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In recent years, the concept of rechargeable aqueous Zn-CO, batteries has attracted extensive attention
owing to their dual functionality of power supply and simultaneous conversion of CO, into value-added
chemicals or fuels. The state-of-the-art research has been mainly focused on the exploration of working
mechanisms and catalytic cathodes but hardly applies an integrative view. Although numerous studies have
proven the feasibility of rechargeable aqueous Zn-CO, batteries, challenges remain including the low CO,
conversion efficiency, poor battery capacity, and low energy efficiency. This review systematically
summarizes the working principles and devices, and the catalytic cathodes used for Zn-CO, batteries. The
challenges and prospects in this field are also elaborated, providing insightful guidance for the future
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development of rechargeable aqueous Zn-CO, batteries with high performance.

Keywords: Zn-CO, battery; CO, reduction reaction; Working mechanism; Electrocatalysts.

1 Introduction

Energy management has become an increasing concern
due to the limited reserves of fossil fuels, which can
potentially be compensated by the steep rise of
sustainable electricity = generation, mediating  its
fluctuating and volatile nature assumed.' Furthermore,
CO, released during the combustion of fossil fuels has
been regarded as the main “greenhouse gas” causing
increasingly serious climate-related issues.”® However, it
is also a source of carbon (as demonstrated by natural
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for rechargeable batteries and electrocatalysis.
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photosynthesis) and balancing generation and fixation is
an obvious mandate.

This opens the opportunity to tackle those challenges with
new global chemical engineering tools or industries. An
electrochemical CO, reduction reaction (CO,RR) has been
recently demonstrated to be an effective strategy to use excess
sustainable electricity for upgrading CO, into value-added
chemicals (such as HCOOH or C,H,).* ' Notably, compared
with metal-ion or metal-air batteries,""*® metal-CO,
batteries do not only reduce CO, into products of high value
but also provide energy during the discharging process,
which is regarded as an extra advantage compared to the
individual electrochemical CO, conversion.'”'® Therefore,
metal-CO, batteries on a larger scale can become a powerful
tool for both energy and raw material management.'**°

In pioneering work, Takechi et al for the first time
reported in 2011 that the capacity of a Li-O, battery was
greatly improved after the introduction of CO, to the gas
phase.>® Subsequently, the batteries using CO, as the
working gas received widespread attention.'®'®**> As for
the working mechanism, the Li metal anode gets oxidized
and releases electrons to form Li" and CO, gets reduced
to Li,CO; and C-species during the discharging process;
Li,CO; and C-species are decomposed or oxidized and
release CO, during the charging process.”*** However, the
practical implementation of Li-CO, batteries suffers from
the complex reaction mechanism, deposition of solid
products, and the high cost and safety concerns of organic
electrolytes, driving the research community to search for
alternative metal-CO, batteries.*>*® Compared with non-
aqueous Na/Li-CO, batteries, Zn-CO, batteries possess
favorable merits including good safety and low cost due to
the use of aqueous electrolytes.””*® Besides, the cathodic
reaction does not produce solid products during the
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discharge process, which is beneficial for improving the
cycle life.

Recently, Zn metal has been described as one of the
potential candidates for use as the anode in batteries due
to its low price, high theoretical capacity (825 mA h g'),
and the ability to use sustainable aqueous electrolytes.>**°
The function of aqueous Zn-CO, batteries involves various
simultaneous electrochemical reactions including CO,RR
during the discharging process and oxygen evolution
reactions (OER) or the oxidation of liquid products of CO,-
RR during the charging process. The advantage of the Zn-
CO, battery is that it could combine CO, reduction and
energy storage. However, cathodes are additionally required
to inhibit the competitive hydrogen evolution reaction
(HER) against the CO,RR by electrocatalyst design.*'**
Since Xie et al. developed a reversible Zn-CO, battery using
Pd nanosheets as catalysts for the cathode,*® different types
of catalysts have been investigated for rechargeable aqueous
Zn-CO, batteries. For a pre-review, Table 1 summarizes the
catalytic cathodes and the performance of recently reported
first trials to reach the diverse working units of a Zn-CO,
battery. However, the development of a whole Zn-CO,
battery is still rather the exception, and anodic sides as
well as integration into an operative true battery system
must be further investigated. Herein, mainly device
engineering towards thin-film or flow batteries is discussed,
as most work is still done with laboratory-level H-cell set-
ups.

This review will cover the reaction mechanisms, battery
configurations, and catalytic cathodes of the reported
aqueous Zn-CO, battery, as shown in Fig. 1. The challenges
and perspectives are also provided to enable the reader for
an own judgement about the future development of high-
performance Zn-CO, batteries.
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Table 1 Summary on the components and performance of Zn-CO, battery
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Discharge Power density Catalyst loading  Energy
FE Stability efficiency
Catalytic cathodes Product (%) (mW em™) (h) (mg em™) (%) Ref.
Metal-free catalysts CB-NGC-2 CO (g) 80.4 0.51 — 1 — 34
C-BN@600 CH;O0H (1) 50.1 5.42 300 20 57.5 35
P@NCA CO (g) 92 0.8 20 — — 36
Non-noble metal catalysts Fe@NPC CO (g) 70.1 3 40 1 — 37
ZnTe/ZnO@C HCOOH (I) 68 0.93 36 0.2 — 38
Ni;N/Ni;ZnC,_; CO (g) 68.9 0.85 15 1 — 39
Cu-HDA C, products — 6.48 60 1.5 — 40
LagsSTosFeo sMnO;  CO (g) 82 1.27 80 2 — el
SnO,/MXene HCOOH (1) 85 4.28 60 1 41.18 42
BiC/HCS HCOOH (1) 92+2 7.2%05 65 1 68.9 43
PNCB HCOOH (1) 80 1.43 20 0.96 — 44
Sn/NCNFs CO () 97.6 1.38 35 1 — 45
Noble metal-based catalysts ~ Ag As/CC CO (g) 95.3 2.16 50 0.5 — 46
Coralloid Au CO (g) 63 0.7 68 — — 47
BiPdC HCOOH (I)  52.64  0.42 45 1 — 48
Single-atom catalysts Fe-SA/BNC CO (g) 98.9 1.18 27 1 66.26 49
Fe-N,0-C/Gr CO () 90.1 0.96 74 0.28 — 50
CoPc@DNHCS-8 Co (g) 94 1.02 40 1 — 51
Pd1-0-CB CO (g) — 1.72 100 0.83 — 52
FeNC NSs-1000 CO (g) 90 1.05 30 1 — 53

2 Working principles and devices

Despite the lower energy density than that of the Li-CO,
battery, the Zn-CO, battery has some relevant advantages. It
mainly uses aqueous electrolytes without generating solid
discharge products, featuring a safer, more environmentally
friendly, and greener operation.>”*® During the discharging
process, the Zn foil is oxidized into Zn>" at the anode and
forms zincate (Zn(OH),>") in the alkaline electrolyte, together
with the simultaneous occurrence of CO,RR at the cathode.
During the charging process, Zn>" ions are redeposited at the
anode, and the OER by water splitting occurs in the current
systems at the cathode. The theoretical voltage of the Zn-CO,
battery is actually lower than that of the Zn-O, battery by
replacing the oxygen reduction reaction (ORR) with the CO,-
RR,”® but practically, it might avoid the unchangeable high
overpotentials (= energy losses) in the OER while loading the
battery. It also simplifies the activation of the otherwise inert
ZnO by its electrochemical dissolution with, e.g., formic acid,
the potential product of CO,-reduction.

We underline here that a more feasible practical Zn-CO,
battery is presumably better understood as an open
asymmetric flow battery: in the deloading phase, CO, is filled
in for conversion into its reduction products to flow out,
while in the loading phase, water has to be added, and
oxygen flows out.

In the laboratory evaluation in an H-cell or a thin film
battery set-up, we can also focus on the oxidation of formic
acid, ethanol, or other liquid reduction products instead of
the OER, as they are kept in the cell. Considering that a
bipolar membrane (BPM) is generally used as the separator,
the products on both sides cannot cross and are not affected
by each other (except pH changes). Therefore, analysis of
different catalytic cathodes and their selectivity towards

516 | /nd. Chem. Mater,, 2024, 2, 514-532

different reaction products is the first step to fix the working
mode of a Zn-CO, battery during the charging and
discharging process. For instance, when CO, is reduced to
HCOOH during the discharging process, the reactions occur
as follows (eqn (1)-(8)):**

Cathodic reaction during the discharging process
(catholyte: 1 M NaCl, 0.1 M HCOONa, sat. CO,):

CO, + 2H" + 2¢” — HCOOH (1)
E.=-0.294V

Anodic reaction during the discharging process (anolyte:
alkaline electrolyte):

Zn - 2e” — Zn*" (2)

Zn*" + 40H™ — Zn(OH),* (3)

Zn(OH);>” — ZnO + 20H™ + H,0 (4)
E,=-1.249V

Overall reaction of the discharging process:
Zn + CO, + 2H" + 20H — ZnO + HCOOH + H,0 (5)
Eheo = 0.955 V
Cathodic reaction during the charging process:
HCOOH — CO, + 2H" + 2¢” (6)

Anodic reaction during the charging process:

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 1 A “city-map” of topics and catalysts to develop a future
aqueous Zn-CO, battery. Reprinted with permission. Reproduced from
ref. 29 with permission from WILEY-VCH, copyright 2019. Reproduced
from ref. 33 with permission from WILEY-VCH, copyright 2018.
Reproduced from ref. 35 with permission from Elsevier, copyright
2023. Reproduced from ref. 38 with permission from American
Chemical Society, copyright 2022. Reproduced from ref. 39 with
permission from Elsevier, copyright 2022. Reproduced from ref. 43
with permission from Elsevier, copyright 2022. Reproduced from ref.
48 with permission from American Chemical Society, copyright 2022.
Reproduced from ref. 52 with permission from Elsevier, copyright
2023. Reproduced from ref. 69 with permission from WILEY-VCH,
copyright 2021. Reproduced from ref. 84 with permission from WILEY-
VCH, copyright 2023. Reproduced from ref. 88 with permission from
WILEY-VCH, copyright 2022. Reproduced from ref. 104 with
permission from WILEY-VCH, copyright 2020. Reproduced from ref.
138 with permission from WILEY-VCH, copyright 2020.

ZnO + H,O + 2" — Zn + 20H" (7)
Overall reaction of the charging process:
ZnO + HCOOH + H,0 — Zn + CO, + 2H' + 20H~ (8)

According to these reactions, we see that replacing the oxygen
in a metal air battery with the save CO, takes some of the
theoretical voltage, but simplifies the activation of the
otherwise inert ZnO by its electrochemical dissolution in
aqueous formic acid. With liquid CO, products and avoiding
OER contributions, the cell could be run as a classical film
battery.

For the reduction of CO, into CO as an example of
gaseous products during the CO,RR, the reaction mechanism
is shown in eqn (9)-(18):*

Cathodic reaction during the discharging process
(catholyte: KHCO; sat. CO,):
CO, +2H" + 2¢” — CO + H,0O 9)

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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E.=-0.531V

Anodic reaction during the discharging process (anolyte:
alkaline electrolyte):

Zn — Zn*" + 2e” (10)
Zn** + 40H™ — Zn(OH),*” (11)
Zn(OH),*” — ZnO + 20H™ + H,0 (12)
E,=-1.238V
Overall reaction of the discharging process:
Zn + CO, + 2H" + 20H” — Zn(OH),*>” + CO + 2H,0  (13)
Etheo = 0.707 V
Cathodic reaction during the charging process:
H,O — 1/20, + 2H" + 2¢e~ (14)
Anodic reaction during the charging process:
Zn(OH),>” — Zn*" + 40H" (15)
Zn*" +2¢ — Zn (16)
ZnO + H,0 + 20H — Zn(OH),*" (17)
Overall reaction of the charging process:
Zn(OH),> + H,0 — Zn + 1/20, + 2H" + 40H" (18)

As mentioned above, the OER with sluggish reaction kinetics
during the charging process tends to reduce the energy
efficiency of the battery. In addition, the high charging
voltage can reduce the stability of catalysts. Meanwhile, ZnO
can be produced and precipitated in the anodic side during
the cycles, which retard the Zn plating/stripping processes
and contaminate the electrolyte, resulting in poor cycling
performance. Recently, Liu et al. have replaced the OER with
the oxidation of reducing molecules, which can reduce the
charging voltage from 2.45 V to 1.35 V at 4.29 mA cm >
During the charging process, the reducing molecules can be
oxidized to N,, acetone, or sulfate. This coupling can also
effectively improve the stability of catalysts, benefiting the
long cycling performance of the battery.””

Here, we see that the cell runs in an open fashion: the
battery cycle produces CO and oxygen from CO, and water,
and one part of the invested energy is stored as electricity
and the other part is stored as chemical energy: the cell is
bifunctional. Ideally, it is then in the hand of the scientists

Ind. Chem. Mater., 2024, 2, 514-532 | 517
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to run and switch between a “closed” and “open” operation
modes, depending on the actual wish to create chemicals or
store electricity.

Recent studies have focussed on the design of
electrochemical cells and materials due to their key role in
improving the performance, including the current density,
faradaic efficiency (FE), and stability of the CO,RR to a
maximal possible extent.”® Working in an H-cell (Fig. 2a) is
the current lab practice for evaluating the catalysts in the Zn-
CO, battery. The cell is generally divided into an anode
chamber and a cathode chamber, which are connected to
each other by a connecting channel and separated by ion
exchange membranes. At present, the BPM is widely used to
maintain the pH due to the different electrolytes used in each
channel. The working electrode and reference electrode are
placed in the cathode chamber, and the counter electrode is
placed in the anode chamber. Such a structure ensures to
some extent that the products on both sides are not cross-
contaminated during the reaction process, and different
electrolytes can be used on both sides. The separation of the
different reactions improves the stability of the
electrocatalysts. As the mass transfer efficiency in the H-cell
is relatively low due to the larger geometric distances
involved, the current density achieved in the H-cell is
generally far below the requirement of a practical device.

For a real Zn-CO, battery targeted for practical
applications, an open and asymmetric flow system has to be
designed, where CO, is continuously filled in and the
reductive products flow out; meanwhile, water has to be
added due to the consumption for O, generation (Fig. 2b).
Compared to the widely used H-cell, the flow cell has much
smaller distances between the anode and the cathode, which
is  beneficial for improving transport, minimizing
polarization, and thereby improving power density and
energy efficiency. Another issue to address in flow batteries is
that conditions such as pH and substrate concentrations
change along the channel length. For example, the pH
around the cathode could be >7 even when the electrolyte is
an acid-based solution, originating from the fast reaction
kinetics.’>®® In such cases, the competing HER can be
inhibited, while formic acid can be produced instead of

Q
ot
o

Catalyst layer Membrane  Zn plate

@2Zn £.CO, JZn(OH) > & COsOH

Fig. 2 Schematic diagram of the H-cell (a) and flow cell (b).

518 | /nd. Chem. Mater.,, 2024, 2, 514-532

Anolyte

Pump @
@ZnFoCO,IZn(OH) 2 ECOOHsZHCOOH®O,

View Article Online

Industrial Chemistry & Materials

formate, without the necessity of further acidification and
distillation. In addition, the battery can run in a nearly
constant mode (but at a lower voltage) with the usage of a
flowing fluid reservoir. Therefore, further improvements of
Zn-CO, batteries in terms of energy efficiency and stability
are expected by employing flow cells or other specifically
designed electrolytic cells.*"*"

3 Catalytic cathodes

As discussed, the electrocatalysts on the cathodes play a very
important role in the reaction kinetics and reaction products
of the CO,RR. In the Zn-CO, battery, catalytic cathodes with
diverse chemical and electronic structures were applied,
which greatly affect the working mechanism, power density,
and cycling stability of the battery. We can classify the
reported approaches into four types of catalysts: metal-free
catalysts, non-noble metal catalysts, noble metal-based
catalysts, and single-atom catalysts.

3.1 Metal-free catalysts

Carbon-based materials have been the main metal-free
catalysts investigated for the Zn-CO, battery due to their
good electrical conductivity, large specific surface area, high
chemical inertness, and the simplicity to adjust their
%93 In addition, they are easily available in various
forms such as graphenes, carbon nanotubes, or heteroatom-
containing  carbonized derivatives from  organic
precursors.®*®® Normally, pristine carbon materials are
electrochemically inert to the CO,RR because all the unipolar
and only weakly polarizable carbon structures have no clear
path to strongly adsorb and activate the CO, molecules.
Therefore, the electronic structure of C materials has been
generally optimized by introducing heteroatoms (e.g., N, B,
and P) into the carbon skeleton and constructing carbon
defects, which all provide the active sites. It is well analyzed
and understood that the doping of heteroatoms increases
adsorption enthalpies, reduces the reaction energy barrier of
the CO,RR, and enhances, for instance, the adsorption of the
critical intermediates (e.g., one electron-proton *COOH) near
the active sites.®”°®

structure.

Discharging
process

Catholyte

Charging

process +— @Pump
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For example, Gao et al. used the mesoporous silica species
SBA-15 as a template to synthesize a nitrogen-doped ordered
mesoporous carbon (NOMC), which exhibited abundant
parallel channels.®® The resulting high specific surface area
(794.6 m* g™') and abundant nitrogen active sites of the
NOMC were shown to be beneficial for the transport of
reactants during both the CO,RR and OER processes.
Specifically, the current density of the NOMC (-15.9 mA
cm ™) was higher than the control samples including ordered
regular mesoporous carbon (OMC) (-2.7 mA cm™) and
nitrogen-doped carbon (NC) (2.1 mA ¢cm?) for the CO,RR at
-0.8 V vs. RHE. Further theoretical calculations suggested
that N-doping could significantly reduce the energy barrier
required for *COOH formation, which was considered
responsible for the enhanced CO,-to-CO activity of the
NOMC. In addition, the FE of the NOMC for the CO,RR was
close to 100% (Fig. 3a) with stable running for 80 h at -0.47
V. Meanwhile, the overpotential of the OER at 10 mA cm>
was as low as 586 mV (Fig. 3b), attributed to both the
N-doping and exposed surface of the catalyst. The Zn-CO,

View Article Online
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battery could achieve a peak power density of 0.71 mW cm™
and an energy efficiency of 52.8%. Besides, it maintained
76% of FE¢o, at a discharge current density of 1 mA cm™ and
stable cycling for 300 times. Of course, the FE is relatively
low for a real-life battery, but the concept was pioneering.

In addition to the widely studied N, co-doping with other
non-metal elements (e.g., B, P, and S) can differently modify
the electronic structure by inducing the polarization of
carbon near heteroatoms, thereby enhancing the CO,RR
activity.>”®”"  For instance, Kaur et al designed and
synthesized a B/N-doped carbon with tubular morphology (C-
BN@600) as the catalytic cathode for an aqueous Zn-CO,
battery.”> The higher surface area of the nanotubular
morphology provided more electrochemically active sites, and
the presence of heteroatoms B and N improved the mass and
charge transport at the electrode-electrolyte interface and
thus faster kinetics. As the main adsorption sites, B with
insufficient electrons could adsorb the O of CO,, while N
with a lone pair of electrons binds to C of CO,. Compared
with N in composite materials, B showed a lower adsorption
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Fig. 3

(a) FEco in the potentiostatic electrolysis. (b) OER performance evaluated by the linear sweep voltammetry curves of NOMC, OMC, and NC

in a 0.8 M KHCOs electrolyte with a scan rate of 10 mV s™*. Reproduced from ref. 69 with permission from Wiley-VCH, copyright 2021. (c) Bar
graph representing the FE and yield rate of CHzOH as a product calculated from UV at different potentials. (d) Discharge curve and corresponding
power density of the cell at a scan rate of 5 mV s™. (e) Galvanostatic charge-discharge cycles at 1 mA cm™. Reproduced from ref. 35 with

permission from Elsevier, copyright 2023.
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free energy for the intermediates *COOH and *CO. The better
CO,RR electrocatalytic ability of C-BN@600 was reflected in a
more positive onset potential and larger current density.
Meanwhile, the synergistic effect of B/N promoted the
effective adsorption of intermediates and accelerated the
electron transfer to liberate CH3;OH with an FE of 74%
(Fig. 3c). The assembled Zn-CO, battery exhibited a power
density of 5.42 mW cm > and enabled stable cycling for more
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easily available, with abundant active sites, and have been
demonstrated to show good catalytic activity and high
selectivity.”*”> In particular, supporting non-noble metal
species with carbon-based materials can maintain good
dispersion of metals and reduces the agglomeration of high
surface area species.”®’”” Adjusting the carbon skeleton can
also change the electron density in the metal center and
improve the electrochemical performance of the composite

material.”®”°

Metal-organic frameworks (MOFs) have attracted attention
as precursors of non-noble metal-based catalysts due to their
ordered structural morphology and unique coordinative
sites.®” After carbonization, heteroatom-doped metal/carbon
merits of low cost, chemical inertness, and good conductivity, = composites can be obtained with high porosity, high specific
their catalytic performance is fundamentally limited due to  surface area, and tunable pore size.*’®* Teng et al. prepared
the active sites only based on covalent chemistry. Non-noble a ZnTe-MOF-derived ZnTe/ZnO@C (Fig. 4a) as the
metals (e.g., Fe, Co, and Ni) are good choices, as they are electrocatalyst, which showed a selectivity of 83% towards

than 300 h (Fig. 3d and e).

3.2 Non-noble metal catalysts

Although the metal-free catalysts are widely studied with the
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the OER. (b) Variations in FEycoo- With potentials. (c) LSV curves for the OER for ZnTe/ZnO@C and ZnO@C electrodes in 0.5 M KHCO3. The inset
shows the results of OER stability measurements on ZnTe/ZnO@C for a period of 24 h at 1.7 V. (d) Galvanostatic discharge-charge curves at 1 mA
cm™2 for 108 cycles over 36 h. (e) Charge-discharge polarization curves for a Zn-CO, battery. The curve in the inset shows the power density at
different current densities. Reproduced from ref. 38 with permission from American Chemical Society, copyright 2022. (f) High-resolution TEM
(HRTEM) image of Ni@N-C. (g) FEco% and Jco with different applied potentials of Ni@N-C in the flow cell. (h) Power density curves of Zn-CO,
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formate at —1.1 V (vs. RHE) (Fig. 4b).*® The high performance
was attributed by the authors to the special flower-like
structure of ZnTe/ZnO@C, which could provide abundant
active sites. Further theoretical calculations revealed that the
synergistic effect between ZnTe sites and ZnO was also
conducive to the performance improvement. In particular,
ZnTe(111) was favorable to the first step of proton-coupled
electron transfer and easily adsorbed the *OCHO
intermediate (-1.55 eV), and the subsequent proton-coupled
electron transfer to form *HCOOH occurred on ZnO(100).
Meanwhile, ZnTe/ZnO@C also had good -catalytic
performance for OER in the neutral carbonate solution (10
mA cm? at 1.9 V) (Fig. 4c). After being assembled into a Zn-
CO, battery, the battery exhibited stability for 36 h and a
peak power density of 0.93 mW cm > (Fig. 4d and e). Actually,
a typical, obvious hysteresis between loading and de-loading
curves can be observed (Fig. 4e), indicating that a potential
battery use is inhibited by high polarization and suboptimal
kinetics. Hence, the peak power density is much lower than
that of practical batteries, including lithium-ion batteries.
The presented concept of a Zn-CO, battery is interesting
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from an academic view, but needs engineering developments
towards a real battery application.

In addition, Wang et al. used SBA-15 as a template to
prepare nickel-based metal-organic frameworks (Ni-MOFs),
giving finally Ni nanoparticles encapsulated in N-doped
carbon shells (Ni@N-C) via pyrolysis and etching (Fig. 4f).%*
The doping of N could adjust the local electronic structure in
the carbon shell, enabling the stronger CO, adsorption, faster
electron transfer rate, and more exposed active sites in
synergy with metallic Ni. As revealed by the theoretical
calculations, the Fcc-Ni@N-C had weak van der Waals
interaction between N-C and metallic Ni and tended to
evolve into more stable Top-Ni@N-C after the adsorption of
CO,. The other model of Hcp-Ni@N-C had a large
thermodynamic barrier in the step of CO, adsorption,
because the CO, bonding to one N atom caused the breaking
of one N-Ni bond. Therefore, the most thermodynamically
stable configuration was N-C located on the top of Ni slabs
(Top-Ni@N-C), which had the lowest thermodynamic barrier
to the formation of *COOH and the desorption of CO. As a
result, Ni@N-C exhibited a large current density of 244 mA
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(@) TEM image of the synthesized Fe-P@NCPs. (b) FEco values at different applied potentials for Fe-NCPs and Fe-P@NCPs. (c) OER

evaluation by the LSV curves in a 0.1 M KHCO3 solution. (d) Power density curves of the aqueous Zn-CO, cell based on different samples. (e)
Galvanostatic discharge-charge cycling curves at 0.5 mA cm™ for Fe-P@NCPs. Reproduced from ref. 88 with permission from Wiley-VCH,

copyright 2022.
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em™ and a high FE., of 97% at —1.1 V (vs. RHE) in the flow
cell (Fig. 4g). As the catalytic cathode for the Zn-CO, battery,
a maximum power density of 1.64 mW cm™ and a cycling
performance of 45 h were achieved (Fig. 4h).

Compared to N coordination, the P atom has a multi-
electron p orbital and relatively weak electronegativity,
providing additional properties in tuning the electronic
structure of substrates.*® Liu et al introduced Fe-P
nanocrystals into N-doped carbon polyhedrons (Fe-P@NCPs)
(Fig. 5a).*® Compared with N-doped carbon polyhedrons
(NCPs), the Fe-N doped carbon polyhedrons (Fe-NCPs) and
Fe-P@NCPs showed better CO,RR performance. These
results indicated that Fe-N and Fe-P active sites could play
important roles toward the CO,RR. As mentioned above, the
P atom had relatively weak electronegativity, allowing
electrons to transfer less against a diodic surface potential.
As a result, the Fe-P unit, as the activation center of CO,,
could easily transfer more electrons for CO, reduction. As a
result, Fe-P@NCPs showed a higher CO selectivity (FEqo =
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95%) (Fig. 5b). In addition, Fe-P@NCPs showed an
overpotential of 840 mV at 10 mA cm > for the OER in
aqueous KHCO; (0.1 M) as the electrolyte (Fig. 5c¢). The Zn-
CO, battery (referred to H-cell) with the Fe-P@NCP cathode
showed a peak power density of 0.85 mW cm™ but
maintained outstanding stability over 7 days without
degradation (Fig. 5d and e). It has to be mentioned that the
alkaline electrolyte in the H-cell will dominantly react and
buffer with CO,. Therefore, the flow cell coupled with a gas
diffusion electrode, which can employ the alkaline
electrolyte, is a desirable configuration for the Zn-CO,
battery.

It has also been reported that introducing solar energy
into an electrochemical device (e.g., Li-CO,, Li-O,, Zn-air)
can improve the energy efficiency and reaction kinetics of the
CO,RR and ORR.5*"°? Liu et al. developed an ultra-thin Cu,0/
CuCoCr-LDH (layered double hydroxide) photocathode.”
Benefiting from the ultra-thin p-n heterojunction nanosheets
on the photocathode, it could not only effectively separate
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(a) Schematic illustration of the synthesis procedure. (b) FE¢mate Values at different applied potentials. Reproduced from ref. 43 with

permission from Elsevier, copyright 2022. (c) TEM images of the Vo-rich N-SnO, NS. (d) FEcoo- of the pristine SnO, NS, the Vo-poor N-SnO, NS
and Vo-rich N-SnO, NS at different potentials. Reproduced from ref. 104 with permission from Wiley-VCH, copyright 2020. (¢) HAADF-STEM
image of SN/NCNFs with atomic-level Sn atoms highlighted by yellow circles. (f) FEco of Sn/NCNFs, Sn/CNFs, and NCNFs at different potentials in
a flow cell. (g) Polarization curves and power density (inset) of Sn/NCNFs. Reproduced from ref. 45 with permission from Wiley-VCH, copyright

2022.
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photogenerated electrons and holes and promote electron
transfer, but also provide abundant CO, adsorption and
reaction sites. As a result, the Cu,O/CuCoCr-LDH showed a
good selectivity (FE = 90.14%) and a yield of 1167.6 umol g™*
h™ towards CO. As the cathode of a model Zn-CO, battery
under light, the battery had a discharge voltage of 1.22 V
(higher than the discharge voltage of a light-free Zn-CO,
battery of 0.59 V), and exhibited good cycling stability within
54 h.

Bi-based catalysts have demonstrated good adsorption
properties for *OCHO intermediates, and thus, can selectively
catalyze the reduction of CO, to formate.”**® The *OCHO
intermediate can be stabilized by regulating the electron
accumulation of Bi nanoparticles by supports containing
pyrrolic-N. Besides, benefitting from the combined effect of
special structural design and good conductivity, the catalyst
exhibits faster reaction kinetics and high formate formation
rate.”* For example, Yang et al. demonstrated that Bi clusters
dispersed on the hollow carbon spheres (BiC/HCS) (Fig. 6a)
could stabilize the *OCHO intermediate, which can facilitate
the CO,RR to form formate and inhibit the competitive HER
as well.”® The maximum FE¢rmace at —0.6 V (vs. RHE) was 97
+ 2% (Fig. 6b). The Zn-CO, battery based on the BiC/HCS
cathode showed a peak power of 7.2 + 0.5 mW cm > and a
cycling performance of 200 times. In addition, the
introduction of other metals (such as Cu, Ti, and In) into Bi-
based materials enhanced the adsorption of *OCHO
intermediates and improved the FE of formic acid.®”®® For
instance, a Bi/In bimetal catalyst turned out to be favorable
for producing the key intermediate *OCHO from CO, to
formate, and synergistically reduced the free energy from
*OCHO to *HCOOH, thereby promoting the production of
HCOOH.”

In addition, In- and Sn-based metal catalysts have been
proven to have good selectivity towards formate.'’* %> Teng
et al designed an In/ZnO@C hollow nanocube
electrocatalyst.'®® Through in situ doping, In could be evenly
distributed on the cube, and the hollow cube structure
provided more exposed active sites. Therefore, In/ZnO@C
exhibited a good catalytic activity and formic acid selectivity.
At -1.2 V (vs. RHE), the partial current density for formate
production reached 23.5 mA cm™> with an FE of 90%. As an
electrocatalytic cathode for the aqueous rechargeable Zn-CO,
battery, the battery reached a power density of 1.32 mW cm >
and was cycled for 51 h at a current density of 1 mA cm 2. Li
et al. prepared N-doped SnO, nanosheets with oxygen
vacancies (Vo-rich N-SnO, NS) (Fig. 6c)."®* The electronic
junction and geometric structure of SnO, were adjusted via N
doping and Vo, which was expected to be beneficial for the
protonation pathway of *OCHO while inhibiting the
adsorption of *H on the SnO, surface. At a potential of -0.9
V, Vorich N-SnO, NS exhibited good CO,RR performance,
and the FE of HCOO™ was about 83% (Fig. 6d). However, by
regulating the electronic structure of the active site, the
binding energy of the active center Sn to *OCHO and *COOH
intermediates could be changed, which in turn changed the

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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CO,RR product.’® Hu et al. demonstrated that Sn-N as the
active site in porous N-doped carbon nanofibers (Sn/NCNFs)
(Fig. 6e) accelerated the dissociation and proton transfer of
H,0, thereby promoting the formation of *COOH
intermediates.*> Meanwhile, the pyrrolic N adjacent to the
Sn-N active site helped to reduce the formation energy
barrier of the *COOH intermediate, thereby improving the
kinetics of the CO,RR. As a result, Sn/NCNFs exhibited a high
CO,RR activity, and the FE of CO was as high as 96.5%
(Fig. 6f). The peak power density of the Zn-CO, battery with
Sn/NCNFs as the cathode reached 1.38 mW em ™ (Fig. 6g).

3.3 Noble metal-based catalysts

Despite scarcity and high cost, noble metal catalysts are still
widely used in the field of electrochemistry due to their
excellent catalytic activity, high stability and high
selectivity.'°'% In this field, it is a challenge to use less
noble metals for the same reactivity. For that, it has been
demonstrated that the catalytic performance of noble metal
catalysts can be optimized through crystal facet control and
nanostructure engineering.'®**? In addition, strategies such
as alloying other metals or loading on conductive substrates
are used to leverage the catalytic performance of precious
metals while reducing costs."**''® Currently, noble metal
catalysts including Pd, Au, and Ag are still typical choices for
the aqueous Zn-CO, battery.*®*%11¢

Pd catalysts can not only reduce CO, to HCOOH, but also
oxidize HCOOH to CO,.""”™?® Therefore, Pd-based catalysts
are suitable as bifunctional catalytic cathodes for the Zn-CO,
battery. In 2018, Xie et al. proposed and prepared a reversible
Zn-CO, battery for the first time (Fig. 7a).>’ The battery used
Pd nanosheets as the bifunctional catalytic cathode (Fig. 7b)
and realized reversible conversion between CO, and HCOOH
during the discharging and the charging process. In order to
obtain good catalytic performance for the CO,RR and the
oxidation of formic acid (FAO), respectively, the morphology
and structure of Pd-based catalysts were carefully modified.
The experimental results showed that Pd nanosheets rich in
edges and pores promoted the CO,RR towards HCOOH with
an FE of 90% (partial current density was 15 mA cm?)
(Fig. 7c). Moreover, FAO could produce a stable current of 4.3
mA cm™ at a voltage of 0.3 V, and gas chromatography
proved that the product was CO,. A Zn-CO, battery based on
Pd nanosheets as the cathode showed an energy efficiency of
81.2% and a cycling durability of more than 100 cycles.

To explore bi-functional noble metal-based catalytic
cathodes for Zn-CO, batteries, Wang et al. prepared Ir@Au
bimetallic nanomaterials by combining chemical deposition
and electrochemical deposition (Fig. 7d).”° In particular, it
was found that pristine Ir showed a higher partial current
density of HER than that of Ir@Au and Au, while the partial
current density to CO was significantly lower than that of the
other two samples (Fig. 7e). In comparison, the partial
current density of CO from pure Au was slightly higher than
that of Ir@Au. Therefore, the results showed that the
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elemental mapping of gold and iridium. (e) Partial current density of CO (jco) in potentiostatic electrolysis. (f) OER performance evaluated by the
LSV curves. Reproduced from ref. 29 with permission from WILEY-VCH, copyright 2019.

introduction of Au could inhibit the occurrence of HER in
Ir@Au and generate a higher selectivity of Au for CO. In
addition, Ir@Au performed comparably to Ir/C catalysts as a
commercial OER catalyst. Accordingly, the Ir@Au bimetallic
nanomaterial exhibited a pleasing selectivity for CO (-0.5 V,
FE = 85%) and good OER performance with a current density
of 10 mA cm™ at 1.79 V (Fig. 7f). As a catalytic cathode of
Zn-CO,, the battery had an energy efficiency of 68% and a
cycling stability of 30 h. It is however clear that Ir is a very
rare element and thereby not favorable for large-scale
practical applications.

3.4 Single-atom catalysts

Single-atom catalysts (SACs) have received great attention due
to their atom efficiency, as well as their unique catalytic
properties. Compared to the nanoparticle-based catalysts, the
single-atom metal active sites distributed on a conductive
substrate can achieve maximum atomic utilization."**"**
Importantly, the catalytic activity and selectivity in a specific
metal atom can be fine-tuned in a wider range through its
coordination 1227125 Usually, metals are
introduced into heteroatom-doped carbon materials by
methods such as pyrolysis and electrochemical deposition to
adjust the electronic structure of the active center, thereby
modifying the CO,RR and OER performance of the
catalyst,'?7128

For example, Li et al. constructed N- and O-coordinated
single-atom Pd catalysts (Pd1-N-CB and Pd1-O-CB,
respectively).”> The results showed that the asymmetric
coordination and strong regulation of O to the Pd center

environment.

524 | /nd. Chem. Mater., 2024, 2, 514-532

enabled Pd1-O-CB to show excellent CO,RR selectivity for CO
at lower potentials (99.6% under -0.6 V vs. RHE). The
theoretical calculations further proved that the O-coordinated
Pd1-O-CB provided more electrons than the N-coordinated
Pd1-N-CB to the *COOH intermediate, and thus achieved the
lowest free energy of the potential-determining step (PDS)
(AG = 1.02 eV). In addition, the desorption of *CO on Pd1-O-
CB was easier than that of Pd nanoparticles, preventing CO
product inhibition of Pd active sites. As the cathode of a Zn-
CO, battery, the Pd1-O-CB cathode showed a power density
of 1.72 mW e¢cm ™ and an endurance of at least 100 h for CO
production.

Currently, the metal/N-doped carbon (M-N-C) is a widely
studied class of electrocatalysts. The doping with N can
reduce the formation energy of CO,RR intermediates such as
*COOH and *OCHO on the M-N active site, thus showing
higher selectivity."**™**" Compared with noble metals, single-
atom catalysts of transition metals such as Fe, Co, and Ni
have more economic benefits."*>™*** For example, Gong et al.
anchored cobalt phthalocyanine on N-doped hollow carbon
spheres with carbon defects (CoPc@DNHCS-8) (Fig. 8a).>!
The N-doping strategy provided the electron-withdrawing
effect of the carbon matrix, resulting in the formation of
Co(u) sites. Under cathodic bias, Co(u) could obtain electrons
and be reduced to Co(1), which was generally considered to
be the catalytic active site for CO, reduction. The CO, could
gain electrons and be activated at the Co(1) site to form the
intermediate *COOH (Fig. 8b). As a result, COPc@DNHCS-8
showed a high FEco of 95.68%. The Zn-CO, battery based on
CoPc@DNHCS-8 exhibited a maximum power density of 1.02
mW cm ™ and a cycling stability of 40 h (Fig. 8c).
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Single-atom Fe-based catalysts are another promising
choice, due to the abundance of iron and its low onset
potential in the CO,RR."**'*” However, some studies have
proven that in the coordination form of Fe-N, the active
sites are inhibited due to the strong adsorption of *CO
intermediates."**® Ni et al. found that the true active sites
for CO, reduction were associated with intrinsic defects
rather than the Fe-N, centers. Further calculations showed
that these defects, coupled with Fe-N,, demonstrated a
diminished energy barrier for CO, reduction and
concurrently mitigated hydrogen evolution activity."** In
addition to the N atoms, other types of heteroatoms such as
Cl, B, P, and O are often used to coordinate with single metal
atoms.****'3* For example, Li et al. adjusted the electronic
structure of Fe in Fe-N, by introducing an axial chlorine (Cl)
ligand (Fig. 8d), thereby promoting the desorption of *CO
and inhibiting the adsorption of *H.'** Further DFT
calculations showed that the formation energy barrier of
*COOH on FeN,Cl in N-doped carbon (FeN,CI/NC) (1.04 eV)
was lower than that on NC (2.13 eV) and Fe;C (2.50 eV), but
higher than that on Fe-N,/NC (0.52 eV) (Fig. 8e). Besides,
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desorption of *CO to CO had a lower energy barrier on FeN,-
CI/NC (0.38 eV) than that on Fe-N,/NC (0.80 eV). In addition,
the adsorption energy of *H on FeN,CI/NC was higher than
that of Fe-N,/NC and Fe;C, indicating that the introduction
of Cl atoms inhibited HER. Therefore, FeN,CI/NC exhibited
excellent CO,RR performance, showing a high FEco of 90.5%
at a promising current density of 10.8 mA cm™ with an
overpotential of 490 mV. As the cathode of an aqueous Zn-
CO, battery, the battery showed a power density of 0.545 mW
em ™ and a cycling stability of 15 h.

4 Summary and outlook

Overall, we reviewed a very interesting collection of current
studies which indicate the high potential of aqueous Zn-CO,
batteries as a green and sustainable energy storage and
conversion technology. The use of compressed CO, saves
more, showing better solubility in aqueous solvents, than the
current Zn-O, battery (which is very difficult to cycle
effectively), and it conceptually avoids the high overpotentials
and, thereby, energy losses of ORR and OER. In addition,
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CO, reduction products such as formic acid promote the
redissolution of ZnO, thereby improving the cyclability. The
battery however can also be run in an asymmetric open flow
mode, thus combining energy storage with the
electrochemical production of CO,-based chemicals in
discharging while oxidizing water to O, in the charging
process. This disruptive concept that combines CO,
conversion and energy supply comes with the disadvantage
of losing energy in the OER again while being flexible to
switch between electricity and chemical generation,
depending on the actual demand.

As the Zn-metal anode is well understood and the state of
the art, research efforts mainly focus on the development of
efficient electrocatalytic (flow) cathodes. In view of the
different redox reactions of the Zn-CO, battery during the
charging and discharging processes, the electrocatalytic
cathode needs to be able to simultaneously promote the CO,-
RR to defined products while suppressing the HER as the
competing, here parasitic reaction. For this purpose,
traditional noble metal-based catalysts (Pd, Ag, etc.), but
more scalable, also metal-free carbon-based material
catalysts, non-noble metal catalysts, and supported single-
atom catalysts were developed as potential cathode materials
for a potential Zn-CO, battery.

However, the research on aqueous Zn-CO, batteries is still
in its infancy, and a number of questions should be
addressed. First, the catalytic cathodes determine whether
the CO,RR product during the discharging process is a gas-
phase or liquid-phase product. C=O0O is, in the consumer
space, a critical product which comes with safety measures,
but higher-value reduction products such as methanol also
come with a higher energy storage density (6 electrons
instead of only 2). A liquid-phase product could be oxidized
to regenerate CO,, enabling a closed battery system. In an
open, switchable system, the reaction that occurs at the
cathode during the charging process is the OER, and at the
anode, it is the redeposition of Zn*'. The catalytic
performance of the electrocatalyst for the OER will critically
affect the energy efficiency of the overall system.

Second, most of the current research studies are conducted
with H-cells, and the voltage hysteresis between loadings is
correspondingly high, mostly due to the polarization issues
and long charge transport distances involved. Going to a real,
flat and thin battery geometry comes with extra problems,
which however should be tackled before calling such systems
“batteries”. One of the problems is the limited solubility of
CO, in aqueous electrolytes, which is not an issue in high-
solvent volume H-cells, but requests either a three-phase
boundary gas electrode or a flow cell geometry for the
practical solutions. Improving the solubility of CO, in
electrolytes and/or pressurized cells (“soda cells”) could also
be a focus for future experiments. As it is still unclear whether
dissolved CO, or HCO; in the electrolyte operates as the
carbon source in the discharging process, further research
might consider investigating the underlying mechanims by
providing the specific carbon sources. This would extend the
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engineering operation range of such devices. Besides, further
research could focus on the improvement of reaction kinetics
on the anode side, guiding, for instance, the uniform
deposition of Zn** on the anode surface. This problem is
general for all metal anodes in batteries.

For further study, some additional strategies to improve
the overall performance of Zn-CO, batteries are proposed: (1)
developing high-performance catalytic cathodes with low
overpotentials for both CO,RR and OER; (2) improving the
stability of catalytic cathodes, which are capable of standing
the repeated reduction and oxidation processes as the
bifunctional catalysts; (3) improving the stability of Zn
electrodes, which also plays a key role in enhancing the
cycling performance of Zn-CO, batteries; (4) replacing the
BPM with other ion exchange membranes using electrolytes
with close pH values on both sides, since the BPM requires
an additional voltage of ~0.83 V for water dissociation.

In summary, the aqueous Zn-CO, battery shows great
potential in energy storage and CO, utilization, but current
systems are still far from true application, and in-depth
research efforts beyond “only” cathodic electrocatalysis are
still limited. We however strongly believe that these issues
can be successfully addressed in a more holistic fashion, and
that Zn-CO, batteries have a serious potential as a disruptive
device technology on a large scale to switch on demand
between CO, utilization and sustainable energy storage.
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