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Indium (In)-based materials are considered promising electrocatalysts for CO, reduction to formic acid,
but their performance is usually limited by low current density and poor stability. Here, we describe
In/ZnO@C hollow nanocubes (NCs), derived from In(OH)s-doped Zn-MOF (i.e. ZIF-8) solid nanocubes,
as high-performance CO,-reduction electrocatalysts. The unique nanocube morphology of Zn-MOF
makes it an ideal matrix for dispersing In(OH)s which can avoid aggregation. The formation of a hollow
structure is associated with metallic In formation and CO,/CO gas release, resulting from the
carbothermal reduction reaction between In(OH); and the carbon matrix. In/ZnO@C NCs exhibit
excellent catalytic activity and selectivity for formate production, reaching a partial current density
of 23.5 mA cm™2 with a Faradaic efficiency of 90% at —1.2 V vs. RHE in 0.5 M aqueous KHCOs solutions,
which is greatly superior to In-free ZnO@C NCs and simple In nanoparticles. Solar-driven
electrochemical CO,/H,0O splitting can be realized by coupling the In/ZnO@C cathode with a RuO,
anode, offering a promising route to the storage of renewable energy. As a promising technique for CO,
fixation/utilization and energy conversion/storage, an aqueous rechargeable Zn-CO, battery with In/
ZnO@C as the cathode is also constructed. It can output electrical energy with an open-circuit voltage
of 1.35 V and a peak power density of 1.32 mW cm™2 while simultaneously realizing CO, conversion to
formate. The Zn—-CO, battery with In/ZnO@C inspires the development of green energy conversion and
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Introduction

The electrochemical CO, reduction reaction (CO,RR) is a
potentially efficacious strategy for tackling global energy con-
cerns, in particular, closing the carbon cycle, and the storage of
renewable electrical energy from chemicals or fuels." The past
few decades have witnessed the discovery and development of
various efficient electrocatalysts, which have led to a diversity of
products with different selectivities.”* CO, can be reduced to
various value-added chemicals, including C; (CO, HCOOH, CH,,
etc.), C, (C;H,, CH3COOH, etc.), and C; (n-propanol) products
through different electrocatalytic reduction pathways.” To be
feasible and competitive, the reactions must achieve a high
conversion efficiency and selectivity. Formic acid, widely used in
the tanning industry and fuel cells, is an ideal CO,-conversion
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storage systems combining eco-efficient CO, utilization.

product owing to its high energy density and easy separation
from the unreacted CO, gas stream (CO, + 2H' + 2e~ —
HCOOH, —0.19 V wvs. the reversible hydrogen electrode,
RHE).*” In fact, CO, reduction to formic acid is highly desirable
due to its high market and economic value and the relatively
low energy input needed.® However, driving CO,RR is
challenging because of the thermodynamic stability of CO,
(C=0, 806 k] mol ') and competition from the hydrogen
evolution reaction (HER) in aqueous media.”®

Previous studies have identified several transition and post-
transition metals, including Cd, Hg, In, Sn, Tl, Pb, and Bi, as
selective electrocatalysts for CO, reduction to formate.'*™?
Among them, In has been suggested as a promising catalyst
for practical formate production since it is less toxic and more
environmentally benign than many of its neighbours.® Recent
research studies have shown that In-based electrocatalysts can
reduce CO, to formate in an aqueous electrolyte with satisfactory
Faradaic efficiency (FE) values, but their performance is usually
limited by a low current density and poor stability. For example,
the oxidized In foil was found to reduce CO, to formate with a
high selectivity of >90%, but the current density was lower than

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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10 mA cm > at a potential of —1.3 V vs. RHE for achieving the
formate FE."* Even on a gas-diffusion In/carbon electrode, the
total current density reached only 6.2 mA em ? at —1.2 V.*°
Thus, the performance of In-based catalysts, in terms of activity
and stability, needs to be further promoted prior to practical
applications. However, the construction of advanced In-based
catalysts or corresponding precursors is usually restricted by the
limited coordination capability of In ions, which are essential
for building blocks in functional materials such as metal-
organic frameworks (MOFs).

MOFs can be constructed from designable building blocks
to impart unique properties for a wide range of potential
applications including gas adsorption, separation, sensing, and
catalysis.'®™*® Furthermore, MOFs have been widely employed
as sacrificial templates to form functional materials of porous
structures.'®*! Manipulating the morphology of catalysts to
create a nanosized porous structure has recently been recognized as
an effective means of enhancing the catalytic performance,'>">?>4
In particular, hollow nanostructures, as an intensive focus of
research on energy-related applications, can provide more exposed
active sites and shorten transport lengths for both ions and charges,
as compared with corresponding architectures with solid
interiors.>>” In this aspect, Zn-based electrocatalysts derived from
Zn-MOFs represent one of the promising non-noble-metal catalysts
for CO,RR, but these materials usually lead to the CO product.
Adding a second metal to Zn-based materials is potentially an
effective approach for tuning the activity and selectivity through
tailoring the binding strength and/or binding configuration of
intermediates on the catalytic surfaces, while maintaining the
morphology and structure advantages of Zn-based materials.***°

Metal-CO, batteries with CO, as the cathode-active species
give rise to opportunities to deal with energy and environmental
issues simultaneously. This technology can transform waste CO,
to value-added chemicals and fuels, reserve surplus electricity from
renewable power, and balance the electricity supply and carbon
cycle.®® Inspired by aqueous metal-air batteries,”"** designing
metal-CO, batteries that work in aqueous electrolytes, such as
aqueous Zn-CO, batteries, can be an alternative for eco-efficient
CO, utilization in practical applications. Aqueous Zn-CO, batteries
implement flexible CO, electrochemistry for producing value-
added products accompanied by energy storage based on a
proton-coupled electron-transfer mechanism.

In this study, we describe an In/ZnO@C hollow nanocube
electrocatalyst derived from In(OH);-doped Zn-MOF (i.e. ZIF-8)
precursors. The in situ doping of In(OH); and the unique
nanocube morphology of Zn-MOFs are beneficial for avoiding
aggregation. The formation of the hollow structure is associated
with metallic In formation and CO,/CO gas release, resulting
from the carbothermal reduction reaction between In(OH); and
the carbon matrix. The activity and selectivity of In/ZnO@C for
CO, reduction to formate are notable, reaching a partial current
density of 23.5 mA ¢cm > with a FE of ~90% for formate
production at —1.2 V (vs. RHE). Inspired by the excellent CO,RR
performance, we further constructed a full cell for CO,/H,O
splitting by coupling the In/ZnO@C cathode with a RuO, anode.
A long-term test was conducted at 2.7 V and the current density
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was sustained at around 8 mA cm ™ during the whole period.
Furthermore, an aqueous rechargeable Zn-CO, battery was con-
structed using the In/ZnO@C cathode, which could deliver a peak
power density of 1.32 mW ecm ™ > during the discharge process and
be cycled by discharging-charging at 1 mA ¢m™> over 51 h
(153 cycles), realizing the utilization of CO, and electrical energy
output. The Zn-CO, battery with In/ZnO@C sets up a fascinating
platform for the rational utilization of CO,RR electrocatalysts in
sustainable energy-conversion systems.

Results and discussion

Preparation and characterization of catalysts

The fabrication of In/ZnO@C hollow nanocubes (NCs) is illustrated
in Scheme 1. The detailed procedures are provided in the ESL{ As
the precursors, In(OH);-doped Zn-MOF nanocubes were first pre-
pared by a co-precipitation method with 2-MeIM (2-methylimid-
azole), In(NOs);, Zn(NOs), and CTAB under continuous stirring. The
In(OH);-Zn-MOF precursors have a regular nanocube morphology
with an average size of about 200 nm, as shown in the scanning
electron microscopy (SEM) image in Fig. 1A. Moreover, the trans-
mission electron microscopy (TEM) image reveals that these pre-
cursors have solid interiors (Fig. S1, ESIT). The X-ray diffraction
(XRD) pattern exhibits diffraction peaks corresponding to In(OH);
and Zn-MOF (ie. ZIF-8; deposition No. 602542)** (Fig. S2A, ESIt).
The energy dispersive X-ray (EDX) spectrum confirms the existence
of In, Zn, N, C and O elements in the precursors (Fig. S2B, ESI{).

The In/ZnO@C hollow nanocubes were obtained by anneal-
ing In(OH);-Zn-MOF solid nanocubes at 600 °C for 2 h in an Ar
atmosphere. SEM images (Fig. 1B and C) show that the pyrolyzed
product maintains the original nanocube morphology of the
precursors, while the TEM image (Fig. 1D) reveals the formation
of the hollow interior. The formation of the hollow structure is
presumably associated with the carbothermal reduction reaction
between In(OH); and the carbon matrix, with the former converted
to metallic In and the latter to CO,/CO gas.*® In the high-resolution
TEM (HRTEM) image (Fig. 1E), lattice fringes are observed with
interplanar spacing values of 0.27 nm for the (101) plane of In and
0.248 nm for the (101) plane of ZnO. The polycrystalline nature of
the material was further confirmed by the selected area electron
diffraction (SAED) pattern in the inset. The high-angle annular
dark-field scanning TEM (HAADF-STEM) image and the corres-
ponding elemental mapping (Fig. 1F) reveal the uniform distribu-
tion of In, Zn, C and N elements over the entire hollow nanocube.
The porous and hollow structural characteristics may provide
more exposed active sites for CO, reduction, as compared with
the corresponding architecture with a solid interior.

For comparison, undoped Zn-MOF nanocubes (see the
Experimental section in the ESIf) were also prepared as pre-
cursors (Scheme 1). SEM and TEM images (Fig. S3, ESIt) show
that the Zn-MOF has the expected nanocube morphology. The
XRD pattern and EDX spectrum (Fig. S4, ESIt) confirm the
formation of the pure ZIF-8 MOF. Annealing Zn-MOF at 600 °C
and 950 °C in an Ar atmosphere gives ZnO@C (Fig. 1G) and
Zn-free carbon NCs (Fig. 1H), respectively. For the latter,
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Scheme 1 Schematic illustration of the fabrication of carbon NCs, ZnO@C NCs, In,Oz NPs and In/ZnO@C NCs as CO,RR electrocatalysts.
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Fig. 1 SEM images of (A) In(OH)3—Zn-MOF precursors and (B and C) In/ZnO@C. (D) TEM, (E) HRTEM (inset, SAED pattern), and (F) elemental mapping
images of In/ZnO@C. SEM images of (G) ZnO@C, (H) carbon NCs and (I) In,Oz NPs.
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pyrolysis at 950 °C is accompanied by evaporation of the Zn
ions in the Zn-MOF precursor (the boiling point of Zn is
907 °C). Unlike In/ZnO®@C with a hollow structure, the ZnO@C
and carbon NCs have solid interiors, which is confirmed by the
TEM images shown in Fig. S5 and S6 (ESIt), respectively.

In another control experiment without added Zn salts, only
irregular In(OH); nanoparticles were formed (Fig. S7 and S8,
ESIt), which was consistent with the non-coordination between
In ions and 2-MeIM. Additional evidence for involving no
2-MeIM in the precipitate is provided by the Fourier transform
infrared (FT-IR) spectra (Fig. S9, ESIT) and thermogravimetric
analysis (TGA) curves (Fig. S10, ESIf). Through calcination at
600 °C, In(OH); NPs are converted to the corresponding In,O;
NPs, as shown in Fig. 1I.

Fig. 2A shows XRD patterns of the In/ZnO@C, ZnO@C,
carbon NCs and In,O3; NPs. For In/ZnO@C, all diffraction peaks
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can be well indexed to metallic In (JCPDS No. 85-1409) and ZnO
(JCPDS No. 36-1451). The strong peaks at 32.95° 39.16°, 54.46°
and 67.04° correspond to the crystal planes (101), (110), (112),
and (211), respectively, in metallic In, while the peaks at 31.82°,
34.47°, 36.2°, 47.57° and 67.86° correspond to (100), (002),
(101), (102) and (112), respectively, in ZnO. For ZnO@C, only
characteristic peaks corresponding to ZnO are observed. By
increasing the pyrolysis temperature from 600 °C to 950 °C, the
resultant material, i.e. carbon NCs, exhibits no discernable
peaks in the XRD pattern and the inexistence of the metallic
element in EDX (Fig. S11, ESIT) because of the evaporation of
Zn ions in the Zn-MOF precursor.”® The XRD and EDX results
(Fig. S12, ESIY) also confirm the formation of In,O; NPs (JCPDS
No. 44-1087).

The surface electronic states and chemical compositions of
the as-prepared samples were further investigated by X-ray
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(A) XRD patterns and (B) full XPS spectra of In/ZnO@C, ZnO@C, carbon NCs, and In,Oz NPs. High-resolution XPS spectra of (C) C 1s, (D) N 1s,
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photoelectron spectroscopy (XPS). The full survey XPS spectra
of In/ZnO@C, ZnO@C, carbon NCs and In,0; NPs are shown in
Fig. 2B. While the other three samples exhibit the characteristic
peaks of N 1s, the In,O; NPs contain no N 1s signals, consistent
with the non-coordination between In ions and 2-MeIM. For
the high-resolution XPS, the C 1s spectrum (Fig. 2C) can be
deconvoluted into three dominant peaks. Specifically, the main
peak at around 284.3 eV corresponds to conjugated C-C/C—C
bonds (sp” carbon), while the peaks at 285.5 and 288.1 eV
correspond to different bonding structures of C-N and
0-C=O0, respectively.>**® For the high-resolution N 1s XPS of
In/ZnO@C (Fig. 2D), three types of nitrogen can be identified
after deconvolution, namely hexagonal pyridinic-N at 398.5 eV,
pyrrolic-N at 399.8 eV, and graphitic-N at 401.2 eV.*'2°™*! The
O 1s XPS shown in Fig. 2E is divided into two peaks. The peak at
the binding energy of 530.2 eV is attributed to the bond of
Zn-0,*” and the other peak at 531.7 eV is assigned to O atoms
in the vicinity of oxygen vacancies.*® In Fig. 2F, the In 3d XPS
spectrum can fitted well with two sets of peaks that correspond
to metallic In and In,0; species, respectively, with the latter
arising from surface oxidation.'>'* For comparison, the high-
resolution XPS spectra of ZnO@C,** carbon NCs and In,0; NPs
are shown in Fig. S13-S15 (ESIt).

Raman spectra (Fig. S16, ESIT) can provide the extent of
graphitization for In/ZnO@C, ZnO@C and carbon NCs. The
typical G (1583 cm™ ') and D (1340 cm ') bands are attributed
to hexagonally bonded carbon atoms inside the graphitic net-
work and the distorted carbon structure on the defect sites,
respectively.*® The I/l ratio of In/ZnO@C (0.89) is lower than
1, indicating a higher degree of graphitization in the carbon
layer, which is beneficial for electron transport.’’ For TGA
curves under an air atmosphere (Fig. S17, ESIt), the two-step
mass-loss behavior of the In/ZnO@C and ZnO@C samples is
attributable to the amorphous and graphitized carbons, imply-
ing their carbon nature. By contrast, the In,O; sample exhibits
high thermal stability because of the involvement of no 2-MeIM
and associated carbon species. The molar ratio of In and Zn
in In/ZnO@C was determined to be 2:3 using inductively
coupled plasma-optical emission spectrometry (ICP-OES) with
the standard curves as shown in Fig. S18 (ESIT).

Electrochemical CO, reduction

The electrocatalytic CO,RR performance of the as-prepared
In/ZnO®@C, ZnO@C and In,0; NPs was evaluated using a gas-
tight two-compartment H-cell with a three-electrode system in
N,- and CO,-saturated 0.5 M KHCO;. As illustrated in Fig. 3A,
the current density of In/ZnO@C (26 mA cm 2 at —1.2 V vs.
RHE) is higher than that of ZnO@C (19 mA cm™?) and In,0;
NPs (6.7 mA cm ?). The gaseous and liquid products are
quantitatively analyzed via online gas chromatography (GC)
(Fig. $19, ESIT) and "H nuclear magnetic resonance ("H NMR)
spectroscopy (Fig. S20, ESIT), respectively, after electrolysis for
2 hours. As shown in Fig. 3B, In/ZnO@C exhibits the highest
FEncoo  Of 90% with a small FE¢o of 2% and a FEy, of 8% at a
potential of —1.2 Vvs. RHE. The FEycoo  value is decreased by
increasing the applied potential, which is accompanied with an

6622 | Mater. Chem. Front., 2021, 5, 6618-6627
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increase in FEy . This result can be at least partially attributed
to the limited mass transport of CO, with a low concentration
in aqueous solution.*® By contrast, the ZnO@C and In,0; NPs
achieve the highest FEgcoo~ values of 34% at —1.1 V and 53%
at —1.3 V, respectively (Fig. S21, ESIt). The metal-free carbon
nanocube sample exhibits a poor catalytic performance for the
CO,RR, and the main product is H, (Fig. S22, ESIT). A detailed
comparison with various electrocatalysts in the literature is
shown in Table S1 (ESI{).

Based on our experimental results and literature results on
CO, reduction to formate,*'? a pathway for CO, reduction at
In/ZnO@C is shown in eqn (1)-(5). In the equations, the label *
denotes a free catalytic site.

CO, (solution) + * — *CO, €Y}

*CO, + e~ — *CO,~ (2)

*CO,  + HCO;~ — HCOO* + CO3>~ 3)
HCOO* + e~ + HCO;~ — HCOOH* + CO;>~  (4)
HCOOH* — HCOO™ (solution) + H" + * (5)

Apart from the electrocatalytic activity, stability is also a
significant parameter of electrocatalysts for practical applica-
tions. In Fig. S23 (ESIt), no evident decay in the current density
is observed during long-term electrolysis for 12 h, demonstrat-
ing the remarkable stability of the as-prepared In/ZnO@C. The
SEM image (Fig. S24, ESIT) and XRD pattern (Fig. S25, ESI})
confirm that the morphology and structure of the nanocubes
are maintained well after the electrolysis test.

In order to clearly evaluate the specific catalytic performance
of HCOO™ during the CO,RR, the HCOO™ partial current
densities of the as-prepared electrocatalysts were calculated at
various potentials (Fig. 3C). It is apparent that In/ZnO@C
exhibits the highest jicoo value at all applied potentials relative
to the other samples, reaching a partial current density of
23.5 mA cm™? at —1.2 V. This value is nearly 5 and 11.6 times
higher than that of ZnO@C (4.7 mA cm ?) and In,0; NPs
(2.0 mA cm™?), respectively. Tafel plots based on the partial
current density for HCOO™ production were also constructed to
understand the reaction kinetics of CO, reduction, showing a
slope of 246 mV dec ™" for In/ZnO@C, which is smaller than that
for ZnO@C (396 mV dec™ ') and In,0; NPs (297 mV dec™ )
(Fig. 3D). The interfacial charge-transfer kinetics of the
as-prepared catalysts were analyzed by electrochemical impedance
spectroscopy (EIS). In Fig. S26 (ESIt), the diameters of the semi-
circles in the Nyquist plots confirm that In/ZnO@C possesses the
smallest charge-transfer resistance (R.), which is consistent with
the Tafel slope results.

The electrochemically active surface area (ECSA) value was
evaluated by calculating the double layer capacitance (Cgj) to
evaluate the active site numbers. The values of Cg can be
determined by CVs at various rates in the CO,-saturated electro-
lyte (Fig. S27, ESIt), which are 1.2 mF cm > for In/ZnO@C
and 0.56 mF cm ™2 for the In,0O; NPs. These demonstrate that
In/ZnO@C possesses the larger ECSA and rich active sites,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021


https://doi.org/10.1039/d1qm00825k

Published on 14 July 2021. Downloaded on 10/17/2025 11:48:57 PM.

Research Article

A e
—~ 10 - - IniZnO@C in N,
£ —InZnO@C in CO,
< ==ZnO@C inN,
E 204 —2n0@C in CO,
= -=In,0,NPsinN,
-30 —In,0, NPsinCO,
12 -10 -08 -0.6 -04 -0.2
E (V vs. RHE)
C
0 f
= -5
g -10 4
< 4
E 154 ~=-IniZnO@C
§-20- it
s J 2133
-25 4
43 42 14 -1.0 -09 -08
E (V vs. RHE)
E0.15
—InizZno@C
o~ —|n203 NPs
5010 )
o 1.2mFcm’
E
=0.05-
2
0.56 mFcm
0.00 \bbrrer——--+—

20 40 60 80 100
Scanrate (mVs”)

View Article Online

Materials Chemistry Frontiers

100
mEmHCOO"
80+ mmCo
mmH,

60 -

40 4

Faradaic Efficiency (%) 00

13 12 11 1.0 -09 -0.8

E (V vs. RHE)
D
1.1 T M
1.0 297 mV dec” - .
E 0.9 u _
= 0.8+
396 mV dec”
0.7
246 mV dec’”
0.6 4
—
-0.5 0.0 0.5 1.0 1.5
. =2,
log |j, oo~ (MA cm™)|
F 5
'_°’ 4' -s-In/ZnO@C
[ 1 -e-InO NPs
£ ) 273 o
g 34 ..--".'.‘.
o ] ,r.'-—..
] '
o .
S 1 /
©
ON 0. / Py 9 -9-0-0
o . r

0.0 0.2 04 0.6 08 1.0 1.2
Relative Pressure (P/P )

Fig. 3 (A) LSV curves in Np- and CO,-saturated 0.5 M KHCOs solutions for In/ZnO@C, ZnO@C and In,Os NPs. (B) Variation in FEycoo ™, FEco and FE, for In/
ZnO@C with the applied potential. (C) Potential-dependent, partial current densities for HCOO™ formation for In/ZnO@C, ZnO@C and In,Oz NPs in CO,-saturated
0.5 M KHCOs solutions. (D) Tafel plots (overpotential vs. log(|jncoo ) for In/ZnO@C, ZnO@C and In,Oz NPs. (E) Capacitive current densities, Aj, at a potential of
0.25 V vs. RHE plotted against the scan rate; a linear regression analysis gave the value for Cy. (F) CO, adsorption isotherms for In/ZnO@C and In,Oz NPs.

consistent with the above morphology characterization. The
surface area and porous properties of the as-prepared catalyst
were further analyzed by N, adsorption and desorption mea-
surements. As shown in Fig. S28 (ESI{), the typical type-IV
isotherm curve with an apparent hysteresis loop under the
N, pressure (P/P, = 0.5-1.0) region confirms the presence of
abundant mesopores of In/ZnO@C.*"*” The obtained Brunauer-
Emmett-Teller (BET) surface area of In/ZnO@C is 171.53 m* g~ %,
and the corresponding pore size distribution curve reveals a main
pore size of 3.5-4 nm. By contrast, the BET surface area of In,0;
NPs is only 13.73 m* g~ . The high surface area with mesopores is
favorable for the exposure of more active surface sites for
electrochemical reactions. CO, adsorption isotherms (Fig. 3F)
show that In/ZnO@C has a much higher adsorption capacity
(3.2 mmol g™') than In,0; NPs (0.12 mmol g~ ') at P/P, = 1.0,
which also contributes to the enhanced CO,RR performance of
In/ZnO@C.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

Overall CO,/H,0 splitting

An electrochemical CO, reduction system is composed of an anode
and a cathode separated by a proton-exchange membrane with an
electrolyte containing dissolved CO,, as shown in Fig. 4A. The
cathode supplies the catalytic active sites for the electrochemical
CO,RR, and the anode promotes oxidation reactions, e.g., the
oxygen evolution reaction (OER). The membrane separates the
oxidation products from the reduction products while allowing
the exchange of protons (H') to maintain the charge balance.
Obviously, the CO,RR at the electrocatalyst is the most
crucial process for the overall electrochemical CO, reduction
system. Inspired by the CO,RR performance of In/ZnO@C, a
CO,RR-OER full cell was constructed by coupling the In/ZnO@C
electrode as the cathode and a RuO,/Ti electrode as the anode.
The RuO,/Ti electrode used here was first evaluated by LSV
using the three-electrode setup. As shown in Fig. 4B, the anodic
OER current starts at 1.5 V and reaches 10 mA cm > at 1.88 V in
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Fig. 4 (A) Schematic illustration of the CO,RR—-OER full cell. (B) OER polarization curve and electrolysis curve at 1.8 V for RuO,/Ti in 0.5 M KHCOs.
(C) CO,RR-OER polarization curve and electrolysis curve with an applied cell voltage of 2.7 V for the full cell. (D) Digital images showing the bubbles on

two electrodes during solar-driven CO,RR-OER electrolysis.

0.5 M KHCOs;. During long-term electrolysis at 1.8 V, the
electrode shows a sustained current density of ~5.5 mA cm ™2,
A polarization curve for the two-electrode full cell, RuO,/Ti||In/
ZnO@C, is presented in Fig. 4C. The coupled reactions deliver a
current density of ~1 mA cm > at 1.78 V. The long-term
electrolysis conducted at 2.7 V gives a stable current density of
~8 mA cm ™ * without obvious degradation over the electrolysis
period. The average yield of formate (FEgcoo ) is ~62% under
the full-cell electrolysis conditions.

The electrolyzer was extended to a commercial Si solar cell
with an output voltage of ~3 V. With natural sunlight as the
light source, vigorous O, bubble formation was observed on the
RuO,/Ti electrode, while CO/H, bubbles were hardly visible on
the In/ZnO@C electrode (Fig. 4D), consistent with the selective
reduction of CO, to formate. The result points to a combined
RuO,/Ti||In/ZnO@C solar cell as a possible approach to a sustain-
able, renewable energy source for solar formate production.

Aqueous rechargeable Zn-CO, batteries

Considering the high CO,RR performance of In/ZnO@C hollow
nanocubes, an aqueous Zn-CO, battery was designed as shown
in Fig. 5A. The catholyte and anolyte were CO,-saturated 0.8 M
KHCO; and 0.8 M KOH with 0.02 M Zn(Ac),, respectively, and
the bipolar membrane was used to maintain the different pH
values of the two compartments.*® During the discharge process,
the cathodic CO,RR occurred driven by the dissolution of Zn foil
to Zn>* on the anode. During the charge process with energy
input, the reaction of Zn deposition occurred on the anode, and
the OER took place on the cathode.*>® Fig. 5B provides the OER

6624 | Mater. Chem. Front., 2021, 5, 6618-6627

performance and stability of the In/ZnO@C electrode. As shown
in Fig. 5C, the charge-discharge voltage profile of the Zn-CO,
battery with In/ZnO@C as the cathode confirms the rechargeable
feature of the battery. As expected, the gap between charge-
discharge polarization voltages increases with the increase of the
current density. Besides, the Zn-CO, battery delivered a peak
power density of 1.32 mW cm ™2 at 0.32 V, along with an achieved
current density of 4.2 mA cm™ 2 during the discharge process in
the inset.

In Fig. 5D, the open-circuit voltage (OCV) was also measured
using a voltammeter, and the displayed value (1.35 V) is
consistent with that determined from the charge-discharge
polarization curves. Fig. 5E confirms that the battery having
the OCV can launch an electronic clock, demonstrating the
effective energy output of the Zn-CO, battery. In Fig. 5F, the
galvanostatic discharge was performed at various current den-
sities, which reveal stable voltage plateaus for the Zn-CO,
battery. Specifically, at a discharge current density of 7 mA cm ™2,
the FEgcoo  is determined to be ~57%. When the Zn-CO, battery
is cycled at a constant current density of 1 mA ecm™? (Fig. 5G), the
battery delivers a discharge voltage of 0.6 V with an energy density of
495 Wh kg™ ' (Cz,: 824.5 mAh g~ ') and a charge voltage of 2.2V,
corresponding to a discharge-charge voltage gap of 1.6 V. The
voltage gap is nearly unchanged after being cycled over 51 h
(153 cycles), demonstrating the high durability of the Zn-CO,
battery. In Table S2 (ESIt), the comparison of the performance
of Zn-CO, batteries demonstrates that the rechargeable behavior
of In/ZnO@C is competitive with other CO, reduction cathodes in
the literature.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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(A) Schematic illustration of the aqueous Zn—-CO, battery with the In/ZnO@C cathode. During the discharge process, Zn anode dissolution

provides the driving force for CO, reduction on the cathode. During the charge process, Zn deposits on the anode and O, forms on the cathode with
energy input. (B) O, evolution LSV curve of In/ZnO@C in 0.5 M KHCOs. (C) Charge—discharge polarization curves and the power density curve of the
Zn-CO;, battery shown in the inset. (D) Digital image of the assembled Zn—-CO, battery exhibiting a maximum open-circuit voltage of 1.35 V measured
using a voltammeter. (E) Digital image of the electronic clock launched by the Zn-CO, battery with the In/ZnO@C cathode. (F) Galvanostatic discharge
curves at various current densities. (G) Galvanostatic discharge—charge cycling curves at 1 mA cm™2; the insets are magnified discharge—charge cycles at

the initial and final times.

Conclusions

In summary, we have successfully synthesized In/ZnO@C hollow
nanocubes with N-doped carbon as a support derived from
In(OH);-doped Zn-MOF solid nanocubes. The resultant In/ZnO@C
takes advantages of Zn-MOF as the unique nanocube matrix and
metallic In as the active component, and the formation of the
hollow nanostructure is associated with the carbothermal
reduction reaction between In(OH); and Zn-MOF. In/ZnO@C
exhibits a remarkable activity and selectivity for CO, reduction to
formate, reaching a partial current density of 23.5 mA cm™ 2 with a
Faradaic efficiency of 90% at a potential of —1.2 V vs. RHE.
Moreover, the electrocatalyst maintains remarkable stability with
negligible changes in the hollow nanocube structure during
long-term electrolysis. When the performance of the In/ZnO@C
electrode was integrated with a home-made RuO,/Ti electrode
for water oxidation, CO,RR-OER electrolysis was successfully
driven by the solar cell as a renewable energy source for an
extended period of time. Furthermore, an aqueous rechargeable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

Zn-CO, battery with In/ZnO@C as the cathode and Zn foil as the
anode was constructed. It has an open-circuit voltage of 1.35 V
and can deliver a peak power density of 1.32 mW cm > with the
simultaneous conversion of CO, to formate. This study opens
up an appealing approach to design a highly active and selective
electrocatalyst for CO, reduction with a unique morphology and
tunable composition.
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