10 <
X e | / =
515l S 351 ' £
515 S Y 160 &
o [ §30r 5
S10F 2 2
1T L] 1“s
© 51820 2
o< 420 .2
"5 18- e
5 N
ofd | *
10 1 T 6\ T T T T 0
02 (AN (AB) (A () 5,05
AN N 3'1«\(3 Ry APAAAY o
(c)
20+
16
e Ga:Zr(1:8)
© L Ga:Zr(1:16) = Ga:Zr(1:4)
S 12+
‘E ZrO
5
=
=
Q@
O 4L
Ga,0,
0 . T T T v T ! ! ’ l
0 20 40 60 80 100

H, dissociation ability (a.u.)

Applied Catalysis B: Environmental 305 (2022) 121042

(b) -
281 Ga:Zr(1:4) 4200 "y,
Ga:Zr(1:8) 72
< 24t Ga:zr(1:16)> =
X a:2(1:19) J150 =
S <
? 20+ et
QI Ga0, {100 <
S 16} 2
° e
N =}
S 1] P 2
[}
’ZFOZ :‘E
8 v T T v T v T T T ¥ 0
12 16 20 24 28 32 36
Surface oxygen vacancy (%)
(d) CO sel
—~~ | — sel.
o}°/100 — Hydrocarbon sel.
3 sof
@]
(@]
- 60F
= [ J
g uGa:Zr(1:4)
o 40
Q
S Ga:Zr(1:16
8 20t
°
2
= (0] S 2%
6 U N 1 M U M 1 1
= 0 20 40 60 80 100

H, dissociation ability (a.u.)

Fig. 6. Relationship between catalyst activity, CO, desorption amount, and surface oxygen vacancy content, H, dissociation ability. Reaction condition: 390 °C,

3.0 MPa, GHSV= 3000 mL-h!.g7.

over GaZrOy oxide, DFT calculations are performed by considering the
Oy-Zr0O,(101), Oy-GaZrO4(101) and Oy-Gay03(012) surface model (Fig
S7).

The activation of CO2/H; over Oy-GaZrO4(101) is shown in Fig. 8.
the CO, chemisorption at the Oy results in the formation of C-Zr and
O-Zr bond with the adsorption energy of —26.2 kJsmol?, the C-O bond
lengths (C-O; and C-O3) of 1.213 and 1.266 A and the bent 0-C-O
angle of 138.180° (Fig. 8a), notably, compared to the perfect GaZ-
rOx(101), DFT result suggests the presence of oxygen vacancy promotes
CO4 adsorption and activation, which is consistent with the experi-
mental and characterized results (Fig. S8). The electronic property of
adsorbed CO; on Oy-GaZrOx(101) is examined by differential charge
density and Bader charge analysis, it is found that the oxidation state of
C atom in CO; decreased, the C atom of CO3 loses 1.44 |e|, both O; and
O, atoms of CO; carry extra 1.12 and 0.97 |e|, in which the electron
depletion region appears around the C atom, and the asymmetric elec-
tron enrichment area are around the adjacent O atoms. Confirming that
CO4, activation is attributed to the electrons trapped in the Oy site.

For the adsorption of Hy, as shown in Fig. 8b, Hy can spontaneously
dissociate into two H atoms, which are adsorbed at the Ga and O sites on
the Oy-GaZrO(101), two H atoms are elongated to 2.773 A. For com-
parison, Hs is typically physisorbed at the top-Zr site on Oy-ZrO5(101)
with the H-H bond length of 0.755 A (Fig. S9a), while Hy can also

spontaneously dissociate into two H atoms, which are adsorbed at two
Ga sites on Oy-Gay03(012), two H atoms are elongated to 3.085 A
(Fig. S9b). Which indicated that ZrO, has weak H; dissociation ability,
the introduction of Ga to ZrO; obviously enhances Hy dissociation
ability, which well confirms our experimental and characterized results.
The differential charge density and Bader charge analysis are carried out
for two adsorbed H atoms from Hj dissociative adsorption on Oy-GaZ-
rO(101). H adsorbed at the O site loses 0.68 |e| and become positively
charged, while H adsorbed at the Ga site carry extra 0.34 |e| and become
negatively charged. Thus, the Ga-O bridge site can act as the active
center to produce an H®" located at the Ga site and an H>" located at the
O site, which is attributed to the local charge polarization along the
Ga-O bond.

Two major reaction pathways of CO, hydrogenation, the formate and
RWGS pathways, are considered over Oy-GaZrOx(101) model, as shown
in Fig. 9a. The corresponding structures involving in CO, hydrogenation
through formate pathway are presented in Fig. 9b. The calculated acti-
vation barrier (G,) and reaction energy (AG) are listed in Table S6. In the
formate pathway, the adsorbed CO; reacts with the nearby Ga-H® to
form HCOO* , which has the activation free energy of 13.6 kJ-mol~?,
and it is strongly exothermic by —124.4 kJ-mol ™. Suggesting that the
reaction of adsorbed CO, with dissociated H* to form HCOO* species is
energetically very favorable, which is consistent with the in-situ DRIFT
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results. HCOO* hydrogenation to HoCOO* has the activation free en-
ergy of 49.2 kJ-mol™, and it is endothermic by 37.2 kJ-mol. Then,
H,COO* hydrogenation to HoCOOH* has a small activation free energy
of 10.6 kJ-mol™! with the reaction energy of —44.9 kJ-mol™’. Subse-
quently, the C-O bond cleavage of HoCOOH* can produce CH2O* and
OH* adsorbed at the bridge Zr-Zr and Ga sites, respectively, which is
identified as the rate-determining step of the overall reaction, corre-
spondingly, this reaction has a higher activation free energy of
86.7 kJ-mol™!, and it is exothermic by 55.9kJ-mol™. Further,
CH,0* hydrogenation to CH3O* is energetically favorable with the
activation and reaction free energies of 21.6 and —72.1 kJ-mol™,
respectively. Finally, CH3OH formed by the hydrogenation of CH30* -
with activation and reaction free energies of 79.3 and 79.2 kJ-mol ..
Notably, it is found that CH3OH cannot be stably adsorbed on the surface

Ov-GaZrO4(101) due to its much easier dissociation into CH3O* and
H* species in kinetics (Fig. S10). It is concluded that CH30* is more
likely the reaction intermediate linked the metal oxide and SAPO-34.
In the RWGS pathway, CO5 hydrogenation to form trans-COOH* has
the activation and reaction free energies of 110.8 and 7.9 kJ-mol™,
respectively, which is kinetically and thermodynamically unfavorable
compared to HCOO* formation, meanwhile, trans-COOH* formation is
the rate-determining step of the overall reaction. Then, trans-COOH* is
isomerized into cis-COOH* with the activation and reaction free en-
ergies of 27.7 and 26.6 kJ-mol !, respectively. CO* can be produced by
the dissociation of cis-COOH* with the activation and reaction free en-
ergies of 28.1 and —43.0 kJ-mol ™, respectively. The weakly bonded
CO* prefers to desorb from the metal oxide surface instead of further
hydrogenation, making the CO as the main product. Hence, it can be
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Fig. 8. The stable adsorption configurations
and differential charge density plots and Bader
charge of CO5 (a) and H species (b) adsorbed
on Oy-GaZrO,(101) surface. Blue, brown and
white balls represent Zr, Ga and H atoms,
respectively. Red and green balls correspond to
O atom of catalyst surface and CO; species,
respectively; Cyan and yellow contours repre-
sent electron depression and accumulation,
respectively. (For interpretation of the refer-
ences to colour in this figure, the reader is
referred to the web version of this article.)

concluded that the formate pathway, dominantly contributes to the
formation of CH30* intermediate rather than RWGS pathway.

Based on the above discussion, the catalytic mechanism of CO; hy-
drogenation over GaZrOy/SAPO-34 catalyst is shown in Fig. 10. Firstly,
the CO4 absorbs on the surface Oy near Zr-Zr sites to be activated, and
simultaneously, the Hy absorbs on adjacent Ga sites to be dissociated,
forming Ga-H> and O-H®*. Activated CO, * could either react with
Ga-H®" to form HCOO* and CH30* via successtive hydrogenation, or
combine with O-H" to form COOH* , followed by dissociation to form
CO (RWGS reaction). The formate pathway for CH30* formation is
competed with RWGS reaction, which is mainly determined by the H,
dissociation ability of GaZrOy oxide. The weak Hj dissociation ability
over GaZrOy impedes the hydrogenation of HCOO* , while the strong Hy
dissociation ability suppresses HCOO* formation at high temperature.
Only the moderate H; dissociation ability produced by introduction of
optimized Ga to ZrO; benefits CO, hydrogenation to form and stabilize
HCOO*, and further hydrogenation to CH3O* intermediate at high
temperature, the generated CH3O* at high temperature would supply a
well temperature compatibility for its further conversion over SAPO-34,
which favors the C,™-C4~ yield.

4. Conclusions

A highly active and selective GaZrOx/SAPO-34 bifunctional catalyst
for CO3 hydrogenation into C;™—C4~ was successfully prepared. Under a
condition of 390 °C, 3.0 MPa and 3000 mL-h~!.g™}, the selectivity for
Cy —C4~ reached 88.8% in hydrocarbons at a high CO4 conversion of
26.7%, and the light olefin yield is as high as 11.3%. As the Ga:Zr atomic
ratio increases, the surface oxygen vacancy content firstly increases from
22.5% to 32.6% and then decreases to 15.4%, while the Hy dissociation
ability gradually increases. CO, adsorption ability has a linear rela-
tionship with the oxygen vacancy content of the GaZrOy, indicating that
the oxygen vacancy is the catalytic site of adsorption and activation of
CO,. The Hy dissociation ability of GaZrOy plays the crucial role for
CH30* intermediate formation and olefin/paraffin ratio, it is found that
the weak Hjy dissociation ability over GaZrOy impedes the hydrogena-
tion of HCOO*, while the strong Hy dissociation ability suppresses
HCOO* formation at high temperature. The moderate Hy dissociation
ability produced by incorporation optimal Ga benefits CO2 hydrogena-
tion to HCOO* , and further to CH30* intermediate via successive hy-
drogenation at high temperature, while obviously inhibits RWGS
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reaction and excessive hydrogenation of C;™-C4~, in turn boosting yield
of Co~—C4 . Mechanistic study shows that formate pathway, dominantly
contributes to the formation of CH30* intermediate rather than RWGS
pathway. This work provides a possibility to develop highly active and
selective GaZrOy combined with other zeolites such as SSZ-39, H-ZSM-5
for synthesis high value-added chemicals (e.g., LPG, liquid fuels, aro-
matics) from CO, conversion.
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