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MOF-derived bimetallic core—shell catalyst
HZSM-5@ZrO,-In,03: high CO, conversion

gas shift reactionf
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The bicomponent core—shell catalyst HZSM-5@ZrO,-In,Os was synthesized via the decomposition of In(NOz)s/
HZSM-5@UIO-66, which was obtained by impregnating HZSM-5@UIO-66 with In(NO3)s solution. The bimetallic
oxide particles of ZrO,—In,Os were formed through the simultaneous decomposition of UIO-66 and In(NOs)s,

and were anchored to the surface of the HZSM-5 core. The HZSM-5@ZrO,—-In,0O catalyst exhibited 31.1% CO,
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Introduction

With the rapid development of industry and increasing CO,
emissions, the CO, concentration in the atmosphere has
increased by 25% over the past 200 years, leading to severe
environmental and ecological problems, such as the melting of
glaciers, rising sea levels and climate change." Thus, it is vital to
utilize CO, to produce high-value-added fuels and chemicals
for environmental improvement and industrial development.
In recent years, green hydrogen has gradually become an
economically and environmentally benign renewable energy,’
and using it to reduce CO, is of great industrial value.®> CO, CH,
and CH;OH are three major products from the direct utilization
of CO,. Among them, CO is widely used as a raw material for
the further synthesis of alcohols, olefins,” aromatics,® and
other value-added chemicals. Therefore, the hydrogenation of
CO, to CO is a promising way to reduce CO,.”

Catalysts for the reverse water gas shift (RWGS) reaction are
roughly divided into two categories, which are described as
follows. Noble metal catalysts (such as Au,® Pt,” Pd,'® etc.) have
a high catalytic activity and stability, but they are very expensive
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conversion with 96.3% CO selectivity at 400 °C for the reverse water gas shift reaction.

and generate CH, as a non-negligible by-product; and non-noble
metal catalysts (such as Fe,'" Zn,"? Ce," etc.) are inexpensive but
have a poor low-temperature activity. Hence many studies have
focused on designing new catalysts to improve the catalytic perfor-
mance of metals and oxides.™ Indium oxide (In,O;) has attracted
extensive attention due to its surface redox properties and excellent
activity for CO, hydrogenation.”™® Abundant oxygen vacancies on
the surface of In,O; play an essential role in the activation of
C0,.%”*" Since In,0; is easily loaded and modified, other precious
metals®**® or metal oxides®>*** have often been introduced to form
more oxygen vacancies and active sites, promoting the activation of
CO, and H,. However, most studies involving In,0; have focused
on the hydrogenation of CO, to methanol, and few studies have
included the RWGS reaction.”®

Metal-organic frameworks (MOFs) have wide applications in
the field of catalysis® ' owing to their tunable composition
and structure. Furthermore, MOF derivatives not only avoid the
disadvantage of weak coordination bonds between metal clus-
ters and organic linkers but also effectively inhibit metal oxide
agglomeration in the pyrolysis process.*” These factors are
beneficial for fabricating stable catalysts with high dispersion,
high specific surface area and high activity.*®

Fig. 1 shows the typical assembly methods for catalysts. This
work assembled the Zr-based MOF (UIO-66) and HZSM-5 via a
solvothermal method to form a new composite HZSM-5@
UIO-66. The HZSM-5@UIO-66 was impregnated with indium
nitrate (In(NO;);), followed by decomposition of the UIO-66
membrane and the adsorbed In(NO;); during calcination,
resulting in the formation of the bicomponent core-shell
catalyst HZSM-5@ZrO,-In,0;. Due to the highly synergistic
effect of the bimetal ZrO,-In,O0; and the special core-shell
structure of HZSM-5@ZrO,-In,0;, the catalyst exhibited high
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Fig. 1 Assembly diagram of composites (from top to bottom) In,Oz/HZSM-5, HZSM-5@ZrO,, HZSM-5@ZrO,-1n,05, ZrO,—-1n,03 + HZSM-5, ZrO, +

HZSM-5, In,03 + HZSM-5 and their effects on CO, hydrogenation.

CO, conversion (31.1%) and excellent CO selectivity (96.3%) at
400 °C, 3 MPa, and 4500 mL g ' h™",

Results and discussion
Syntheses and characterizations of fresh catalysts

HZSM-5 has been used widely in various catalytic reactions due
to its regular pore channels, large surface area and thermal
stability.>*** In Fig. 2, monodispersed HZSM-5> appears as
smooth regular hexagonal prisms with a uniform size, while
UIO-66°° appears as octahedra. The HZSM-5 was placed in the
UIO-66 precursor solution as a shape-directed carrier, and the
UIO-66 was epitaxially grown onto the HZSM-5 core to obtain
HZSM-5@UIO-66 via a solvothermal method. The morphology
of the HZSM-5 core was well retained, while the UIO-66 was
neither a regular octahedra nor small crystalline grains;®’ it was
completely coated on HZSM-5 as a dense membrane layer
(Fig. 2). The formation of the UIO-66 membrane can be
attributed to the following factors. It has been confirmed that
the solvent dipole moment can change the interfacial tension
between the host nanoparticle and guest solvent, affecting the
particle growth rate and ultimately changing the material

morphology.*® Thus, ethanol (EtOH, x = 1.68 D) with a different
dipole moment than N,N-dimethylformamide (DMF, u = 3.86 D)
was added to the preparation solution of the UIO-66 mem-
brane. The optimal volume ratio of the two above-mentioned
solvents was confirmed to be 1:1.%*° At this ratio, UIO-66 can
grow uniformly along the epitaxial direction of the HZSM-5
core. In addition, the molar amounts of the metal sources
(zirconium chloride (ZrCl,)) and organic linkers (terephthalic
acid (H,BDC)) that constitute the UIO-66 had the most signifi-
cant influence on the formation of the core-shell structure. The
effect of n(ZrCl,) and n(H,BDC) on the growth of UIO-66 onto
HZSM-5, under Viwon/Vomr = 1 Was investigated in this study.
Fig. S2 (ESIt) shows the morphology of the UIO-66 grown on
the HZSM-5 surface at different molar amounts. When
n(ZrCly) = n(H,BDC) = 0.035 mM, the UIO-66 membrane had
a thickness of ~10 nm, and there were many standalone
spherical UIO-66 crystals of about 40 nm in diameter. This
result was ascribed to the high concentrations of the precursors
in the solution, which promoted the growth of UIO-66 on the
HZSM-5 surface, and led to the independent nucleation of
UIO-66 crystals. To obtain a homogeneous material, n(ZrCl,)
and n(H,BDC) were further reduced, from 0.035 mM to
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Fig. 2 TEM images of different materials: (A) HZSM-5, (B and C) HZSM-5@UIO-66, (D) UIO-66, (E and F) HZSM-5@ZrO,-In,03, (G) In,O3/HZSM-5, and

(H and 1) HZSM-5@ZrO,.

0.025 mM, upon which both the UIO-66 membrane thickness
and the standalone UIO-66 crystal size gradually decreased.
Finally, when n(ZrCl,) and n(H,BDC) were reduced to
0.020 mM, there were almost no standalone UIO-66 particles,
and the HZSM-5 surface was evenly covered by a 4 nm
membrane. The enlarged view of HZSM-5@UIO-66 (Fig. 2C
and Fig. S3D, ESI{) showed a continuous UIO-66 membrane
around the periphery of HZSM-5. Therefore, 0.020 mM could be
regarded as the optimal molar amount for the UIO-66 precur-
sor. Furthermore, these results demonstrated that the UIO-66
membrane thickness in HZSM-5@UIO-66 could be effectively
controlled by adjusting the precursor molar amounts.
HZSM-5@Zr0, and HZSM-5@ZrO,-In,0; (Fig. 2) origi-
nated from the calcination of HZSM-5@UIO-66 and In(NOs)s/
HZSM-5@UIO-66, respectively. During calcination, the organic lin-
kers (H,BDC) in the UIO-66 membrane underwent oxidative decom-
position with oxygen and, simultaneously, the UIO-66 membrane
was converted to ZrO,."° The disappearance of the organic linkers
resulted in a certain volume contraction;*"*? therefore, HZSM-5@
ZrO, and HZSM-5@ZrO,-In,0; were slightly smaller in size than
HZSM-5@UIO-66. The presence of organic linkers constructed a
temporary physical barrier for the ZrO, nanoparticles, hindering

their aggregation during calcination.”® The metal oxides ZrO, and
ZrO,-In,0; that were obtained after calcination were anchored on
the HZSM-5 surface in the form of particles (Fig. 2F and I) about
5 nm in diameter. In the enlarged view (Fig. 2F and I and Fig. S3F,
ESI), the oxide shell on the surface of HZSM-5 can clearly be seen.
Furthermore, compared with HZSM-5@ZrO,-In,0;, only a small
amount of In,0; was loaded on the HZSM-5 (Fig. 2G) at the same
In,0; loading due to its worse adsorption than UIO-66. Clearly,
coating UIO-66 on HZSM-5 could obtain ZrO,-In,O; with a small
size and the catalyst with a higher In,0; loading. Hollow cubes of
pure In,O;, granular ZrO, and ZrO,-In,0; were also prepared
(Fig. S4, ESI+).

The HAADF-STEM image of HZSM-5@UIO-66 (Fig. 3A)
showed a large difference in brightness between the middle
and edge regions of the material, indicating a typical core-shell
structure. Energy-dispersive X-ray (EDX) elemental mapping
and line-scan EDX (Fig. 3B-I) demonstrated the structural
composition and elemental distribution of HZSM-5@UIO-66.
Si and Al were the main components of the HZSM-5 core, and O
existed in the whole material. Zr and C, which formed UIO-66,
appeared as a shell, indicating that UIO-66 was successfully
coated on the surface of the HZSM-5 core. Moreover, EDX
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Fig. 3 (A) HAADF-STEM image of HZSM-5@UIO-66, (B—G) EDX elemental mapping of the selected region, and (H and I) line-scan EDX of HZSM-

5@UIO-66.

elemental mapping (Fig. S5, ESIf) of HZSM-5@ZrO,-In,03
verified that In,O; was successfully loaded on the surface of
the material after impregnation.

The N, adsorption-desorption isotherms of UIO-66, HZSM-5,
HZSM-5@UIO-66, and HZSM-5@ZrO,-In,0; were obtained
(Fig. S6A, ESIt). All isotherms were the typical type-I, meaning
that all the samples were microporous. However, the pore size
distribution image (Fig. S6B, ESIf) of HZSM-5@ZrO,-In,0O3
showed the formation of mesopores. The disappearance of
organic linkers in the UIO-66 membrane during calcination
generated some extra spaces in the material, leading to
mesopores.*”** The Brunauer-Emmett-Teller (BET) surface area
of HZSM-5@UI0-66 was 296 m” g ', which is lower than that of
HZSM-5 (456 m” g~ "), and significantly lower than that of UIO-66
(1307 m*> g~ ') (Table S1, ESI{). This is because HZSM-5 dominated
the HZSM-5@UIO-66 composite, while the UIO-66 content was
low. Furthermore, the UIO-66 membrane blocked part of the
pores of HZSM-5 due to the mismatching aperture during pre-
paration, which caused the BET surface area of HZSM-5@UIO-66
to be smaller than HZSM-5. HZSM-5@ZrO,-In,0; still maintained
a high BET specific surface area (309 m* g™ ).

Both UIO-66 and HZSM-5 showed diffraction peaks that
matched their corresponding simulated powder X-ray diffrac-
tion (PXRD) patterns (Fig. S7, ESIt). However, for HZSM-
5@UIO-66, only the characteristic peaks of HZSM-5 were
observed. The absence of the characteristic peaks of UIO-66
might be attributed to its indistinguishability from HZSM-5 in
the PXRD pattern and its low content in the composite.
Although no UIO-66 diffraction peaks were observed in the
PXRD pattern, Fourier transform infrared (FT-IR) spectroscopy
(Fig. S9, ESIt) showed that both UIO-66 and HZSM-5@UIO-66
had the characteristic bands of UIO-66 at 1591, 1395 and
747 cm™', confirming the existence of the UIO-66 membrane
in HZSM-5@UIO-66. HZSM-5@UIO-66 was calcined in air to
obtain HZSM-5@Zr0O,, and its XRD pattern clearly showed the
characteristic peaks of HZSM-5 and the highly crystalline tetra-
gonal ZrO, (t-Zr0O,)** derived from the UIO-66 membrane. The
peaks of HZSM-5 and pure cubic In,0; (c-In,03, formed via the
pyrolysis of In(NOs);)*> were observed in In,0;/HZSM-5. By
comparison with the precursors UIO-66 and HZSM-5@UIO-66, four
new characteristic peaks (20 = 25-70°) appeared in ZrO,-In,0; and
HZSM-5@Zr0,-In,0;. For ZrO,-In,0;, the characteristic peaks of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022 Mater. Chem. Front., 2022, 6, 2826-2834 | 2829
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UIO-66 disappeared completely due to the phase transition. The
local spectra were magnified at 25-70° to verify the phase of the
new peaks. For HZSM-5@ZrO,-In,0; (with an In,0; loading of
20 wt%), only the diffraction peaks of t-ZrO, were observed because
of impregnation loss and uniform distribution. When the In,0;
loading was increased to 70 wt%, the ZrO, peaks grew accordingly
and shifted towards a higher diffraction angle (the characteristic
peaks of ZrO,-In,0; (70 wt%) were the same as this), indicating
that the loading was increased and some of the In,O; was doped
into Zr0,.*¢

The peaks of In and Zr in HZSM-5@ZrO,-In,0; appeared at
the corresponding positions of In** and zr** (Fig. S10, ESIY),
indicating the existence of oxides.”” Compared with pure ZrO,
and pure In,0;, new peaks appeared at higher binding ener-
gies. This phenomenon was ascribed to the change in the
coordination states of In and Zr, which was caused by In doping
in the ZrO, lattice to form the In-O-Zr structure (solid
solution). This result was consistent with the XRD, and the In
doping could force O ions away to balance the charge, forming
more oxygen vacancies.”® The O1s spectrum of HZSM-5@
ZrO,-In,0; also exhibited a higher concentration of oxygen
vacancies than HZSM-5@ZrO, (Fig. S10, ESIT).

Catalytic performance

For the prepared catalysts, three main products (CO, CH, and
CH,;0H) were generated via the following three reactions. Since
the appropriate reaction temperature for converting CO, to
methanol was below 300 °C, only trace amounts of methanol
were detected at 400 °C.

CO,+H, = CO+H,0 AH=412kImol™" (1)

CO, +4H, == CH, + H,0 AH=-164.9 kK mol™* (2)

View Article Online
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CO, + 3H, = CH3;0H + H,0 AH=-49.4kJmol™* (3)

In Fig. 4A, In,O3/HZSM-5 (where HZSM-5 was directly
impregnated without coating with UIO-66) showed an inferior
catalytic performance with 12.7% CO, conversion, and HZSM-
5@ZrO, (where HZSM-5 was coated with UIO-66 but not
impregnated) showed the lowest activity with 7.1% CO, con-
version. However, HZSM-5@ZrO,-In,0; exhibited a superior
CO, conversion (27.8%). On the one hand, the excellent adsorp-
tion and special pore structure of UIO-66 enabled HZSM-
5@Zr0,-In,0; to have more active sites (Table S2, ESIf). On
the other hand, the synergy of the ZrO,-In,0; bimetal played a
crucial role in activating CO,. To verify the improved catalytic
performance of the bimetallic ZrO,-In,0; shell compared with
the monometallic oxide, In,O; + HZSM-5 and ZrO, + HZSM-5
were prepared (monometallic In,O; and monometallic ZrO,
were mixed with HZSM-5, respectively). The CO, conversion of
HZSM-5@Zr0O,-In,05; was about 2.5 and 3.4 times that of In,O; +
HZSM-5 and ZrO, + HZSM-5, respectively, suggesting a strong
synergy between ZrO, and In,0O;. The introduction of ZrO, can
form the Zr-In interface and more oxygen vacancies,"’ signifi-
cantly improving the adsorption and hydrogenation of CO,.”*"*
In addition, materials with a core-shell structure have been
shown to be superior catalysts in many reactions.” Hence for
comparison, a mixed ZrO,-In,0; + HZSM-5 catalyst containing
the same active oxide content as HZSM-5@ZrO,-In,0; was also
prepared according to the ICP results (Table S2, ESIT). However,
ZrO,-In,0; + HZSM-5 afforded a lower CO, conversion (22.6%)
and CO yield (22.2%) than HZSM-5@ZrO,-In,0; (27.8%,
26.9%), suggesting that besides the same active sites, the
core-shell structure of the HZSM-5@ZrO,-In,0; catalyst also
plays an important role in this reaction. The physical mixing of
Zr0,-In,0; and HZSM-5 was disordered, and the core-shell
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Fig. 4 Catalytic performance of (A) the various catalysts, (B) In,Oz loadings, (C) reaction pressures, (D) GHSV, and (E) reaction temperatures.
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structure of ZrO,-In,0; and HZSM-5 improved the distribution
of the ZrO,-In,O; components on the HZSM-5 surface.
Although ZrO,-In,0; + HZSM-5 was not as active as HZSM-
5@Zr0,-1In,03, it still exhibited a higher CO, conversion and
CO yield compared with the monometallic oxides (In,O; +
HZSM-5 and ZrO, + HZSM-5), which further proved the excel-
lent catalytic performance of the MOF-derived bimetallic oxide
in the RWGS reaction.

As shown in Fig. 4B, with the increase in In,0O; loading from
20 wt% to 70 wt%, the CO, conversion increased from 11.9% to
27.8%. The higher the In,O; amount, the more the number of
ZrO,-In,0; active sites. In addition, the operation conditions
also have a significant influence on this reaction. Fig. 4C-E
shows the influence of the pressure, space velocity (GHSV), and
reaction temperature on the catalyst performance. When the
pressure was 0.1 MPa, the CO, conversion was 14.5% with
99.9% CO selectivity. When the pressure was increased from
2 to 3 MPa, the CO, conversion increased from 17.5% to 21.4%.
When the pressure was raised to 4 MPa, the CO, conversion
hardly changed, but the CO selectivity decreased to 94.7%. The
increase in pressure typically leads to increased collisions
between the reactant gas molecules, activating more molecules,
and promoting the adsorption of activated molecules on the
catalyst surface, thereby increasing the CO, conversion. More-
over, the CO, methanation side-reaction has a reduced amount
of gas molecules, and the high pressure tends to promote the
side-reaction, thus decreasing the CO selectivity. With the
GHSV increasing from 4500 to 18000 mL h™"' g, the CO,
conversion decreased from 31.1% to 17.8%, and the CO/CH,
selectivity remained at around 97%/3%. The reduction in GHSV
increased the residence time of the reactant gas in the catalyst
bed, thus enhancing the CO, conversion. When the tempera-
ture was gradually increased from 280 to 400 °C, the CO,
conversion increased from 6.1% to 31.1%. This is because
CO, is inert and a high temperature is beneficial for activating
CO,. The CH;O0H selectivity decreased from 72% to 0.2% within
this temperature range, while the CO selectivity increased from
24.5% to 96.3%. The RWGS reaction is a typical endothermic
reaction, whereas the conversion of CO, to methanol is typically
exothermic; hence increasing the temperature transforms the
product from CH3;0H to CO. Based on the above discussions,
the optimal reaction conditions for the HZSM-5@ZrO,-In,0;
catalyst (In,O3; loading of 70 wt%) were as follows: 400 °C,
3 MPa, and 4500 mL h™' g, '. Under these conditions, the
CO, conversion and CO selectivity were 31.1% and 96.3%,
respectively. Furthermore, only a small amount of methanol
intermediate was generated due to the high reaction tempera-
ture, and the UIO-66 membrane might occupy the acidic sites
of HZSM-5. Therefore, despite the presence of HZSM-5 in the
catalysts, only very small amounts of hydrocarbons were
detected in the product, while the main product was CO.
Table S3 (ESIf) compares HZSM-5@ZrO,-In,0; with other
catalysts, including metal oxides and noble metal catalysts, in
the RWGS reaction. Both the CO, conversion and CO selectivity
of HZSM-5@Zr0,-In,0; are outstanding. The special core-shell
structure and the full synergistic effect of bimetallic ZrO,-In,0;
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play a critical role in enhancing the performance. In addition,
compared with noble metal catalysts, In-based catalysts have
lower costs and, thus, better practical application prospects in
industries.

Catalytic mechanism

There are roughly two reaction mechanisms for the RWGS
reaction, one of which is the redox mechanism.”® In this
process, H, does not directly participate in forming intermedi-
ates but acts only as a reducing agent to reduce the catalyst
(CO, + M° - MO, + CO; H, + MO, — M° + H,0). Since the
main product with the HZSM-5@ZrO,-In,O; catalyst was
CH;OH at low temperature, the redox reaction was first
excluded. The second most common mechanism is the degrada-
tion mechanism of the formate intermediate (CO, —» *HCOO —
CO* — CO).>*** In this pathway, H, is involved in the formation
of the intermediate *HCOO. CO, is hydrogenated to the inter-
mediate *HCOO on the catalyst surface, and the intermediate
further decomposes to form CO. The combination of ZrO, and
In,0; increases the oxygen vacancies on the oxide surface, and the
most significant role of the oxygen vacancies is in the adsorption
and activation of CO,.*"*® Adsorbed CO, is further hydrogenated
to the formate intermediate. This mechanism can explain the
product transformation due to the change in temperature: for-
mate is further hydrogenated to methanol at low temperature
whereas it is directly pyrolyzed to CO at high temperature.

Conclusions

In conclusion, the bicomponent core-shell catalyst HZSM-5@
Zr0,-In,0; was synthesized via the decomposition of In(NO3);/
HZSM-5@UIO-66, which was obtained by impregnating HZSM-
5@UI0-66 with the In(NO;); solution. Under the synergistic
effect of bimetallic ZrO,-In,O; derived from the UIO-66
membrane and In(NO;);, the HZSM-5@ZrO,-In,0; catalyst
with a special core-shell structure afforded excellent CO, con-
version (31.1%) and CO selectivity (96.3%). The traditional
concept is that the bimetallic oxide ZrO,-In,0O; is suitable for
CO, hydrogenation to methanol. This work reveals the superior
catalytic performance of bimetallic ZrO,-In,0; derived from
MOF towards the RWGS reaction, and provides a novel fabrica-
tion strategy for future catalysts for effectively catalysing CO,
hydrogenation to CO.
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