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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

Received 31st January 2024,
Accepted 11th April 2024

DOI: 10.1039/d4im00014e development of rechargeable aqueous Zn-CO, batteries with high performance.

rsc.li/icm Keywords: Zn-CO, battery; CO, reduction reaction; Working mechanism; Electrocatalysts.

“School of Mechanical and Power Engineering, East China University of Science 1 I ntrOd uctlon
and Technology, Shanghai 200237, China. E-mail: yzhang071@ecust.edu.cn

b Engineering Research Center for Nanomaterials, Henan University, Kaifeng
475004, P. R. China. E-mail: zhihong.tian@henu.edu.cn

¢ Department of Colloid Chemistry, Max Planck Institute of Colloids and Interfaces,
Potsdam 14476, Germany

4 Key Laboratory of Synthetic and Biological Colloids, Ministry of Education,
School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122,
P. R. China. E-mail: txliu@jiangnan.edu.cn

¢ School of Chemical Engineering and Technology, Xi'an Jiaotong University, 28
Xianning Road, Xi'an, Shaanxi, 710049, China

I School of Chemistry and Chemical Engineering, Huazhong University of Science
and Technology, Wuhan 430074, China

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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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.

Dr Tianxi Liu is currently a full
professor at the School of
Chemical and Material
Engineering, Jiangnan University.
He received his PhD (1998) from
Changchun Institute of Applied
Chemistry, Chinese Academy of
Sciences, China. His research is
mainly engaged in polymer
nanocomposites, new  energy
materials and devices, and
nanofibers and their composites.

Tianxi Liu

Ind. Chem. Mater., 2024, 2, 514-532 | 515


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00014e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 2024. Downloaded on 24-08-2025 5:51:11.

(cc)

Review

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
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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
(catholyte: KHCO; sat. CO,):

discharging process

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)
Eheo = 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*" +2e — 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).
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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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Fig. 4 (a) Schematic illustration for the preparation of ZnTe/ZnO@C as a bifunctional electrocatalyst for the selective CO, reduction coupled with
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,
battery. Reproduced from ref. 84 with permission from Wiley-VCH, copyright 2023.
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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(11