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MOF-on-MOF-Derived Hollow Co;0,/In,O; Nanostructure
for Efficient Photocatalytic CO, Reduction

Cheng Han, Xiaodeng Zhang, Shengsheng Huang, Yue Hu, Zhi Yang, Ting-Ting Li,*

Qipeng Li,* and Jinjie Qian*

1. Introduction

The photocatalytic transformation of carbon dioxide (CO,) into carbon-based

fuels or chemicals using sustainable solar energy is considered an ideal
strategy for simultaneously alleviating the energy shortage and environmental
crises. However, owing to the low energy utilization of sunlight and inferior
catalytic activity, the conversion efficiency of CO, photoreduction is far from
satisfactory. In this study, a MOF-derived hollow bimetallic oxide
nanomaterial is prepared for the efficient photoreduction of CO,. First, a
unique ZIF-67-on-InOF-1 heterostructure is successfully obtained by growing
a secondary Co-based ZIF-67 onto the initial InOF-1 nanorods. The
corresponding hollow counterpart has a larger specific surface area after acid
etching, and the oxidized bimetallic H-Co,0,/In,O; material exhibits
abundant heterogeneous interfaces that expose more active sites. The energy
band structure of H-Co;0,/In,O; corresponds well with the photosensitizer
of [Ru(bpy);]Cl,, which results in a high CO yield of 4828 + 570 pmol h=" g~
and stable activity over a consecutive of six runs, demonstrating adequate
photocatalytic performance. This study demonstrates that the rational design
of MOF-on-MOF heterostructures can completely exploit the synergistic
effects between different components, which may be extended to other
MOF-derived nanomaterials as promising catalysts for practical energy

conversion and storage.
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Global warming mainly originates from the
excessive emission of carbon dioxide (CO,)
caused by the rapid consumption of fossil
fuels, resulting in an increasing concentra-
tion of CO, in the atmosphere.'3] In this
context, the conversion of CO, into envi-
ronmentally friendly chemicals is consid-
ered a promising research direction world-
wide, thereby alleviating several environ-
mental issues.[*7] However, it may seem
paradoxical to input massive carbon-based
fuels to efficiently cleave the highly stable
C=0 bonds in CO,. Therefore, the reduc-
tion of CO, emissions requires sustainable
energy from green energy sources rather
than burning fossil fuels. Numerous efforts
have been made to capture, separate, store,
and utilize CO, .81l Therefore, the efficient
photocatalytic reduction of CO, using re-
newable and clean solar energy has received
extensive attention.

Under these circumstances, enhancing
the light-harvesting efficiency of catalysts
is the main method to improve their
photocatalytic activity. Because visible light accounts for ~50%
of the total solar energy, it is crucial to develop high-performance
visible-light-responsive photocatalysts. To date, various inor-
ganic metal oxide nanomaterials, such as ZnO, TiO,, In,0;, and
Co,;0,, have been demonstrated as potential photo-responsive
species.'”>1 However, all of these reported single semicon-
ductor catalysts exhibit unsatisfactory catalytic activity, mainly
because their wide bandgap properties allow only a small fraction
of sunlight to be utilized.['>!¢] In contrast, CO, molecules can
only be activated by adsorption onto the catalyst surface. There-
fore, photocatalysts that can efficiently capture guest molecules
can accelerate the CO, reduction reaction (CO,RR).[77-2% There-
fore, ideal photocatalysts are intrinsically endowed with excellent
activity, selectivity, and stability, and should simultaneously
exhibit sufficient visible-light absorption capacity as well as a
large CO, sorption ability.

Porous metal-organic frameworks (MOFs), which are an
emerging subclass of porous coordination polymers, have been
extensively used in gas adsorption and separation, drug delivery,
and heterogeneous catalysis.21-2] Owing to their high porosity,
large surface area, and tuneable nanostructure, MOF materials
have been demonstrated to be favorable precursors for the facile
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Scheme 1. Stepwise fabrication of MOF-on-MOF-derived hollow bimetallic photocatalyst H-Co;0,4/In, 05 for the CO,RR.

preparation of porous metal oxides.”2!! Among them, MOF-
derived Co;0, photocatalysts have been exploited as potential
candidates for photocatalytic CO, conversion.[??3% However, the
availability of most reported cobalt-based catalysts is severely lim-
ited owing to their modest CO, adsorption and inferior visible-
light utilization efficiency.®!l Therefore, it is crucial to rationally
design an efficient and robust Co;0, photocatalyst capable of
strongly capturing CO, molecules and activating stable non-polar
bonds.

In this study, secondary Co-based ZIF-67 particles are grown
on the initial In-based InOF-1 nanorods to obtain a unique
MOF-on-MOF heterostructure, as illustrated in Scheme 1, de-
noted as ZIF-67-on-InOF-1. Using acid etching, followed by
low-temperature oxidation in air, the formation of a hollow
bimetallic oxide nanomaterial, H-Co;0,/In,0;, is achieved. H-
Co,;0,/In,0; has an interesting conjunction containing p-type
Co,;0, and porous In,0,, in which these active cobalt phases are
strongly anchored onto the supporting In,0O;, exposing abun-
dant heterogeneous interfaces. In this case, the as-synthesized
MOF-on-MOF-derived hollow bimetallic oxide photocatalyst had
a lower activation barrier with high CO selectivity and sufficient
structural stability for the CO,RR, which was considerably higher
than those of the control samples.

2. Results and Discussion

Using crystal engineering, a unique MOF-on-MOF heterostruc-
ture, ZIF-67-on-InOF-1, was obtained. In contrast to the invari-
able Co-N bonds in ZIF-67, the six-coordinate In(III) centers
produce an octahedral structure in InOF-1, where four O atoms
are from the BPTC*" ligand and two O atoms are from the sol-
vent (Figures S1-S6, Tables S1 and S2, Supporting Informa-
tion). In this case, the secondary building units (SBUs) of ZIF-
67 and InOF-1 are represented as tetrahedra (orange) and octa-
hedra (blue), respectively, and the organic ligands are simplified
into polygons, as illustrated in Figure 1a. The higher electroneg-
ativity of the O atoms in InOF-1 can strongly attract Co(II) ions;
therefore, they can be completely dispersed between the pores
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and surfaces of InOF-1 with polyvinylpyrrolidone (PVP, Figure
S7, Supporting Information). As shown in Figure 1b,c, Figure
S8 (Supporting Information), the spacing between two adjacent
O atoms was calculated to be 6.7 A for InOF-1, which is similar
to that for ZIF-67 (6.1 A). This is a key prerequisite for the effi-
cient growth of secondary ZIF-67 on the surface of InOF-1 after
the addition of HMeIM. For ZIF-67-on-InOF-1, the characteris-
tic powder X-ray diffraction (PXRD) peak at 7.42° corresponded
with the (110) crystal plane of ZIF-67, and the peak at 8.02° was
attributed to the (110) plane of InOF-1 (Figure 1d). Figure 1le and
Figure S9 (Supporting Information) show the FT-IR spectra with
a series of peaks between 650 and 800 cm™' from the Co—N/In-O
bonds in both MOFs, and two strong peaks at 1125 and 1302 cm™!
attributed to C-N stretching in ZIF-67. In addition, Raman spec-
troscopy was performed to verify the formation of the MOF-on-
MOF heterostructure, as shown in Figure S10 (Supporting In-
formation). Finally, the N, isotherms revealed that the adsorp-
tion capacity of InOF-1 was significantly increased by increasing
the ZIF-67 content, and the micropore content of InOF-1 also
increased (Figure 1f and Figure S11, Table S3, Supporting Infor-
mation).

Scanning transmission electron microscopy (STEM) clearly
characterized the successful synthesis of a heterostructure with
ultra-long InOF-1 nanorods completely encapsulated by ZIF-67
particles (Figure 2a, Figure S12, Supporting Information). When
the powders were well-dispersed in ethanol and centrifuged, a
colorless and transparent mixture was observed, confirming the
strong interfacial forces between the two types of MOFs (Fig-
ure S13, Supporting Information). To increase the specific sur-
face area and mass transfer, the obtained composite was further
chemically etched with cyanuric acid (Figure 2b and Figures S14—
S15, Supporting Information).[?! Although partial detachment
was observed owing to the high temperature and acid etching,
the hierarchical nanostructure of H-ZIF-67-on-InOF-1 was main-
tained. As shown in the inset in Figure 2c, the Co signal at both
ends of ZIF-67 was significantly stronger, and C, N, and O were
also confirmed by energy-dispersive X-ray spectroscopy (EDS).
However, a distinct hollow morphology was observed after etch-
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Figure 1. a) Diagram of inorganic SBUs and organic linkers; b) Lattice comparison; c) Schematic of the fabrication of ZIF-67-on-InOF-1; d—f) PXRD
patterns, FT-IR spectra, and N, isotherms of ZIF-67, InOF-1, and ZIF-67-on-InOF-1, respectively.

ing, and the obtained sample was accompanied by small particles
on the outer surface; however, etching did not affect the internal
structure of InOF-1 (Figure 2d). As shown in Figure 2e.f, the ele-
mental maps further confirmed the even distribution of the five
elements, and the hollow ZIF-67 structure was more clearly ob-
served for H-ZIF-67-on-InOF-1. More details on ZIF-67, InOF-1,
and ZIF-67-on-InOF-1 before and after etching are provided in
Figures S16-S18 and Table S3 (Supporting Information), which
indicate that acid etching barely affected the microstructures of
the different MOF materials.

Direct oxidation was performed to obtain hollow bimetal-
lic oxide nanomaterials, denoted as H-Co;0,/In,0,, with
well-maintained morphological features. The In,0; in H-
Co,0,/In,0; showed a wrinkled surface and was closely fused
with Co;0,; however, this phenomenon is not observed for In, O,
and H-In, O, in Figure 3a,b and Figures S19-520 (Supporting In-
formation). Meanwhile, a large amount of O species was present
on the host In,0; and peripheral Co,0, with some remaining C
and N (Figure 3c and Figure S21, Supporting Information). The
TEM images clearly show the exposed nanoparticles in Co;0,
and the wrinkling and outward extension of the In,0; surface.
As shown in Figure 3d-h, the two lattice fringes observed at 0.467
and 0.253 nm are attributed to the (111) plane of Co;0, and the
(400) plane of In,O;, respectively. Additionally, the diffraction
peaks observed at 36.8°, 44.8°, 59.4°, and 65.2° in H-Co;0, and
H-Co,0,/In,0; correspond to the (311), (400), (511), and (440)
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crystal planes of cobalt oxide (PDF#43-1003), respectively.** The
(222) and (440) planes of indium oxide (PDF#44-1087) were also
observed for H-Co;0,/In,0,,** confirming the successful syn-
thesis of the bimetallic oxides (Figure 3i). As shown in Figure 3j
and Table S4 (Supporting Information), H-In,O; exhibited type-
I adsorption similar to that of H-InOF-1, but with a significant
decrease in sorption capacity, and H-Co;O, exhibited a signif-
icantly reduced pore volume. Figure S22 (Supporting Informa-
tion) shows that the pore-size distribution of H-Co,0,/In, 0, re-
tained the microporous properties of In,0O,, and the addition of
Co;0, resulted in an increase in mesopores. Furthermore, the
CO, isotherms revealed that H-Co,;0, had almost no adsorp-
tion compared to H-In,0;, whereas H-Co,0,/In,0; exhibited
a slightly higher capacity than H-Co,0, (Figure 3k). Thus, the
hierarchical nanostructure of the MOF-on-MOF-derived hollow
H-Co,0,/In,0; is considered an excellent heterogeneous oxide
catalyst for efficient CO, reduction, where Co,0, provides active
sites and In, O, provides a CO, carrier.

X-ray photoelectron spectroscopy (XPS) was performed to an-
alyze the constituent elements and coordination environment,
demonstrating the coexistence of Co, In, and O (Figure 4a). It was
clearly observed that the intensity of the O peaks in the full survey
spectrum of H-Co;0,/In,O; was similar to that of H-Co,0,. Fur-
thermore, the deconvoluted O 1s peaks observed at 530.0, 531.3,
and 532.5 eV are attributed to the M—O, C-0O, and C=0 bonds,
respectively (Figure 4b). As shown in Figure S23 (Supporting In-
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formation), the deconvoluted C 1s spectra revealed that the bind-
ing energy of the C—C sp® peak in H-Co;0, was positively shifted
owing to the larger electronegativity of Co compared to that of
In. Similarly, the C-C sp® peak positions in H-Co,0,/In,0; were
also slightly shifted. Weak signals of N were observed in all three
samples, which mainly originate from the carbonized linkers in
ZIF-67 or triethylamine during InOF-1 synthesis (Figure S24,
Supporting Information). More importantly, the changes in the
coordination environments of Co and In were further investi-
gated. Figure 4c shows two characteristic peaks at ~781.8/796.3
and 779.5/794.6 eV, corresponding to Co(II) and Co(III), respec-
tively. After oxidation, In atoms form a stable coordination en-
vironment with O;1**! therefore, two discrete In(IIl) 3ds;, and
3d;;, peaks were detected (Figure 4d). In addition, there was a
slight negative shift in the 2p, , and 2p; , peak positions of Co(II)
and Co(III) in H-Co;0,/In,0; compared to those in H-Co,0,,
whereas the binding energy of In(III) shifted in the positive di-
rection compared to that of H-In,0,.3¢ Co in H-Co;0,/In,0,
easily combines with O, which shifts the electrons on Co toward
O, while In strengthens the binding ability, resulting in a slight
increase in the binding energy. More detailed XPS data is pre-
sented in Table S5 (Supporting Information).

The photocatalytic activity was evaluated in a mixed sol-
vent containing triethanolamine (TEOA) and [Ru(bpy);]Cl, as
the sacrificial agent and photosensitizer, respectively. For bet-
ter comparison, three control samples were also prepared un-
der the same conditions: H-Co;0,, H-In,0;, and physically
mixed H-Co;0,+In,0;. Among them, H-Co;0,/In,0; exhib-
ited the best activity with a high CO production rate of
4828 + 570 pmol h™' g=!, which was higher than those of

Adv. Sci. 2023, 10, 2300797
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Figure 2. a,b) SEM images, c,d) TEM images, line-scan profiles, and EDS spectra, e,f) HAADF-STEM and EDS elemental mapping images for ZIF-67-
on-InOF-1 and its etched hollow counterpart, respectively.

H-Co,0, (1644 + 210 pmol h™' g') and H-Co,0,+In,0,
(2420 + 444 pmol h~! g7!). As shown in Figure 5a, H-In,0; ex-
hibited almost no photocatalytic activity, indicating that the active
sites in H-Co,0,/In, 0, are mainly provided by Co,0,, because
H-Co,0,/In, 0, exhibited a high selectivity of 80%,1>*8] and the
apparent quantum efficiency for CO generation at 450 nm was
calculated to be 0.59%. Other control experiments were per-
formed to investigate the effects of internal conditions and ex-
ternal factors on the CO,RR, including the carbon source, photo-
catalyst, sacrificial agent, photosensitizer, and light source (Fig-
ure 5b). In addition to the activity and selectivity, the optimal
H-Co,0,/In,0; exhibited a durable CO, photoreduction perfor-
mance for over 2 h, and no substantial deactivation was observed
after six recycling tests (Figure 5¢,d).[39#

The Mott—Schottky plots of H-Co,;0, and H-Co,;0,/In,0O,
show negative slopes, indicating that the materials are p-type
semiconductors, while the plot for H-Co;0,/In,0; confirms
that H-Co;0, plays a dominant role in H-Co;0,/In,0, (Figure
6a).[***) Meanwhile, the flat band potentials (Egg) of H-Co,0,
and H-Co,0,/In,0; were calculated to be 0.97 and 0.93 V ver-
sus a normal hydrogen electrode (NHE), respectively. Generally,
it is recognized that the valence band (Ez) of p-type semicon-
ductors is 0.2 V more positive than that of Eg.[*4] Therefore,
the Eyp values of H-Co,;0, and H-Co,0,/In,0, were calculated
to be 1.17 and 1.13 V (vs NHE), respectively. According to the
band gap data in Figure 6b,c, the E, values of H-Co;0, and H-
Co;0,/In,0, were 1.77 and 1.86 eV, respectively. Thus, the E.,
values of H-Co;0, and H-Co;0,/In,0; were calculated to be
—0.60 and —0.73 V (vs NHE), respectively. It is demonstrated that
the lowest unoccupied molecular orbital (LUMO) and highest oc-

2300797 (4 of 9)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IM AeIq 1 BU1 [UO//:SANY) SUORIPUOD PUe SWB | 3U18eS *[£202/TT/T0] o Ariqi]auliuo A8|Im ‘AseAIUN NoyzusM AQ 26006202 SAPR/Z00T OT/I0P/Wod" A3 1M Aeiq1|euljuo//:Sdiy Wwoly pepeojumod ‘6T ‘€202 ‘78E86TZ



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Hollow In,

www.advancedscience.com

Intensity ( ,

il I,

0.5 3.03.5 6.57.0eV SF

h

Dy d *0.253 bm ) |
(400) |

N R - "IN
—— N = L o * -~
) k = H-Co0, Go¥

" H-

Jsoo L Co:0 o

7 °  H-n,0, _ | 100r * H-n0, oge®”

A He | Sla 4 H-C0,0,/In,0 o

E 400} €050,/1n,0, E sl 050,/In,0, 55 o

‘o0 om | 'eo o o*
3 ME ME C. ..
G 5300} © |8 > o
E T N b= 60 5 o e
£ 2 © i

I 5 0q®

expe_H-Co;0,(-3 240} o o®
© 9 o o®
Q [ ; ..
C0,0, POF#43-1003| § S0f . o
In,0,_PDF#44-1087| 2 S o ool Ggad 2 an0asn
o fadua ..a.a.u ab peatd Udan
t ITte o1 % I i i i D ; AuERAR i i i
10 20 30 40 50 60 70 80 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
20 Relative pressure (P/P,) Relative pressure (P/P,)

Figure 3. a,b) SEM images and c) EDS profile and element mapping of H-Co;0,/In,05; d) TEM image, e,f) selected lattice fringes and its Fourier-
transformed ones for g) In,O3 and h) Co;O,; i) PXRD patterns, j) N, isotherms, and k) CO, sorption curves of H-Co;O4, H-In,O3, and H-Co30,/In,05.

cupied molecular orbital (HOMO) energy levels of [Ru(bpy),]Cl,
were —1.13 and 1.18 V (vs NHE), respectively. The calculated
band structures of the samples are shown in Figure 6d and Ta-
ble S6 (Supporting Information). Based on the above-mentioned
results, the band structures of H-Co;0, and H-Co,0,/In,O; cor-
respond well with that of [Ru(bpy);]Cl,, and the photogenerated
electrons are transferred from the photosensitizer to the synthe-
sized photocatalyst.*”*®] In contrast, the conduction band (CB)
positions of H-Co;0, and H-Co,0,/In,0, were more negative
than the reduction potential of CO, to CO (—0.52 V vs NHE).
However, the more negative CB position of H-Co;0,/In,O; en-
dows it with a stronger CO, conversion reduction potential than

Adv. Sci. 2023, 10, 2300797
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H-Co,0,. Finally, a feasible mechanism for CO, photoreduction
over H-Co;0,/In,0; is proposed (Figure 6e), in which the pho-
tosensitizer is first excited and then quenched by TEOA to form
the reduced state. Subsequently, photoinduced electron trans-
fer occurs from the LUMO of [Ru(bpy);]Cl, to the CB of H-
Co,0,/In,0;,. Finally, the adsorbed CO, is rapidly reduced to CO,
which is desorbed from the photocatalyst surface.[*>]

3. Conclusion

In summary, this study demonstrated the successful fabrication
of a unique hollow heterostructure, H-ZIF-67-on-InOF-1, which
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Figure 4. a) Full XPS survey spectra of H-Co;0,, H-In,05, and H-Co;0,/In,0; and their corresponding deconvoluted spectra for b) O 1s, c) Co 2p,

and d) In 3d.

was further treated to generate bimetallic oxide nanomateri-
als. The obtained MOF-on-MOF-derived hollow H-Co,0,/In,0,
exhibited numerous heterogeneous interfaces, where the Co-
based oxide species acted as active sites, whereas the In-based
oxide species served as CO, carriers for efficient CO, reduc-
tion. The optimal H-Co;0,/In,O; exhibited a satisfactory pho-
tocatalysis performance with a highest CO production rate of
4828 + 570 pmol h™' g='. Moreover, it showed better photo-
responsiveness, catalytic activity, and robust photo-stability than
the control samples. Theoretically, this composite results in a
rapid electron transfer under light irradiation, indicating a strong
synergistic effect on the CO,RR by integrating H-Co;0, and H-
In, O;. Finally, our study can be extended to the rational design
and structural control of MOF precursors and their derivatives as
efficient and durable catalysts in the context of pollutant degra-
dation, water splitting, fuel cells and other applications.

Ady. Sci. 2023, 10, 2300797

2300797 (6 of 9)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This study was financially supported by the Special Basic Cooperative Re-
search Programs of the Yunnan Provincial Undergraduate Universities
Association (202101BA070001-042), National Natural Science Founda-
tion of China (21601137), Yunnan Province Young and Middle-aged Aca-
demic and Technical Leaders Reserve Talent Project (202105AC160060),
and Basic Science and Technology Research Project of Wenzhou, Zhejiang
Province (H20220001).

Conflict of Interest

The authors declare no conflict of interest.

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IM AeIq 1 BU1 [UO//:SANY) SUORIPUOD PUe SWB | 3U18eS *[£202/TT/T0] o Ariqi]auliuo A8|Im ‘AseAIUN NoyzusM AQ 26006202 SAPR/Z00T OT/I0P/Wod" A3 1M Aeiq1|euljuo//:Sdiy Wwoly pepeojumod ‘6T ‘€202 ‘78E86TZ



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a 6000,

5000
4000
3000

2000

1000f

Products Evolution Rate (umol h? g'i)

o
T

H-C0,0,/In,0,  H-Co,0, H-n,0,  H-Co,0,+n,0,
C —s—cCo
10000F—*—H,
g
£ sooor
{ and
RS
5 6000t
[e]
>
w
© 4000F
O
=]
©
o
& 2000f
(]9
1 1 1 1 1
0.0 0.5 1.0 1.5 2.0

Reaction Time (h)

b —~5000F
-

e

-1

Products Evolution Rate (umol h”

)
(o2}
o
o
o

Products Evolution Rate (umol h

www.advancedscience.com

i co
L[

4000

3000

2000

1000

(=)

N
o
S
S

w
o
o
o

N
o
o
o

=
o
o
o

0

Ist 2nd 3rd 4th 5th 6th

Figure 5. a) Photocatalytic activity of H-Co;0,/In,03 and the control samples; b—d) Control experiments under different test conditions, time-product

yield plots, and cycling stability tests.

Author Contributions

J.J.Q. and T.T.L. provided ideas for this study and designed the relevant
experiments. J.J.Q. and C.H. synthesized and characterized the samples.
J.J.Q., T.T.L., and C.H. analyzed and summarized the experimental results
and wrote the manuscript. All other authors offered great help during sub-
mission.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

bimetallic oxide, CO, reduction, metal-organic framework, MOF-on-MOF
heterostructure, photocatalyst

Received: February 7, 2023
Revised: March 22, 2023
Published online: April 21, 2023

Adv. Sci. 2023, 10, 2300797

(

2

3

(4]

[5

(6]

(7]
(8]

9

(10]

2300797 (7 of 9)

C. Liu, J. Zhang, L. Zheng, ). Zhang, X. Sang, X. Kang, B. Zhang, T.
Luo, X. Tan, B. Han, Angew. Chem., Int. Ed. 2016, 55, 11372.

S. Hajra, M. Sahu, A. M. Padhan, I. S. Lee, D. K. Yi, P. Alagarsamy, S.
S. Nanda, H. ). Kim, Adv. Funct. Mater. 2021, 37, 2101829.

C. Han, X. Zhang, Q. Sun, D. Chen, T. Miao, K. Su, Q. Li, S. Huang,
J. Qian, Inorg. Chem. Front. 2022, 9, 2557.

R. Das, T. Ezhil, A. S. Palakkal, D. Muthukumar, R. S. Pillai, C. M.
Nagaraja, J. Mater. Chem. A 2021, 9, 23127.

Y. Yang, C.-Y. Gao, H.-R. Tian, ). Ai, X. Min, Z.-M. Sun, Chem. Com-
mun. 2018, 54, 1758.

M. R. Hoffmann, J. A. Moss, M. M. Baum, Dalton Trans. 2011, 40,
5151.

H. Seo, L. V. Nguyen, T. F. Jamison, Adv. Synth. Catal. 2019, 361, 247.
R. Thur, D. Van Havere, N. Van Velthoven, S. Smolders, A. Lamaire,
J. Wieme, V. Van Speybroeck, D. De Vos, I. F. ). Vankelecom, J. Mater.
Chem. A 2021, 9, 12782.

H. Lin, K. Gong, W. Ying, D. Chen, J. Zhang, Y. Yan, X. Peng, Small
2019, 15, 1904145.

S.-Y. Pan, Y.-H. Chen, L.-S. Fan, H. Kim, X. Gao, T.-C. Ling, P.-C. Chi-
ang, S.-L. Pei, G. Gu, Nat. Sustain. 2020, 3, 399.

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IM AeIq 1 BU1 [UO//:SANY) SUORIPUOD PUe SWB | 3U18eS *[£202/TT/T0] o Ariqi]auliuo A8|Im ‘AseAIUN NoyzusM AQ 26006202 SAPR/Z00T OT/I0P/Wod" A3 1M Aeiq1|euljuo//:Sdiy Wwoly pepeojumod ‘6T ‘€202 ‘78E86TZ



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Q

c? (F2.em™10%)

potential (V vs. NHE)

www.advancedscience.com

2:
500 Hz H-Co30, b H-Co,0,
20 1000 Hz
150 o 1500 Hz
10+ =
& 097V s
st . l s
% IS S .. 2 . , . . .
my =
500 Hz H-Co,0,/In,0, _fé H-Co,0,/In,0,
20r g > 1000 Hz 2
15F S~<_ o 1500Hz <

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 200 300 400

Potential (V vs. NHE)
PH=7  ymo e e
14 ® Co,
cam
——<CO cam
[ )

500
A (nm)

600 700 800

B FB
14 -——— 13—
L e
HOMO VBN VBM
[Ru(bpy),]Cl,  H-C0,0,/In,0, H-Co,0, H“C0304/|n203

Figure 6. a) Mott—Schottky plots, b) UV-vis—NIR DRS spectra, and c) Tauc plots for H-Co;O4 and H-Co30,4/In,03; d) Band alignments of [Ru(bpy);]Cl,,
H-Co30,, and H-Co30,/In,03; €) Proposed catalytic mechanism for the photoreduction of CO, to CO over H-Co30,/In,0;.

(1]
(12]
(13]
[14]
(15]
(6]
(17]
(18]
(9]
(20]
(21]
(22]
(23]
(24]
(25]
[26]

[27]

Adv.

M. Lin, L. Han, M. R. Singh, C. Xiang, ACS Appl. Energy Mater. 2019,
2,5843.

Q. Li, Y. Gao, M. Zhang, H. Gao, ). Chen, H. Jia, Appl. Catal., B 2022,
303, 120905.

R. Lippi, S. C. Howard, H. Barron, C. D. Easton, I. C. Madsen, L.
J. Waddington, C. Vogt, M. R. Hill, C. J. Sumby, C. J. Doonan, D. F.
Kennedy, J. Mater. Chem. A 2017, 5, 12990.

W. Liu, S. F. Chen, J. Electrochem. Soc. 2010, 157, H1029.

C. Zhu, T. Ding, W. Gao, K. Ma, Y. Tian, X. Li, Int. J. Hydrogen Energy
2017, 42, 17457.

M. Jin, X. Ban, ). Gao, ). Chen, D. K. Hensley, H. C. Ho, R. J. Percoco,
C. M. Ritzi, Y. Yue, Inorg. Chem. 2019, 58, 8332.

Y. Bai, Y. B. Dou, L. H. Xie, W. Rutledge, J. R. Li, H. C. Zhou, Chem.
Soc. Rev. 2016, 45, 2327.

M. Lan, R. M. Guo, Y. B. Dou, J. Zhou, A. Zhou, J. R. Li, Nano Energy
2017, 33, 238.

L. W. Chen, X. Zuo, S. J. Yang, T. M. Cai, D. H. Ding, Chem. Eng. J.
2019, 359, 373.

W. Y. Chen, B. Han, C. Tian, X. M. Liu, S. J. Liang, H. Deng, Z. Lin,
Appl. Catal., B 2019, 244, 996.

N. Huang, H. Drake, J. Li, ). Pang, Y. Wang, S. Yuan, Q. Wang, P. Cai,
J. Qin, H.-C. Zhou, Angew. Chem., Int. Ed. 2018, 57, 8916.

X. Wang, Z. Ma, L. Chai, L. Xu, Z. Zhu, Y. Hu, J. Qian, S. Huang,
Carbon 2019, 141, 643.

W. Gao, W. Zheng, W. Sun, L. Zhao, J. Phys. Chem. C 2022, 126, 19872.
S. Huang, K. Chen, T.-T. Li, Coord. Chem. Rev. 2022, 464, 214563.

X. Qin, D. Kim, Y. Piao, Carbon Energy 2021, 3, 66.

M. Duan, L. Jiang, G. Zeng, D. Wang, W. Tang, |. Liang, H. Wang, D.
He, Z. Liu, L. Tang, Appl. Mater. Today 2020, 19, 100564.

M. W. Khan, B. Y. Zhang, K. Xu, M. Mohiuddin, A. Jannat, F. Haque,
T. Alkathiri, N. Pillai, Y. Wang, S. Z. Reza, . Li, X. Mulet, R. Babarao,
N. Mahmood, |. Z. Ou, J. Colloid Interface Sci. 2021, 588, 305.

Sci. 2023, 10, 2300797

(28]
(29]
(3]
(31]

(32]

33]
(34]
35]
[36]
(37]
38]
(39
[40]
[47]

[42]

2300797 (8 of 9)

Z. Cai, W. Tao, C. E. Moore, S. Zhang, C. R. Wade, Angew. Chem., Int.
Ed. 2021, 60, 21221.

S. Liu, T. Deng, X. Hu, X. Shi, H. Wang, T. Qin, X. Zhang, J. Qi, W.
Zhang, W. Zheng, Electrochim. Acta 2018, 289, 319.

W. Chen, B. Han, C. Tian, X. Liu, S. Liang, H. Deng, Z. Lin, Appl. Catal.,
B 2019, 244, 996.

Y. Ke, Q. Liang, S. Zhao, Z. Zhang, X. Li, Z. Li, Inorg. Chem. 2022, 61,
2652.

Z.-X. Cai, Z.-L. Wang, Y.-J. Xia, H. Lim, W. Zhou, A. Taniguchi, M.
Obhtani, K. Kobiro, T. Fujita, Y. Yamauchi, Angew. Chem., Int. Ed. 2021,
60, 4747.

J. Mao, Q. Meng, Z. Xu, L. Xu, Z. Fan, G. Zhang, Chem. Commun.
2022, 58, 13600.

R. Bariki, K. Das, S. K. Pradhan, B. Prusti, B. G. Mishra, ACS Appl.
Energy Mater. 2022, 5, 11002.

Y. Guo, Q. Huang, J. Ding, L. Zhong, T.-T. Li, J. Pan, Y. Hu, J. Qian, S.
Huang, Int. J. Hydrogen Energy 2021, 46, 22268.

L. Chai, Z. Hu, X. Wang, Y. Xu, L. Zhang, T.-T. Li, Y. Hu, J. Qian, S.
Huang, Adv. Sci. 2020, 7, 1903195.

Q. Liang, X. Yan, Z. Li, Z. Wu, H. Shi, H. Huang, Z. Kang, J. Mater.
Chem. A 2022, 10, 4279.

Y.-L. Zheng, L. Zhou, X.-C. Sun, Q. Zhang, H.-]. Yin, P. Du, X.-F. Yang,
Y.-W. Zhang, J. Phys. Chem. C 2022, 126, 3017.

Z. Ren, F. Chen, Q. Zhao, G. Zhao, H. Li, W. Sun, H. Huang, T. Ma,
Appl. Catal., B 2023, 320, 122007.

J. Liu, M. Liu, S. Zheng, X. Liu, S. Yao, F. Jing, G. Chen, J. Colloid In-
terface Sci. 2023, 635, 284.

L. Xia, W. Zhou, Y. Xu, Z. Xia, X. Wang, Q. Yang, G. Xie, S. Chen, S.
Gao, Chem. Eng. J. 2023, 451, 138747.

S. Chen, M. Liao, X. Li, R. Li, J. Zhang, Y. Zhang, T. Peng, Catal. Sci.
Technol. 2022, 12, 6527.

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IM AeIq 1 BU1 [UO//:SANY) SUORIPUOD PUe SWB | 3U18eS *[£202/TT/T0] o Ariqi]auliuo A8|Im ‘AseAIUN NoyzusM AQ 26006202 SAPR/Z00T OT/I0P/Wod" A3 1M Aeiq1|euljuo//:Sdiy Wwoly pepeojumod ‘6T ‘€202 ‘78E86TZ



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

[43] Y. Lou, X.-M. Cao, J. Lan, L. Wang, Q. Dai, Y. Guo, ). Ma, Z. Zhao, Y. [47] S. Shi, F. Zhang, H. Lin, Q. Wang, E. Shi, F. Qu, Sens. Actuators, B
Guo, P. Hu, G. Lu, Chem. Commun. 2014, 50, 6835. 2018, 262, 739.

[44] C. Zhao, A. Zhou, Y. Dou, J. Zhou, J. Bai, J.-R. Li, Chem. Eng. J. 2021, [48] M.Li,S.Zhang, L. Li, ). Han, X. Zhu, Q. Ge, H. Wang, ACS Sustainable
416, 129155. Chem. Eng. 2020, 8, 11465.

[45] ). Nan, S. Guo, D. Alhashmialameer, Q. He, Y. Meng, R. Ge, S. M. [49] K.Song, X. Meng, J. Zhang, Y. Zhang, X. Wang, |. Zhu, RSC Adv. 2016,
El-Bahy, N. Naik, V. Murugadoss, M. Huang, B. B. Xu, Q. Shao, Z. 6, 105262.
Guo, ACS Appl. Nano Mater. 2022, 5, 8755. [50] D.Qin,Y.Xia, Q. Li, C. Yang, Y. Qin, K. Lv, J. Mater. Sci. Technol. 2020,

[46] L. Wang, ). Wan, Y. Zhao, N. Yang, D. Wang, J. Am. Chem. Soc. 2019, 56, 206.
141, 2238.

Adv. Sci. 2023, 10, 2300797 2300797 (9 0f9) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO AB]1A UO (SUORIPUOD-PUB-SWBIALI0D A8 |IM AeIq 1 BU1 [UO//:SANY) SUORIPUOD PUe SWB | 3U18eS *[£202/TT/T0] o Ariqi]auliuo A8|Im ‘AseAIUN NoyzusM AQ 26006202 SAPR/Z00T OT/I0P/Wod" A3 1M Aeiq1|euljuo//:Sdiy Wwoly pepeojumod ‘6T ‘€202 ‘78E86TZ



