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Materials and methods

Materials: The following chemicals were used without further purification. Zirconium
chloride (ZrCly, 98%), Polyvinylpyrrolidone (PVP, MW = 58000) and indium nitrate
tetrahydrate (In(NO;);-4H,0, 99.9%) were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. Terephthalic acid (H,BDC, > 99%) was purchased
from TCI (Shanghai) Development Co., Ltd. N, N-dimethylformamide (DMF, > 99.5
wt%), ethanol (EtOH, > 99.7%), acetic acid (CH;COOH, 99.5%), sodium aluminate
(NaAlO,, anhydrous, analytic reagent) and tetracthyl orthosilicate (TEOS, analytic
reagent) were provided by Shanghai Titan Scientific Co., Ltd. Tetrapropylammonium
hydroxide (TPAOH, 40 wt% aqueous solution) was produced by Beijing Yanfeng
Technology Co., Ltd. Ammonium chloride (NH4Cl, 99.5%) was provided from
Shanghai Lingfeng Chemical Reagent Co., Ltd.

UI0-66: UIO-66 was synthesized according to the previous study.! 33.4 mg ZrCl, and
25 mg H,BDC were dissolved sequentially in 10 mL DMF. 0.1 g PVP was weighed
into above solution and sonication. After solution clarification, injected 0.7 mL
CH;COOH. The mixture was transferred into a 30mL Teflon-lined autoclave and
reacted at 120 °C for 24 h. Final product was collected by centrifugation, then washed
twice with DMF and ethanol, respectively.

HZSM-5: The HZSM-5 was prepared according to previous literature.> 0.05 g NaAlO,
was dissolved in 4mL deionized water, and added 4 mL 40 wt% aqueous TPAOH to
above solution. The mixture was stirred vigorously at room temperature for 30 min.,

then 6.85 mL TEOS was injected drop by drop. During the dropwise addition, the



solution became gradually cloudy and the rotation speed could be appropriately
increased to make solution evenly mixed. After that, the mixture was stirred at 80 °C
for 60-70 min and then back to room temperature for another 24 h. Poured obtained
sol-gel into a 30 mL Teflon-lined autoclave and reacted for 48 h at 180 °C. The product
was collected by centrifuged (5000 rpm, 5 min) and washed by deionized water (9000
rpm, 9 min) until the pH was below 9. The washed sample was dried for 6-8 h at 120
°C and calcinated at 600 °C in air for 5 h. Final product was Na* type ZSM-5. Ton
exchange was performed twice to replace Na* with NH,* completely by adding 2.0 g
product into 80 mL 1.0 M NH4Cl solution at 90 °C stirring for 12 h. Product after ion-
exchanged was collected by centrifugation (5000 rpm, 5 min) and washed with
deionized water three times (9000 rpm, 9 min). Then, the washed product was dried for
6-8 h at 120 °C and calcinated at 550 °C in air for 5 h. The purpose of calcination was
to convert NH3* to H" to obtain final product HZSM-5.

HZSM-5@UI10-66: 4.7 mg (0.020 mmol) ZrCly and 3.3 mg (0.020 mmol) H,BDC
were completely dissolved in EtOH and DMF, respectively as solution A and solution
B. Weighed 7 mg HZSM-5 into solution A, and then mix it with solution B by
sonication. The mixture was transferred into a 30 mL Teflon-lined autoclave and
reacted at 120°C for 17 h. Final product was collected by centrifugation (5000 rpm, 5
min), then washed twice with DMF and EtOH, respectively (8000 rpm, 5 min).
HZSM-5@Zr0O,: The prepared HZSM-5@UIO-66 was calcined at 500 °C for 3 h to
obtain HZSM-5@ZrO,.

HZSM-5@Zr0,-In,05: In a typical procedure, HZSM-5@ZrO,-In,03 (70 wt%) was



prepared by excess volume impregnation. 2.5 g In(NO;);-4H,0 was dissolved in 120
mL EtOH. Subsequently, 0.4 g as-synthesized HZSM-5@UIO-66 was dispersed in
above solution and stirred vigorously at room temperature for 24 h. After stirring, the
product was centrifuged once (5000 rpm, 5 min) and dried for 4h at 60 °C. The dried
product was calcined at 500°C for 3h to obtain HZSM-5@ZrO,-In,05. The mass of
In(NO;);-4H,0 required for different In,O; loadings is as follows: HZSM-5@ZrO,-
In,05 (20 wt%)-0.269 g; HZSM-5@ZrO,-In,05 (30 wt%)-0.459 g; HZSM-5@ZrO,-
In,O5 (50 wt%)-1.074 g.

In,O;/HZSM-5: In,O3/HZSM-5 (70 wt%) was prepared by excess volume
impregnation. 2.5 g In(NO3);-4H,0 was dissolved in 120 mL EtOH. Subsequently, 0.4
g as-synthesized HZSM-5 was dispersed in above solution and stirred vigorously at
room temperature for 24 h. After stirring, the product was centrifuged once (5000 rpm,
5 min) and dried for 4h at 60 °C. The dried product was calcined at 500 °C for 3h to
obtain In,O3;/HZSM-5. The mass of In(NOs);-4H,O required for different In,O;
loadings is as follows: In,O3/HZSM-5 (20 wt%)-0.269 g; In,0;/HZSM-5 (30 wt%)-
0.459 g; In,03/HZSM-5 (50 wt%)-1.074 g.

In,O;+HZSM-5: Pure In,O5; was obtained by calcination of In(NO;);-4H,0 at 500 °C
for 3 h. 0.17 g In,O3 and 0.13 g HZSM-5 were powder mixed to obtain catalyst
In,O;+HZSM-5. (The mass of In,O; and HZSM-5 were determined according to the
ICP results of HZSM-5@ZrO,-In,0; (Table. S2))

Zr0,+HZSM-5: The prepared UIO-66 was calcined at 500 °C for 3 h to obtain pure

ZrO,. 0.17 g ZrO, and 0.13 g HZSM-5 were powder mixed to obtain catalyst



ZrO,+HZSM-5. (The mass of ZrO, and HZSM-5 were determined according to the ICP
results of HZSM-5@ZrO,-In,0; (Table. S2))

Zr0O,-In,0;+HZSM-5: 2.5 g In(NOs);:4H,0 was dissolved in 120 mL EtOH.
Subsequently, 0.4 g as-synthesized UIO-66 was dispersed in above solution and stirred
at room temperature for 24 h. After stirring, the product was centrifuged once (5000
rpm, 5 min) and dried for 4h at 60 °C. The dried product was calcined at 500°C for 3h
to obtain ZrO,-In,05. 0.17 g ZrO,-In,05 and 0.13 g HZSM-5 were powder mixed to
obtain catalyst ZrO,-In,O;+HZSM-5. (The mass of ZrO,-In,O; and HZSM-5 were

determined according to the ICP results of HZSM-5@ZrO,-In,0; (Table. S2))



Catalytic characterization

High resolution transmission electron microscopy (HRTEM), high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) imaging, and
both correlating energy dispersive X-ray (EDX) elemental mappings were performed
on JEM-2100 and JEM-2100 F at 200 kV, respectively. Powder X-ray diffraction
(PXRD) dates were collected by Bruker AXS RINT 2000 Rigaku with Cu-Ka radiation
in the 20 range of 5-80°. After pretreatment, the N, adsorption-desorption curves of the
samples were measured at 77K, and the specific surface area and pore size distributions
were calculated using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods, respectively. The valence distribution of different elements was
determined by X-ray photoelectron spectrometer (XPS) using ESCALAB 250Xi. The
contents of In and Zr were determined by inductively coupled plasma emission
spectrometer (Agilent 725 ICP-OES). Fourier transform infrared spectroscopy (FT-IR)

spectra of the prepared samples were obtained using Nicolet 6700 Spectrometer.



Catalyst evaluation

In this paper, a continuous flow high pressure fixed-bed reactor was used to
evaluate the performance of catalysts. The reactor is equipped with temperature
controller (AI-516), mass flow controller (D08-1F), precision pressure gauge (YB-
150A) and other related accessories to control the reaction temperature, flow, and
pressure.

Usually, the prepared catalyst was pressed into powder in an agate mortar and
loaded into a stainless steel reactor with an inner diameter of 8 mm. Before the reaction,
pure Ar was introduced for 1h activation at 3 MPa and 400 °C with a flow rate of
30mL/min. After the reactor temperature cooled naturally to room temperature, the
mixture of H,:CO,:Ar with a ratio of 73:24:3 was injected at a flow rate of 30 mL/min
under 0.1 MPa, 2 MPa, 3 MPa and 4 MPa, respectively. Ar was used as the internal
standard gas. Then, the reactor temperature was successively raised from room
temperature to 280, 300, 320, 360, 380 and 400 °C (usually 400 °C) and the sampling
results were analyzed after the temperature had maintained for 10 min. Two sets of data
were taken for each temperature to reduce errors. In addition, the influence of the
change of space velocity (GHSV) on the reaction was also investigated by changing
GHSV to 18000, 9000, 6000 and 4500 mL-h-!-g., .

In order to prevent liquid condensation, the gas outlet of the reactor was equipped
with a section of insulated pipe connected with a gas chromatography (GC7900) for
on-line analysis and detection. The GC-7900 was equipped with two chromatographic
columns, one packed column TDX-1 connected to a thermal conductivity detector

(TCD) for the detection of Ar, CO,, CO and CHy4. Another capillary string, JN-PONA,



was connected to a hydrogen flame ion detector (FID) for the detection of CH;0H and
other hydrocarbons. The CO, conversion, CO selectivity and CH3OH selectivity were

calculated based on the mole number of carbon atoms, and the calculation formula is

as follows.
€Oy intet = €03 puri
CO0, Conversion = et T % 100%
COZ inlet
CO punt
CO Selectivity = outet X 100%
02 inlet ~ COZ outlet
CHy oyt
CH, Selectivity = outtet X 100%
02 inlet ~ COZ outlet
CH,0H
CH;0H Selectivity = ouret 100%

02 inlet ~ COZ outlet

CO;3 jnies and CO; 4., represent the molar amount of CO, at the inlet and outlet,
respectively; CO e, CHy ouiier and CH30H 40, tespectively represent the moles of

CO, CH,4 and CH;OH at the outlet.
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Scheme S1. Schematic flow diagram of the fixed bed reactor.



Results and Discussion.
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Fig. S1. (A, B) TEM images of as-synthesized HZSM-5 nanocrystals, (C) corresponding
particle size histogram of HZSM-5 zeolites, (D, E) TEM images of as-synthesized UIO-66

nanocrystals, (F) corresponding particle size histogram of UIO-66.

As shown in Fig. S1A, B, the monodispersed HZSM-5 core (~110 nm) prepared was
hexagonal with smooth surface and uniform size. As a core, it provided the surface on
which UIO-66 could grow. The UIO-66 prepared was also nanoscale, but the size (~180

nm) was larger than HZSM-5, and the morphology was regular octahedral.



Fig. S2. n(ZrCly) = n(H,BDC) = (A,, A,) 0.035 mM, (B, B,) 0.030 mM, (C,, C,) 0.025 mM,

(D;, D,) 0.020 mM.



HZSM-5

Fig. S3. TEM images of (A) HZSM-5, (B-D) HZSM-5@UI0-66, (E, F) HZSM-5@ZrO,-In,0;.

As shown in Fig. S3, the HZSM-5 surface was smooth, while the HZSM-5@UIO-66
surface was rough with obvious membrane. In the enlarged view, a continuous UIO-66
membrane around the periphery of HZSM-5 was clearly seen. In Fig. S3E-F, HZSM-
5@Zr0,-In,05 that obtained after impregnation and calcination still maintained the

core-shell structure. The ZrO,-In,05 shell was also clearly seen in the enlarged view.



Fig. S4. TEM images of (A}, A,) pure In,O3, (B, B,) pure ZrO,, (C;, C;) ZrO,-In,0;.



Fig. S5. (A) TEM image of HZSM-5@Zr0O,-In,0;(30 wt%), (B-F) EDX elemental mappings

of the selected region.

In Fig.S5, Si, Al, O, Zr also existed in HZSM-5@ZrO,-In,03, and the presence of In
element indicated that In,O3 was successfully loaded in impregnation. Although there
was no obvious oxide shell as distinct as Fig. 3 in Fig. S5 due to the limitation of
characterization instrument (ordinary High Resolution Transmission Electron
Microscopy (HRTEM, JEM-2100)), it proved the presence of elements Zr and In in
HZSM-5@ZrO,-In,03. Since HZSM-5@Zr0O,-In,0; was derived from the core-shell
material HZSM-5@UIO-66, and the TEM images of HZSM-5@ZrO,-In,O; also
clearly showed the core-shell structure in Fig. S3E-F, thus the oxide obtained after

impregnation and calcination was still anchored to the surface of HZSM-5 in the form

of shell.
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Fig. S6. (A) N, adsorption-desorption isotherms of different samples, (B) the corresponding

pore size distributions.

Fig. S6A shows the N, adsorption-desorption isotherms for the four main materials.



When P/P, < 0.1, the adsorption capacity increases rapidly and tends to saturation due
to the pore structure being filled with N,. When relative pressure P/Py, > 0.1, the
adsorption capacity rises slowly and a plateau appears. The adsorption and desorption
curves coincide and no desorption hysteresis occurs. All four materials showed typical
type-I curves, indicating that four materials were microporous.

The images of pore size distribution were shown in Fig. S6B, and the highest point of
four materials were all below 2 nm, indicating that all samples were mainly
microporous. But HZSM-5@ZrO,-In,0; contained some mesopores, which was due to
the oxidative decomposition reaction of organic linkers in UIO-66 membrane with
oxygen during calcination. The disappearance of organic linkers generated some extra

space in derivative, leading to the formation of mesopores.>*



BET surface area

Catalysts (m? g

UIO-66 1307.238
HZSM-5 456.272
HZSM-5@UIO-66 295.962
HZSM-5@ZrO,-In,04 309.435

Table S1. Brunauer-Emmett-Teller (BET) surface area for the catalysts.
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Fig. S7. (A) Powder X-ray diffraction patterns of different samples, (B) Magnified local XRD
patterns of different samples.

The simulated PXRD patterns of UlO-66 and HZSM-5 were showed in Fig. S7A. By
comparison, the PXRD patterns of UIO-66 and HZSM-5 matched their corresponding
simulated patterns, indicating the successful synthesis of UIO-66 and HZSM-5. In addition,

the UIO-66 and HZSM-5 prepared in this study are also consistent with PXRD patterns



reported in previous literatures.?>-” But the characteristic diffraction peaks of UIO-66
and HZSM-5 were relatively close that difficult to distinguish, and the content of UIO-
66 in the material was low. Therefore, the characteristic diffraction peaks of UIO-66

could not be clearly observed in PXRD pattern of HZSM-5@UIO-66.
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Fig. S8. XRD patterns of samples after RWGS reaction.

Fig. S8 shows the XRD patterns of five catalysts after reaction. Because some fine
quartz sand could not be removed after catalysis, the XRD patterns of SiO, were also
provided at the top of the figure. There was no significant difference between materials
after reaction at 400 °C, indicating that the thermal stability of several catalysts was

outstanding.
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Fig. S9. Infrared spectra of UIO-66 and HZSM-5@UIO-66.

Fig. S9 compared the Infrared spectra of UIO-66 and HZSM-5@UIO-66. The peak at
3430 cm™' was the stretch frequency of O-H. At 1591 cml, the peak that OCO
asymmetric stretching of the carboxylate group in H,BDC occurred. The peak at 1395
cm! was C-OH bond of carboxylic acid in H,BDC.® 1223 and 1112 cm! were the
external and internal asymmetric stretching vibrations of SiO4 or AlQO, tetrahedron in
HZSM-5 core, respectively.® Thus, they only existed in HZSM-5@UIO-66 sample. The
peak at 747 cm! should be C-H bending vibration peak of UIO-66. 550 and 453 cm’!
were the skeleton vibration peak and T-O-T bending vibration peak in zeolite,
respectively.? The Infrared spectra of UIO-66 and HZSM-5@UI0-66 had overlapping
bands at 1591, 1395 and 747 cm!, confirming the existence of UIO-66 membrane in

HZSM-5@UI0-66.
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Fig. S10. XPS patterns of (A, E) HZSM-5@Zr0,, (B, D, F) HZSM-5@ZrO,-In,03, (C) Pure

In203.

The double peaks at 184.0 and 182.0 eV corresponded to Zr 3ds;, and Zr 3ds),,
respectively (Fig. S10A), indicating the presence of Zr*' in the material.'® However,
compared with pure ZrO,, HZSM-5@ZrO,-In,O5 presented a new peak at a higher

binding energy of 187.1 eV. It was attributed to the fact that part of In was incorporated



into ZrO, lattice to form In-O-Zr bond,!! which changed the coordination states of part
of Zr element. In 3d spectrum of pure In,O; was shown in Fig. SIOC. The two peaks at
452.4 and 444.8 eV represented In 3d;, and In 3ds;, respectively, indicating the
existence of In**,!0 while the In 3d spectrum of HZSM-5@Zr0,-In,0; also showed two
new peaks at higher binding energy. It indicated that the coordination environment of
In also be changed. Three peaks in Ols corresponded to lattice oxygen (~530 eV),
oxygen vacancies (~531 eV) and O species in zeolites (~532 eV), respectively. HZSM-
5@Zr0,-In,05 exhibited a higher concentration of oxygen vacancies than HZSM-
5@Zr0O,, indicating that the combination of indium and zirconium generated more
oxygen vacancies. Because the doping of In into the ZrO, lattice can leads to charge
imbalance, and for charge balance, cations are squeezed out to form more oxygen

vacancies.!!



Catalysts In, 03 (Wt%) In, 03 (Wt%) ZrO;, (Wt%)
Theoretical loading | Actual loading | Actual loading
InyO3/HZSM-5 70 19.2 0
HZSM-5@Zr0,-1n,0; 70 31.0 26.1

Table S2. The actual loading of In,O; and ZrO, in different composites were determined by

inductively coupled Plasma Optical Emission Spectrometer (ICP-OES).



Con.

Sel.

Catalyst °C) P (MPa) H,/CO, %) %) Ref.

In,O; 400 0.1 1:1 6.18 / 12

Ga,03 400 0.1 1:1 2.99 / 12

In,05/Ce0, 400 0.1 1:1 5.34 ~100 13

In,05/Zr0, 400 2 3:1 23 ~99 14

Fe-Mo/AlL,O3 400 0.1 1:1 5 100 15

Cu-Ni/y-Al,04 600 0.1 1:1 28.7 79.7 16

10%Pd/Al,0; 400 / 3:1 35 11 17

Pt/mullite 400 0.1 1:1 ~5 95.1 18
HZSM-5@Zr0;-In,0; 400 3 3:1 31.1 96.3 This work
HZSM-5@Zr0,-In,0; 400 0.1 3:1 14.5 ~100 This work

Table S3. Performance comparison of different catalysts in RWGS reaction.
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