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Revisiting the Role of Discharge Products in Li-CO,

Batteries

Jinshuo Zou, Gemeng Liang, Fangli Zhang, Shilin Zhang,* Kenneth Davey,

and Zaiping Guo*

Rechargeable lithium-carbon dioxide (Li—-CO,) batteries are promising devices
for CO, recycling and energy storage. However, thermodynamically stable and
electrically insulating discharge products (DPs) (e.g., Li,CO;) deposited at
cathodes require rigorous conditions for completed decomposition, resulting
in large recharge polarization and poor battery reversibility. Although progress
has been achieved in cathode design and electrolyte optimization, the
significance of DPs is generally underestimated. Therefore, it is necessary to
revisit the role of DPs in Li—CO, batteries to boost overall battery
performance. Here, a critical and systematic review of DPs in Li-CO, batteries
is reported for the first time. Fundamentals of reactions for formation and
decomposition of DPs are appraised; impacts on battery performance
including overpotential, capacity, and stability are demonstrated; and the
necessity of discharge product management is highlighted. Practical in
situf/operando technologies are assessed to characterize reaction
intermediates and the corresponding DPs for mechanism investigation.
Additionally, achievable control measures to boost the decomposition of DPs
are evidenced to provide battery design principles and improve the battery
performance. Findings from this work will deepen the understanding of
electrochemistry of Li-CO, batteries and promote practical applications.

1. Introduction

The ubiquitous burning of fossil fuels contributes significantly
to greenhouse gases that aggravate the climate change and nega-
tively affect the world economy.I'! As substitutes for fossil fuels,
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renewable and low-carbon energy sources
are considered to contribute to a more sus-
tainable future.’) Among them, recharge-
able batteries are increasingly seen as a
technology for efficient utilization of sus-
tainable energy sources.[*) Recently, metal-
carbon dioxide (CO,) batteries, including
Li-CO,, Na-CO,, and K-CO,, have at-
tracted significant attention and become at-
tractive to support the fast-expanding en-
ergy demand because they apply the CO,
recycle to energy storage system and con-
tribute to decarbonization of global en-
ergy markets.[*] Metal-CO, batteries utiliz-
ing CO, in energy storage are potential en-
ergy sources for electromobile, Mars ex-
ploration, and submarine operation, where
CO, is abundant. Amongst these, Li-CO,
batteries are the most promising candi-
date because of a high discharge voltage
of 2.8 V and theoretical energy density of
1876 W h kg~1.[45]

Li-CO, batteries were originated from
CO,-involved Li-O, batteries. In 2011,
Takechi et al. introduced CO, to Li-O, bat-
teries to increase the discharge capacity and
energy density/®l In 2013, Xu et al. developed a Li-CO, bat-
tery with a high discharge capacity of 2500 mAh g~! using an
activated carbon-based cathode and ionic liquid electrolyte op-
erated at the temperature of 100 °C, as is shown in Figure
1a.l”l After that, research efforts were made to develop highly re-
versible Li—-CO, batteries with attention to catalyst design, elec-
trolyte engineering, and optimization of device configuration.[®!
Generally, during discharge, electrons transfer from the cath-
ode to the absorbed CO, and react with Li* ions migrating
from Li anode to form discharge products (DPs), including
lithium carbonate and amorphous carbon (Li,CO, and C) based
on the reaction, 4Li + 3CO, « 2Li,CO; + C. On charge, DPs
are expected to be reversibly decomposed to Li* ions and CO,
molecules.5>°]

Despite the progress achieved in Li-CO, batteries, further de-
velopment from laboratory-scale to practical application remains
restricted because of low reversibility, high voltage polarization,
and inadequate lifespan.'”) The limitation to performance
development is the decomposition difficulty with DPs during
charge.l'!l The major DPs, Li,CO, & C, require a high charge po-
tential of >4.2 V for decomposition because of the thermodynam-
ically stable and electrically insulating nature of Li,CO,."2l The
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Figure 1. a) Timeline for development of Li-CO, batteries and potential applications. b) Research trend in Li-CO, batteries. (Updated on 27" April
2023. Key search word used in Web of Science was “Li—CO, batteries”). c) Publication distribution for different DPs in Li—~CO, batteries.

depth of DP decomposition and the accumulation of residues
gradually deteriorates the reversibility and cycling stability of
Li-CO, batteries. In some cases, DPs can be controlled to readily
degradable Li,C,0,, CO, and HCOOH products in Figure 1la
with lowered charge potential and improved energy efficiency
during cycling.['*! However, catalysts for Li,C,0, are restricted
because only Mo-based catalysts are reported to stabilize C,0,2~
intermediates. To form HCOOH products, aqueous electrolyte
should be used because CO, reduction to HCOOH requires
proton from electrolyte(s).l'¥l The CO-related Li-CO, system is
less reported because CO is not detected in most systems. As is
seen in Figure 1b,c, prevalent DPs are Li,CO, & C, and the major
practical challenge with Li-CO, battery development is the pro-
motion of Li,CO; decomposition. An improved control of DPs
is necessary to achieve satisfactory electrochemical performance
and activate the inhibited CO, electrochemistry in Li-CO,
batteries.

Previous reviews have summarized recent progress on spe-
cific components for Li-CO, batteries, including strategies
for cathode design, engineering of electrolyte formulas, and
functional electrocatalysts, together with methods for anode
protection.[**5>15] However, the electrochemical behavior of DPs
and formation /decomposition mechanisms received signifi-
cantly less attention. Additionally, impacts of DPs on electro-
chemical performance, rational DP controls, and elaborate char-
acterizations, remain lacking. In this review, we critically revisit
DPs in Li-CO, systems with a focus on problematic formation
and decomposition mechanisms, compositions, behaviors, and
significance in managing DPs for CO, electrochemistry and per-
formance of Li—-CO, batteries. We begin with the formation and
decomposition reactions of DPs, including Li,CO, & C, Li,C,0,,
Li,CO; & CO and HCOOH. Effects of product type and corre-
sponding mechanism on electrochemical performance are as-
sessed to highlight the significance of DP control. Specifically,

Adv. Mater. 2023, 35, 2210671 2210671 (2 of 33)

characterization methods such as in situ/operando techniques
for product analyses and mechanism understanding are system-
atically reviewed. We then review control methods for DPs, in-
cluding cathode, electrolyte, and cell configuration, to tailor Li-
CO, battery performance. Finally, we present our vision of design
principles for DPs, highlight emerging strategies, and examine
remaining challenges that govern the overall system efficiency of
Li-CO, devices.

2. Discharge Product (DP)
Formation/Decomposition Mechanisms

The mechanism(s) for DP-related reactions is the operational
“heart” for Li-CO, batteries. Originating from Li-O, batteries,
Li—CO, batteries are an open system requiring CO, as the energy
storage medium to the cell that can be constructed as a part of the
hybrid battery-fuel cell. During discharge, Li anode releases elec-
trons to the external circuit and generates Li* ions that are then
transferred to the cathode chamber. The CO, reduction occurs
at the three-phase interface of CO,, electrolyte, and the cathode
surface, where the CO, can be converted to products including
Li,CO, & C, Li,C,0,, Li,CO, & CO, and HCOOH, with the par-
ticipation of Li* ion and electrons (Figure 2). The charge process
involves the decomposition of DPs and the release of CO, and
Li* ions. Compared with oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) in Li-O, batteries, the domi-
nant CO, reduction and evolution are multistep reactions with
substantial intermediates that complicate the Li-CO, system, es-
pecially for analyses of DPs. Therefore, an improved understand-
ing of DP formation during discharge (CO, reduction reaction,
CRR) and decomposition during charge (CO, evolution reaction,
CER) is necessary to understand impacts on electrochemical per-
formance of Li-CO,.
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Figure 2. a) Discharge and b) charge mechanism for Li—-CO, batteries.

2.1. Li,CO; & C Products
2.1.1. Formation Pathways for Li,CO; & C Products

Li,CO; & C products are generally reported in Li-CO, batter-
ies with the most accepted discharge route of Equation 1 in
aprotic electrolytes. During discharge, Li,CO; is deposited with
amorphous carbon on cathode, synchronously. Hou et al. pro-
posed a disproportionation reaction mechanism for Li,CO; and
C products in Li-CO, batteries based on mechanisms of Li—
0, batteries.[%3] Specifically, the CRR takes place first with the
formation of thermally unstable C,0,%" intermediate from dis-
solved CO, molecules, which involves a two-electron transfer
process (Equation 2). The C,0,%~ reacts disproportionately with
CO,?™ and CO, (Equation 3), following which the C,0,%~ couples
with CO,% to form C and CO,?", (Equation 4). Li* ions from the
anode then can react with CO;%~ to form Li,CO;, Equation 5. It
is concluded that CRR chemistry involves multielectron transfer
processes in multiple steps, accompanied by the generation of
complicated intermediates. Although identifying reaction inter-
mediates and rate-determining steps in the CRR presents diffi-
culties, Qiao et al. observed oxalate species (C,0,%") peaks at the
beginning of discharge.[') The C,0,%~ signal then gradually dis-
appears with the emergence of Li,CO, (1319 cm™') and C (1587
cm™!) in subsequent reactions based on in situ Raman spectra.
These findings are in good agreement with the proposed dispro-
portionation reaction mechanism (Equation 4).

4Li* + 3CO, + 4e~ — 2Li,CO, + C (1)
2CO, +2¢~ < C,02° ()
C,07” - CO)™ +CO, (3)
C,02” +COJ” - 2COT +C )
2Li* + COJ™ — 21i,CO; + C (5)

Adv. Mater. 2023, 35, 2210671 2210671 (3 of 33)

www.advmat.de

Charge (CER)

»
°0+°—>Cdr+o+e'

Li,CO, C Co, Li*

5‘05———><'°(\ + o + Q@ + e

Li,CO, co, Lit 0O

®w —— 0 + e

0,- 0,

°,tn'0 — > 00 + o + €
Li,C,0, co, Li

& * 00— > 0 +o + &
Li,CO, CO co, Li

of — 00 * o * €
HCOOH co, Li

2.1.2. Nucleation and Growth of Li,CO, & C Products

The nucleation and growth of Li,CO, and C are affected by the
binding energy between intermediate species and employed cat-
alysts. Similar to the formation mechanisms for Li,O, in Li-O,
batteries, there are two main routes for Li,CO; & C nucleation
and growth, namely: surface adsorption growth and solvation-
mediated growth mechanism.['”] If carbonaceous intermediates
have relatively weak binding energy to cathode materials, the
Li,CO, preferentially nucleates in the electrolyte near the cath-
ode surface through a solvation-mediated growth mechanism
(Figure 3a).'8! The formed Li,CO; would stack on the cathode
surface and forms some specific morphology, for example, self-
assembled flower-like structures.'®'%) In contrast, if the binding
energy between the catalyst surface and carbonaceous is suffi-
ciently strong, the Li,COj, layer tends to grow directly on cathode
surface via surface adsorption growth mechanism to form uni-
form and conformal morphology.

Lian et al. reported the growth of Li, CO, tends to be solvation-
mediated growth mechanism on Co;0,-based cathode.[' This
mechanism eventually leads to the generation of massive shape
discharge products. Ma et al. prepared MnOOH arrays on
stainless-steel (SS) mesh cathode for Li-CO, batteries.["®! They
reported the product nucleation and growth on MnOOH fol-
low surface adsorption growth with uniform and conformal
morphology because of the high adsorption energy of cova-
lent bond between Li@Li,CO; and O@MnOOH (-4.31 eV).
Ultrafine Li,CO; (x5 nm) are uniformly embedded into the
carbon matrix, which significantly enlarges the contact in-
terface of the two products, facilitates electron transmission
through DPs, and promotes CO, evolution during charge.
Wang et al. studied the product growth mechanism on a
RuO, @TiO, catalyst and found the Li,CO,; growth mecha-
nism can be modulated, as is shown in Figure 3b-g.!'*"]
TiO, surface has a relatively strong adsorption energy to CO,.
Thereby, the CO, can readily be captured by the surface of TiO,
and react with Li* to form Li,CO, via surface adsorption growth.
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Figure 3. a) Growth mechanisms for Li,CO; & C products in Li-CO, batteries. b) Galvanostatic discharge—charge (GDC) profiles for RuO, nanoparticles
decorated TiO, nanowire arrays on carbon textiles (RuO,-TiO, NAs/CT), TiO, NAs/CT, and CT of the first cycle. SEM images of c) TiO, NAs/CT and

d) RuO,-TiO, NAs/CT cathodes observed after discharge to 2000 mAh g~

e) Galvanostatic discharge profiles for RuO,-TiO, NAs/CT, TiO, NAs/CT,

and CT. Optimized structures and corresponding binding energy for Li,CO; on f) TiO, and g) RuO,. b-g) Reproduced with permission.l’®?] Copyright

2020, Elsevier.

Because of the weaker adsorption ability of RuO, on Li,CO;, the
generated Li,CO, is more readily released from the surface of
RuO, during charge and diffused into the electrolyte, resulting
in a solvation-mediated growth mechanism of DPs together with
a boosted discharge capacity of 16, 727 mAh g='.11%]

The catalyst design offers a feasible approach to tune the
growth mechanism of DPs through either the solvation-mediated
growth or the surface adsorption growth mechanism. How-
ever, DPs formed through solvation-mediated growth mecha-
nism with flowerlike morphologies tend to be thick and large
which is disadvantageous for the following charge reactions.[*]
Meanwhile, the surface adsorption growth mechanism with thin
but conformal layer DPs can result in low capacity of batteries.
Therefore, a balance between the high capacity and the energy
efficiency is necessary in cathode design for Li-CO, batteries.

2.1.3. Decomposition Mechanism for Li,CO; & C Products

Theoretically, CER during the charge of Li-CO, batteries can be
considered as the reverse reaction of CRR (Equation 1), in which
CO, at the cathode, and metallic Li at the anode, are respectively
regenerated. Functional catalysts are favored to boost the sluggish
decomposition kinetics of Li,CO;. An extensive understanding
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of the decomposition mechanism for DPs is crucial therefore to
develop well-selected catalysts to satisfy stringent requirements,
especially for CER. Recently Qiao et al. investigated charge re-
actions by in situ Raman and demonstrated that Au-based elec-
trocatalysts only allow the sole decomposition of Li,CO, (Equa-
tion 6) which requires high charge potentials (E° = 3.82 V vs
Li/Li*).[1%! This conversion involves the formation of O, ~ rad-
icals (Equations 7 and 8) which may react with electrolyte sol-
vents and decrease battery reversibility and stability. However,
Ru-based electrocatalysts promote concurrent decomposition be-
tween Li, CO, and amorphous carbon species to form Li and CO,.
They found the Raman peak intensity for Li,CO, at 1085 cm™!
and G-band of carbon at 1587 cm™' decreases synchronously with
the increase of linear scan potential from 3.0 to 4.5 V after a gal-
vanostatic discharge (Equation 9). In this process, CO, is the only
gaseous product, and rechargeable /irreversible Li-CO, batteries
transfer to reversible batteries with thermodynamic equilibrium
potential of 2.8 V versus Li/Lit. Although the catalytic mecha-
nism for Ru in CO, evolution remains unclear, the battery per-
formance is no longer limited by irreversibility.

2Li,CO; — 4Li* +2CO, + O, + 4e” (6)

21i,CO, — 4Li* +2CO, + O} + 3¢~ (7)
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21i,CO;, + C — 4Li* + 3CO, + 4e~ 9)

Generally, the Li,CO, is crystallized and/or amorphous de-
pending on electrochemical environment(s). In crystallized
Li,CO;,, the 2p orbitals from the C atom combine with the 2p
orbitals of three O atoms and form stable 7 orbitals of carbon-
ate, which are perpendicular to the triangle plane.l?" As a result,
the breakdown of crystalized carbonate is likely the most difficult.
However, it is facile for amorphous Li,CO, to be decomposed as
C-0 bonds are not uniformly distributed. Xiao et al. observed a
two-stage charge voltage profile on CNT electrodes after initial
charge polarization.l?!l The first stage is proposed to be the de-
composition of ultrafine crystal and amorphous Li,CO;, which
is sensitive to the applied current density. The second stage with
high overpotential corresponds to the decomposition of block-
age of transport channels and accumulated side products. How-
ever, unlike product nucleation and growth, there is no direct
confirmatory evidence for the decomposition mechanism. De-
tails for Equation 9 remain sophisticated and require more in-
depth study to determine mechanisms for the development of
high-performance Li-CO, batteries.

2.2. Li,C,0, Products

Numerous research efforts have been devoted to understand-
ing the formation/decomposition of DPs for prolonged battery
lifespan and reversible capability. The theme of this has been
to modulate the formation of intermediates. Most studies re-
port that Li,CO, and C are the final DPs and that the C,0,*
generated through the route of Equation 2 is an intermediate
during CO, reduction because of the thermally unstable prop-
erty of Li,C,0,. However, if C,0,%" species are stabilized by
catalysts, corresponding disproportionation reactions in Equa-
tions 3-5 would be suppressed and the Li,C,0, phase becomes
the final DPs instead of Li,CO,. Compared with insulating and
insoluble Li, CO, products, this environmentally friendly oxalate
salt species is more favorable because the potential for CO, re-
duction to C,0,% is ca. -0.03 V versus normal hydrogen electrode
(NHE) and the oxidation of C,0,%" to CO, occurs at +0.81 V ver-
sus NHE.

In 2017, Hou et al. first reported the MO, C-CNT catalyst and
pointed out that Li,C,0, was the sole product formed during
discharge (Figure 4a).’3 In addition, they reported that the
charge potential was effectively reduced to less than 3.5 V with
a high round-trip efficiency of 77%. They attributed the stabiliza-
tion of C,0,%~ species to the coupling of Mo with O in C,0,2~
through coordinative electron transfer (Equation 10). Where af-
ter, Zhou et al. used ultrafine Mo,C nanoparticles anchored on
a carbon nanotube (CNT) cloth as the cathode.['*!} By compar-
ing charge density differences of Li,C,0, on Mo,C and CNT
surfaces (Figure 4b), they confirmed Mo,C could stabilize the
Li,C,0, by transferring outer electrons to O atoms in Li,C,0,.
This hybrid catalyst exhibited higher capacity of 3,415 pAh cm=2
and lower overpotential of 0.65 V (Figure 4c,d). Both Li,C,0, and
Mo-O species are detected via in situ Raman spectra, as shown
in Figure 4e. Yang et al. theoretically postulated reaction mech-
anisms for MO, C catalysts via first-principles density functional
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theory (DFT) computation.['*®! They confirmed that dispropor-

tionation reactions of Equations 3-5 for Li,CO; were inhibited
because of the increased free energy change of the split reac-
tion, resulting in well-preserved Li,C,0, products. Additionally,
p-MO,C (001) and (101) catalyst surfaces exhibited the lowest
Gibbs free energy change for Li,C,0, nucleation and the low-
est overpotential for discharge. Electron transfers were found be-
tween Li,C,0, and MO, C surfaces based on Bader charge anal-
ysis.

More important however is that charge reaction kinetics at the
surface of Mo, C are accelerated together with a lowered thermo-
dynamic equilibrium potential (2.8 V vs Li/Li*). Based on the
proposed charging mechanism where Li,C,0, serves as main
product, Li,C,0, can be readily converted back to Li* ions and
release CO, molecular via Equation 11 by electron transmis-
sion to external circuit without any residual(s) or side reaction(s).
Li-CO, batteries therefore exhibit excellent reversibility and sta-
bility when Li,C,0, forms as DPs. Notably, Wu et al. reported
that, unlike previous studies in which Mo,C was reported to
stabilize of intermediate oxalate species, synthesized graphene
nanoplatelets/f-Mo,C catalyst followed a conventional reaction
mechanism with formation of Li,CO, in high-dielectric N,N-
dimethylacetamide electrolyte, despite it still shows improved
electrochemical performance.[??! The intermediate stabilizing ef-
fect of Mo-based components in Li—-CO, batteries appears impor-
tant for further investigation.

C,0%” + 2Li* 4+ Mo,C - Li,C,0, — Mo,C (10)
Li,C,0, — 2Li* +2CO, + 2e~ (11)

However, until now, only Mo-based catalysts, such as Mo,C
and MoN, have been reported for stabilizing Li,C,0, species via
Mo-0 bond.!'3#?223] In the area of electrocatalytic CO, reduc-
tion, metal-organic frameworks (MOF), cobalt phthalocyanine
(CoPc), or copper-based catalysts, were found to stabilize C,0,%"
species.[?*] With reasonable design, these catalysts might also be
applied to stabilize Li,C,0, products in Li-CO, batteries.

2.3. Li,CO; & CO Products

Another promising DP in aprotic Li-CO, is CO, which favors
highly reversible Li-CO, batteries with low overpotential. In
2013, Xu et al. were the first to report that Li,C,0, intermedi-
ates could be converted to Li,CO; and CO at high temperatures.!”!
The measured discharge potential surpassed the theoretical equi-
librium potential value, demonstrating the proposed process of
Equation 12 is significantly complicated, or indeed, partially in-
correct. Electrocatalysts played a key role in controlling electro-
chemical reactions and altering final reduction products of CO,
to CO because of various electrocatalytic selectivity. Xie et al. de-
signed a 3D porous fractal Zn material as the first Li-CO, battery
system with the fuel-gas CO as the gaseous reduction product.!’]
After discharge, no amorphous C was detected and therefore
the related discharge reaction can be proposed as Equation 13.
The CO generation is adjustable, with a maximum Faradaic effi-
ciency (FE) of 67% at the applied current of 0.1 mA. However,
it should be noted the generation of CO is accompanied with
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Figure 4. Summary of Li,C,O,4 product-based Li—CO, batteries. a) Schematic illustration of discharge and charge reactions on Mo,C/CNTs catalysts.
Reproduced with permission.['38] Copyright 2017, Wiley. b) Charge density difference of Li,C,0, adsorbed on Mo,C (001) surface and CNTs (002)
surface. c) GDC profiles for Mo, C nanoparticles anchored on a carbon nanotube (CNT) cloth (CC@Mo,C NPs) and CNT cloth at the current density of
50 uA cm~2. d) GDC profiles for CC@Mo,C NPs and CNT cloth within initial capacity of 100 uAh cm™2. e) In situ Raman spectra of CC@Mo,C NPs at
12 selected states during cycling at 20 A cm~2. Reproduced with permission.l’3d] Copyright 2019, Wiley.

Li,CO;. FE decreases when solid Li,CO; products accumulate
and cover the cathode surface, leading to reduced battery per-
formance. Zhao et al. obtained direct spectroscopic evidence of
CO,", CO, and Li,CO;) by using Cu-coated Au (Cuy,; @Au) cat-
alysts. They proposed CO product-related mechanism in Equa-
tion 13 via in situ surface-enhanced Raman spectroscopy (SERS)
and theoretical computation.!*! They highlighted that CRR via
conventional Equation 1 might be difficult in the catalyst because
of sluggish chemical steps involved (e.g., dimerization of two
CO,~ intermediates), which can be determined by near-Fermi
level d-orbital states of the electrocatalyst and cation type.

2Li + 2CO, — 1i,C,0, — Li,CO, + CO (12)
2Li* + 2CO, + 2e~ — Li,CO, + CO (13)

The CO in aprotic Li-CO, battery represents a practically
promising product because of its wide application in industry, in-
cluding Fischer-Tropsch synthesis, pharmaceuticals, and reduc-
tion of ores.[?”] High-performance catalysts for electrochemical
CO, reduction, such as Au, Ag, Zn, and Cu can be employed in
Li-CO, batteries. However, regarding the CO formation mecha-
nisms, in electrochemical CO, reduction to CO in aqueous elec-

Adv. Mater. 2023, 35, 2210671 2210671 (6 of 33)

trolytes, protons are indispensable for the formation of interme-
diates such as *COOH, which is not applicable for the aprotic
electrolyte in Li~CO, batteries.[?®! Therefore, CO formation in Li—
CO, batteries needs to be determined with caution.

2.4. HCOOH Products

In cathode electrodes, most DPs reported in Li-CO, batteries
are insoluble with different morphology, such as Li,CO;, C, or
Li,C,0,, ranging from hundreds of nanometers to microme-
ters in size. Soluble liquid product might be ideal because prod-
ucts can timely desorb from the active site and sufficient contact
between reactants and catalysts ensures completed decomposi-
tion. Amongst the diverse liquid CO, reduction products (e.g.,
formic acid, methanol, ethanol, and formaldehyde), formic acid
is attractive and practical because it is the most kinetically ac-
cessible and many CO, reduction catalysts (such as Sn, Bi, Pd,
In, Co) have high formic acid selectivity.[*”) However, the gen-
eration of formic acid requires protons commonly provided by
aqueous electrolytes, which may limit the application in aprotic
batteries.>"]
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Figure 5. Summary of HCOOH product-based Li-CO, batteries and performance. a) Schematic illustration of aqueous Li—CO, batteries. b) SEM image
of the Liy,Al,Ge,_,(PO,)3 (LAGP) separator, the inset is the photograph. c) Comparison between aprotic and aqueous Li-CO, batteries. d) Long-term
cycling test for porous Pd-film and bulk Pd at 0.2 mA cm~2. Reproduced with permission.['*¢] Copyright 2021, Wiley.

Recently, to create an aqueous environment for producing
formic acid, Xue et al. used a solid-state electrolyte (SSE) of
Li,, Al Ge, . (PO,); (LAGP) as a separator between the aqueous
cathode chamber and the aprotic anode chamber which only al-
lows the migration of Li* ion.['*?] As is seen in the cathode cham-
ber shown in Figure 5, nanoporous Pd films were used as cata-
lysts for the reversible reactions (Equation 14), in which thermo-
dynamic equilibrium potential for formic acid generation and de-
composition is 2.80 V versus Li/Li*. In this design, formic acid
was detected with high selectivity (FE = 90%) and therefore ac-
tive sites are timely released on catalysts. In addition, the battery
can stably cycle for more than 300 h with the low charge poten-
tial 0f 2.99 V, which is promising for practical energy storage and
conversion.

CO, + 2H* + 2Li & HCOOH + 2Li* (14)
The LAGP separator-involved design enables the reduction of

CO, in an aqueous electrolyte without affecting the Li* deposi-
tion and releases at the anode. Via this strategy, more efficient and

Adv. Mater. 2023, 35, 2210671 2210671 (7 of 33)

inexpensive catalysts such as Sn and Bi can be applied to Li-CO,
batteries. However, side reactions, including hydrogen evolution
reaction (HER) and CO evolution reaction (CORR), can lower se-
lectivity and cause catalyst degradation.®!] Another problem is
the local pH change during electrolysis caused by the consump-
tion of protons or the release of OH™~, which may affect the formic
acid selectivity.®”) Generally, the CO, reduction products tend to
be formic acid when the electrolyte pH is lower than 3.75. With
an increase of pH, the CO reduction pathway toward formate be-
comes thermodynamically favored compared with that of formic
acid products. When the pH increases to above 7, the standard re-
dox potential for CO, reduction to formate reaction is even lower
than that of HER.?% In addition, electrolyte with high alkaline
concentrations can suppress by-products such as CO, H,, and
CH, because of their dependence on proton concentration.!*]
Furthermore, high pH electrolyte may result in improved selec-
tivity toward more complex discharge products, such as ethylene
and ethane.®] These gases can be released instead of being ox-
idized to CO, during charge, which decreases the reversibility
of Li-CO, batteries. Therefore, to achieve excellent stability, the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Impacts of discharge/charge mechanisms and DP properties on electrochemical performance.

effect of local pH change should be minimized in this aqueous
system. Because the electrolyte pH increase in the cathode cham-
ber is not sufficiently compensated by the SSE separator, ion-
exchange membranes such as Nafion membranes can be consid-
ered to allow the migration of H* or OH™ ions and balance the
pH.®l Another practical strategy is the utilization of electrolyte
with high buffer capacity to alleviate the pH change and ensure
the battery stability.

3. Effects of DPs on Electrochemical Performance

Despite significant research efforts have been devoted to the Li—
CO, electrochemistry, the electrochemical performance of cur-
rent Li-CO, batteries still needs to be boosted for any practical ap-
plication because of the decomposing difficulty of stable DPs and
the cathode, or electrolyte decay at high charge potential. Table 1
presents a comparative summary of the typical Li-CO, batteries
classified by-product type. Although Li,C,0,, CO, or HCOOH-
based Li—CO, batteries usually present relatively “good” perfor-
mance, Li,CO, and C are the final DPs in most Li-CO, systems.
Properties of DPs, determined by CO, reduction mechanisms
and the nucleation /growth affect the cathode, the electrolyte, and
the interface contact, which is critical to electrochemical perfor-
mance (Figure 6). In this section, the effects of DPs in determin-
ing electrochemical performance are critically assessed.

3.1. Discharge/Charge Potential as Affected by DPs
3.1.1. Discharge Potentials

Thermodynamic discharge potential (reversible potential) mainly
depends on the CO, reduction reactions of Table 2 according to
the isothermal relation of Gibbs free energy and electromotive
force, namely: AG = — nFE. Generally, reactions for producing
Li,CO;-based products correspond to higher discharge potentials
because of the large Gibbs free energy change (A;G°(Li,CO;) =
-1132.12 k] mol™'), compared with that of Li,O based product
related reactions (A;G°(Li,O) = -561.2 k] mol~!).1**] The mecha-
nism that involves the reduction of O, or CO corresponds to high

Adv. Mater. 2023, 35, 2210671 2210671 (8 of 33)

thermodynamic discharge potentials of >3.7 V versus Li/Li*, evi-
dencing the existence of O, and CO impurities can result in posi-
tive effects on the improvement of discharge potential and energy
efficiency.l*] Among the solid DP-related mechanisms, the for-
mation of Li,C,0, with a relatively high equilibrium discharge
potential (>3 V vs Li/Li*) is promising as the following charge
process requires lower overpotential. The discharge potential for
the formation of Li,C,0, on Mo,C catalyst can be increased by
~0.2 V compared with Li,CO; product on CNT-cloth within an
initial capacity of 100 pAh cm=2.[134]

However, the discharge potential is likely, practically, affected
by some external factors.**! Fundamentally, DP formation is it-
self an electrochemical reaction that depends strongly on the
corresponding electrochemical environment. Reaction pathway
changes when electrochemical environments do not favor the nu-
cleation and formation of Li,CO, and C. For example, Qiao et al.
detected a Li, O intermediate via reducing the electrolyte concen-
tration (50 x 10~* M) and the CO, partial pressure (CO,/Ar, 1:5
v/v) with an extended discharge capacity of 20 uAh.[**) Raman
peaks for Li,O at 520 cm™! gradually appear when the discharge
voltage falls to 1.8 V. This phenomenon is in all probability be-
cause of the limited mass transfer in the decreased Li* ion and
CO, partial pressure, leading to Li,O accumulation at a low dis-
charge potential. Based on theoretical thermodynamic computa-
tion, the Li,O-related mechanism is proposed as Equations 15
and 16. The Li, O can react further with adsorbed CO, and gener-
ate Li,CO;. Although final products are Li,CO, + C, more com-
plex intermediates can be generated and the discharge potential
can only reach 1.8 V. Therefore, the mass transport problem of
Li* and CO, has significant impacts on the reaction mechanism
and the discharge potential.[?*]

4Li* 4+ CO, + 4e — 21i,0 + C (15)
21i,0 + 2CO, — 21i,CO, (16)

Additionally, the discharge potential can also be influenced by
electrolyte and catalyst degradation. The strong oxidizing species
can damage cathodes, or electrolytes that will affect CO, re-

duction activity.>>! Moreover, if DPs are not decomposed com-
pletely during charge, residuals accumulated on the cathode will
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Table 2. Thermodynamic discharge potential for selected reaction and products.

Reaction Product(s) EO (V vs Li/Li*) Refs.
ALi* + 4e= +3C0O, ~ -2Li,CO; + C Li,CO, & C 2.80 [56]
2C0, + O, + 4Li* + 4~ — 2Li,CO, Li,CO, 3.82 [57]
4Li* + CO, + 4e~ — 2Li,0 +C Li,0&C 1.89 [16]
2Li* + 2CO, + 2e~—Li,C,0, Li,C,0, 3.01 [13b]
2Li + 2C0O,+ 2e~ — Li,CO,+ CO Li,CO, & CO 2.50 [25]
2Li* + 3CO + 26 — 2C + Li,CO, Li,CO, & C 3.73 58]
CO, + 2H* + 2e™ + 2Li » HCOOH + 2Li* HCOOH 2.80 [13¢]

gradually cover active sites and block Li* and CO,. As a result,
the significant effects on mass transfer and poor electrical con-
ductivity will cause a gradual decrease of discharge potential and
impacts will accumulate when cycling.

In recent years, the real operating voltage of Li-CO, batteries
is questioned by some researchers. For example, Tan et al. re-
port the real operating voltage, which is surprisingly found to be
only 1.1 V in a Swagelok-type test device.[**] They demonstrated
the CO, reduction reaction at the voltage of <2.0 V goes through
the 4-electron reaction of 4Li* + 3CO, + 4e~ — 2Li,CO; + C
based on findings from real-time TEM and galvanostatic inter-
mittent titration technique. By decoupling small currents, 1% O,,
and 500 ppm H, O, the operating voltage plateaus were improved
to ~2.0 V. Additionally, a high operating voltage of ~2.6 V was
achieved by a minor air leakage in test environment, confirm-
ing the impacts of the surrounding environment. However, the
mechanisms of O, and/or H,O participated discharge process
are not fully revealed at present. Therefore, in depth investiga-
tion to identify related mechanisms is required to quantitatively
determine the effects of surrounding environments in operating
Li-CO, batteries. More in situ/operando characterizations, such
as in situ Raman and differential electrochemical mass spectrom-
etry (DEMS), are encouraged to track discharge products and in-
termediates on the cathode with the participation of O, and H,O.

It is worth noting that several reported Li-CO, batteries in
Table 1 achieve discharge potentials of higher than 2.8 V. For ex-
ample, Zhang et al. report a high discharge potential of 3.0 V via
employing the W,C embedded CNTs in the system.?°l However,
how can the discharge voltage be thermodynamically above the
theoretical equilibrium potential of 2.8 V? What are the products
in the case of these discharge voltages beyond the equilibrium
potential? A major reason is the electric double layer formed on
the carbon-based cathode surface that can provide extra capacity.
Although this part of the capacity is not caused by the CO, re-
duction, the apparent discharge potential can be significantly el-
evated. That is why the N-doped ReS, catalysts with rich S vacan-
cies (3N;Sy-ReS,) exhibit high discharge potential of 2.88 V.>!]
This is evidenced in both Li-CO, and Li-O, batteries because
carbon-based cathodes are widely employed in gas-involved bat-
teries. One means to exclude this effect is to employ the non-
carbon substrate for cathode preparation, for example, the Ni
foam. Another reason is the change of reaction pathways and
corresponding discharge products. For example, the formation
of Li,C,0, product via 2Li* 4+ 2CO, + 2e~ — Li,C,0, has a high
theoretical equilibrium potential of 3.01 V.[2*] If the catalysts can
stabilize the Li,C,0, from the further conversion to Li,CO; and
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C, a high discharge voltage (>2.8 V) is likely exhibited. Cutting
edge in situ/operando techniques such as in situ Raman are en-
couraged to confirm the formation of Li,C,0, as this product is
not stable and can be readily decomposed to Li, CO,. Additionally,
contaminates from the surrounding environments, such as O,,
may improve discharge potential and capacity via side reactions
such as oxygen reduction via O, + 4Li* + 4e~ — 2Li,O (theo-
retical equilibrium potential: 2.91 V). Therefore, it is important
to exclude impurities in CO, gas and possible side reactions in
order to clarify the real discharge potential.

3.1.2. Charge Potentials

As for charge potential in Li—-CO, batteries, product properties
and charge reactions are the primary factors. As discussed pre-
viously, discharge reactions in aprotic electrolyte mainly form
Li,CO; and C products. According to equilibrium potentials for
each reaction summarized in Table 3, the solo decomposition of
carbonate direct Li,CO, decomposition is irreversible and occurs
only at greater potential of >4 V, during which the O,, or O, will
also be generated as oxidation reaction product. However, when
amorphous carbon participates in the charge reaction with the
assistance of active catalysts, such as Ru, the charge potential can
be significantly decreased through the concurrent decomposition
reaction of Equation 1 with the thermodynamic charge poten-
tial of 2.8 V. Alternatively, the decomposition of other DPs, such
as Li,C,0,, Li,CO, and CO and HCOOH, always correspond to
lowered potentials because these products are not as stable as
Li,CO;, and the decomposition is thermodynamically easier.
For a specific DP, properties including morphology, degree
of crystallinity, and distribution are critical in affecting charge
potential. Generally, Li,CO; and C with smaller size, less crys-
tallization, and “better” distribution correspond to lower charge
overpotential. Wang et al. tuned properties of Li,CO, and car-
bon by rational design of ZnS quantum dots /nitrogen-doped
reduced graphene oxide (ZnS QDs /N-rGO) heterostructure.>!
Electronegative ZnS QDs are good at adsorbing CO, and trans-
ferring electrons, and providing more nucleation sites than that
on the N-rGO. DP particles on ZnS QDs /N-rGO cathode grow
faster in quantity, but slower in size, compared with that on N-
rGO cathode. Benefiting from the good electronic transmission
and high electrochemical activities of uniformly distributed ultra-
fine product particles at the interface, batteries with ZnS QDs /N-
rGO cathode present a charge potential of 3.97 V at the current
density of 200 mA g=!, which is 0.48 V lower than that of N-rGO.
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Reaction Product(s) E0 (V vs Li/Li*) Refs.
2Li,CO, + C — 4Li* + 4e~ + 3CO, Li*/ CO, 2.80 6]
2Li,CO, — 4Li* +2CO, + O, + 4e™ Li*/CO,/0, 3.82 [60]
Li,0 — 4Li* + O, + 4e” Li* and O, 2.91 10
Li,C,0, — 2Li* + 2CO, + 2~ Li*/co, 3.01 [13d]
Li,CO,+ CO —2Li* + 2CO,+ 2¢ Li*/CO, 2.50 [25]
HCOOH + 2Li* — CO, + 2H* + 2e~ + 2Li* Li*/CO, /H* 2.80 [13q]

Additionally, tuning the crystallinity of DPs from crystalline to
amorphous decreases the charge potential because Li,CO; with
lower degree of crystallinity decomposes relatively readily. Mao
et al. reported that a functional electrocatalyst composed of ultra-
fine IrO, particles and thin-layered 6-MnO, sheets (IrO,/MnO,)
favors the formation of DPs with a less crystalline feature.[*’1 IrO,
possibly acts as the catalytically active center for the nucleation
and growth of DPs because of the high catalytic activity of ultra-
fine IrO, particles. The synergistic catalytic effect of MnO, sheets
with abundant catalytic sites provides sufficient nucleation sites
and leads to the conformal growth of thin-layered Li,CO;. This
Li,CO; structure can be readily decomposed at a lower potential
of 4 V at the current density of 100 mA g='.

3.2. Battery Capacity Affected by DPs

The capacity of a Li-CO, battery measures the maximum amount
of energy that can be extracted from the battery during CRR or
CER. It is generally acknowledged that the battery capacity of Li—
CO, batteries is closely related to accumulated DPs that are de-
posited on the cathode surface, or within cathode structures.

The initial porosity of the cathode is the determining fac-
tor to the battery capacity. Rich channels and pores favor the
mass transportation of Li* and CO, and provide large spaces
for DP decomposition.[®!] Li et al. compared the performance
of MnCO,;, Mn(HCOO),, Mn,(dobdc) (dobdc = 2,5-dioxido-
1,4-benzenedicarboxylate) with different crystal structures. They
found the Mn,(dobdc) MOF structure with the large pore size
of #11 A and high CO, uptake of 143 cm® g~! (at 1atm and 298
K) can reach a full capacity of 18, 022 mA g~'.[!l By contrast,
the non-porous MnCO; with near zero CO, uptakes can only
reach ~11, 000 mA g~'. Moreover, the type of porosity also plays
a significant role in battery capacity. Generally, on a cathode with
uniform porosity, both the gas side and the electrolyte side with
saturated CO, have short CO, transport route and DPs tend to
accumulate near two edges.®?] The internal transport channels
are obstructed with less in the center of cathode, leading to the
low utilization of the void volume and a low discharge capacity.
Therefore, it is ideal to set large porosity at both side of the cath-
ode to accelerate mass transport and avoid the obstruction. The
internal of the cathode should have small porosity to enhance the
mechanical strength. To reach this goal, it is worthy to explore
cathode designs with continuous gradient porosity for large DP
accumulation.

The battery capacity is closely related to charge/discharge rate,
for example, Xiao et al. displayed the discharge—voltage curves
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at various current densities on a CNT-based cathode and found
the full capacity at 0.2 mA cm~2 (4881.03 mAh g~!) was 35.2%
higher than thatat 0.5 mA cm™2 (3611.83 mAh g~1).I?l They iden-
tified, based on SEM results, that the DP morphology evolves
significantly from small particles to large Li,CO, crystals with
an increase of current density. Therefore, they attributed the ca-
pacity discrepancy at various current densities to morphology
differences in DPs. By theoretical simulation, they identified
that large plate-like DPs show limited full capacities, while the
needle-like ones could reach high capacities, a result that further
identified the relationship between current density/DP morphol-
ogy/capacities. Therefore, the discharge/charge rate is one of the
significant factors related to the morphology of deposited DPs
and corresponding changes in capacity.

Moreover, the DP structure and corresponding growth mech-
anism have a significant impact on battery capacity because
the solid Li,CO, product is an insulator. The deposition on the
surface gives rise to electronic resistance and isolates the con-
tact of reactants and catalysts. If DPs grow through the sur-
face adsorption growth mechanisms, a conformal insulating film
will be formed at the surface of the catalyst, resulting in sur-
face passivation and lower maximum capacity. However, if DPs
grow through the solvation-mediated growth mechanism, more
flower-like Li,CO; will assemble on the cathode surface. In this
instance, active sites are covered less by-products, and increased
product accommodation spaces can be efficiently used.

3.3. Battery Stability Affected by DPs

Battery stability is critical in Li-CO, batteries, and instability sig-
nificantly affects overall performance, including round-trip ef-
ficiency, cycling performance, and safety. It generally involves
the chemical stability of electrode materials and interfaces, the
electrochemical stability of cell during charge /discharge, and
mechanical stability in variations of external or internal stress.
Amongst them, the deposition behavior of commonly used Li
anodes, and electrochemical performance have been widely re-
ported in Li ion or L-O, battery-related studies.[®*] In this section,
the significant impacts of DPs on the stability of cathode struc-
ture and the related electrochemistry will be emphasized.

As one of the main DPs, Li,CO; is a solid-state insula-
tor that requires high potential for electrochemical decomposi-
tion. When incomplete decomposition of Li,CO; and C occurs,
residual Li,CO, will gradually stack on the cathode and form
insulating barriers, leading to increased impedance and high
charge overpotential. This accelerates cycling decay with inferior
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Coulombic efficiencies. Meanwhile, the structure of Li,CO; is
critical in determining deposition. For example, when inhomo-
geneous bulk Li,CO, accumulates to a particular thickness on
discharge, the formed dense passivation layer will result in sub-
stantial decomposition difficulty during charge. The high charge
overpotential inevitably induces decay of electrolytes and elec-
trodes, resulting in decreased cycle life.[ This phenomenon can
be further extended to other solid DPs in Li-CO, batteries such
as Li,C,0,.

Parasitic side reactions and corresponding by-products such
as superoxide anion, O,°”, generated at the interface of cath-
ode and electrolyte, especially at high overpotentials, can affect
the battery stability.l>>®°] Decomposition of Li,COj, is one of the
main route for O,°” generation (Equation 9), which occurs at
high charge overpotential without the participation of C. Another
route for O,° generation is the participation of O, in CO, re-
duction. In O,-involved Li-CO, batteries, the oxygen reduction
reaction to form O,°~ species is the thermodynamically favored
process (Equation 17) as the direct reduction of CO, molecules
requires a highly negative potential. O,°~ radicals with strong ox-
idizing properties could react with electrolyte solvents such as
DMSO and TEGDME, resulting in energy loss and more complex
new radicals and by-products.[®®] Meanwhile, gas diffusion elec-
trodes, including catalysts, carbon-based support, and the binder,
can also be eroded, which accelerates deterioration in battery
performance.%]

CO,*” is another by-product generated in the O,° -involved
system. The O,°”, acting as a strong nucleophilic free radical, can
attack the carbonyl carbon in CO, by Equation 18 and form the in-
termediate, CO,°~. Normally, this radical tends to react with CO,
to form C,0,°~ (Equation 19). The C,0,° can then be attacked
by active O,°~ radicals to form C,04*~ and O, via Equation 20.
After that, the C,0,%~ can react with another two O,°" radicals
to form Li,CO, and O, through Equation 21. Here, the CO,*~
acts as an intermediate to transfer electrons and form the solo
discharge products, Li,CO;. When in DMSO-based electrolyte,
the CO,* tends to react with Li* to form LiCO,, followed by the
reaction with Li*, CO,, and electrons, to form Li,CO, through
Equations 22 and 23. In CO,* -involved reaction pathways, the
overall reaction during discharge can be written as Equation 24.
During charge, the solo decomposition of Li, CO, requires higher
charge potential (>4.5 V) compared with the concurrent decom-
position, resulting in the degradation of catalysts and electrolytes.
Therefore, in the CO,*~-involved reaction pathways, DPs change
from Li,CO, and C to Li,CO, product, resulting in large charge
overpotential and deteriorating battery stability.

0,+e <O (17)
0; +CO, & CO; (18)
CO; +CO, < C,0, (19)
C,0; +0; < C,0f +0, (20)
C,0F +20; +4Li* « 2Li,CO, + 20, (21)
CO; +Li* — LiCO, (22)
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LiCO, + 4Li* + CO, + e « 2Li,CO, (23)
4Li +2CO, + 0,  2Li,CO, (24)

This review focuses however on aprotic Li-CO, batteries, while
battery stabilities in aqueous Li—-CO, batteries are less reviewed.
If Li metal is used however in aqueous Li-CO, batteries, the
safety issue and rapid chemical reactions between Li metal and
aqueous electrolytes should be the most important factor that
needs to be addressed first. It is concluded that the performance
of Li-CO, batteries is significantly impacted by physicochemical
properties of DPs. Although the development of efficient cata-
lysts and electrolyte is helpful for improvement of performance,
what they did is to essentially regulate the properties of DPs and
boost their decomposition during charge. It is necessary however
to deepen present understanding of the influencing mechanism
of related DPs to design highly reversible practical, aprotic Li-
CO, batteries.

It is worth noting that both “mA g=!” and “mA cm™2” can be
used as the unit of current density in Li-CO, batteries (Table 1).
“mA cm~2” reflects the amount of charge that flows through a
unit area of a chosen cross section. It is particularly meaning-
ful for the performance assessment of planar electrodes or elec-
trodes with defined surface area. Compared with “mA cm=2,”
“mA g~!” focuses more on the electrochemical properties of pow-
der materials loaded on the substrates. It refers to the current
density normalized by the mass of the active materials on the
electrode. This unit is widely used when comparing the perfor-
mance of materials with high surface area, such as porous or
nanostructured materials. In Li-CO, batteries, the catalyst ma-
terials loaded on cathodes usually have rich pores and chan-
nels, which makes it difficult to define the surface area. Thus,
“mA cm~%” is not suitable for these porous catalyst-based Li-CO,
batteries. In addition, rsearchers find the battery performance is
closely related to the loading of catalysts. Thus, a majority of liter-
atures prefers the use of “mA g=!” in Li~CO, batteries. Moreover,
standardization of current density unit is significant for perfor-
mance evaluation and comparison of results reported in different
studies. Therefore, it is strongly recommended to standardize the
current density unit to “mA g=!” in future studies in Li-CO, bat-
teries.

4. Characterizations for DPs in Li-CO, Batteries

An improved understanding of DPs and related reaction mech-
anisms is of significance for the design of high-performance
Li-CO, batteries. Thanks to the development of advanced tech-
niques, progress has been made in characterizing DPs and reveal
the formation /decomposition mechanismy(s). In this section, we
will focus on techniques of ex situ, in situ, and operando mea-
surements in revealing fundamental insights into the formation/
decomposition mechanism of DPs.

4.1. Ex Situ measurements

Ex situ techniques provide significant information about the
properties of DPs and can be used to evidence interaction(s) with
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catalysts, or electrolytes. By disassembling the cathode from bat-
teries at varied discharging of depth (DOD), or status of charg-
ing (SOC), formation /decomposition mechanism(s) for DPs can
be determined. Specifically, the morphology change of DPs af-
ter discharge and charge can be identified by microscopy tech-
niques, including scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and scanning transmis-
sion electron microscopy (STEM).32¢521 Emerging cryo-SEM and
cryo-TEM are demonstrated to be especially useful in imag-
ing of three-phase interface in cathodes.[®®! A highly sensitive
surface topography makes electron microscopies, more or less,
ideal for surface investigation, especially for DPs composed of
Li,CO;,, Li,O, C, and Li,C,0,. Importantly, integrated energy-
dispersive spectroscopy (EDS) and electron energy loss spec-
troscopy (EELS) modules provide detailed structural information
for electrodes and distinguish elemental distribution and compo-
sition in DPs.[%]

Powder diffraction is a rapid analytical technique using X-
ray diffraction (XRD), neutron power diffraction (NPD), or elec-
tron powder diffraction (EPD), for the identification of the struc-
ture of unknown crystalline phase and to provide information
in one unit cell dimensions.”"! These facilities are critical in Li-
CO, Dbatteries to identify DPs and decomposition products, to-
gether with by-products including 1i,0 and Li,0,.*] Via moni-
toring products after charge, XRD helps identify whether prod-
ucts accumulate, which is critical to solve problems of poor cy-
cling. Because both the surface and interface of electrodes can
affect the electrochemical performance, surface-sensitive spec-
troscopic techniques, including Raman spectroscopy, Fourier
transform infrared spectroscopy (FT-IR), and X-ray photoelec-
tron spectroscopy (XPS) need to be used.**”!] XPS, a quanti-
tative technique, provides information about oxidation states,
the composition of DPs /by-products, together with the interac-
tion with cathode and electrolyte.””] Raman and FT-IR can be
employed to identify surface species, especially amorphous dis-
charge products.[®>”3! Significantly, although a contamination-
free sample is necessary for ex situ characterization, environ-
mentally sensitive electrodes are inevitably contaminated by air
or moisture during sample transfer /loading, resulting in uncer-
tainty in measurement. Nevertheless, by characteristics of disas-
sembled batteries disrupted at different cycling state, these tech-
niques do provide plenty of reliable information about DPs in
Li-CO, batteries.

4.2. In Situ/Operando Techniques

DP formation and decomposition involve complex reactions and
intermediates during cycling. Because ex situ characterization
techniques for disassembled batteries are destructive, they can-
not be used to identify unstable and metastable intermediates.
In contrast to ex situ techniques, in situ instruments al-
low characterization without disassembly, and therefore provide
more realistic information about discharge /charge products
and mechanism(s). Operando characterization permits real-time
monitoring of product states and changes in discharge /charge
reactions. Here, we review the application of in situ /operando
techniques in identifying intermediates, monitoring the forma-
tion /decomposition of DPs, and determining the interaction be-
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tween catalysts and products at the interface. Both qualitative and
quantitative analysis techniques in Figure 7 are critically assessed
in the analysis of mechanisms.

4.2.1. In Situ Qualitative Analysis: Raman, RRDE, EPR, UV-Vis,
and SEM

Raman spectroscopy is an important spectroscopic technique
based on the vibrational characteristic effects of the incident
laser beam on inelastic scattering.l”*] It is widely used to ob-
serve vibrational transitions in homopolar bindings, including
C—C bonds and O-O bonds, where the infrared transition is not
active.”>] At present, via metal surface plasmonic resonance, in
situ surface-enhanced Raman spectroscopy (SERS) is established
based on Raman theory.”®! With enhanced Raman scatting of as
high as 10" times, in situ SERS is a practically powerful tech-
nique to identify the underlying chemical state change and inter-
mediate species in Li-CO, batteries.[*®”’] Because of the surface-
enhanced effect of gold sputtered on cathode, in situ SERS pro-
vides “rich” spectrum information on intermediates including
Li, O, carbon species, oxalate species (C,0,%"), CO, and Li,CO;,
which is critical to speculate and provides insights into reaction
mechanism(s).>378] For example, Qiao et al. explored discharge/
charge mechanisms using in situ SERS (Figure 8a,b).1"%! At the
capacity of 10 puAh, Raman peaks appearing at 1085, 1319, and
1587 cm™! can be assigned to specific vibration modes in Li,CO,
and the D/G band in carbon (Figure 8c—{). These peaks gradually
grew during discharge with a synchronously increasing trend.
However, when the discharge capacity was extended to 20 pAh,
a new plateau was exhibited at 1.8 V. A new peak of Li,O at
520 cm™! gradually appeared whilst the accumulation of Li,CO,
did not increase after 10 uAh. This directly evidenced that the
formation mechanism for Li,CO; is affected by mass transport.
Benefiting from the in situ SERS, they also found direct evidence
for the Li-CO, battery transition from irreversible on Au cathode
to reversible on a Ru cathode. On a Ru cathode during charge, the
Li,CO; and C species peaks decreased concurrently, and the Ra-
man peak intensity reached the minimum at ca. 3.6 V. However,
only the peak for Li,CO, exhibited a significant decreasing trend
at the charge voltage of 4.05 V. The unchanged peaks of G-band
species confirm irreversible reactions on Au-based cathode, and
successful fixation of CO, into C species.

The discharge /charge mechanism can be analyzed from the
appearance of intermediates and the related order of appearance
in the in situ SERS spectra. Most recently, Zhao et al. used in situ
SERS spectroscopy to investigate CO, reduction on Cuy; @Au
electrocatalysts in CO, saturated DMSO-based electrolyte
(Figure 9).1°°) When scanning the potential from OCV to 2.5V,
they detected the G band of carbon. However, the D band of
carbon (1360 cm™') and the C,0,2" intermediate (1489 cm™!) for
the formation of C species did not appear (Figure 9a). Therefore,
the reaction of 4Li* + 3CO, + 4e~ — 2Li,CO, + C in Cuy; @Au
can be ruled-out. Additionally, they detected the Raman peak of
CO at 2135 cm™! but failed to observe the concurrent appearance
of CO;* and CO, together with Li,O species at 521 cm™'.
Therefore, they proposed the CO,RR mechanism presented in
Equations 25 and 26. Furthermore, in situ SERS spectra are
also used to determine electrolyte influence on CO, reduction.
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Figure 9. Applications of in situ SERS to Li—-CO, batteries for Cuyy @Au electrocatalysts. a) Raman intensity as a function of potential in CO, saturated
0.1 m LiClO,~DMSO electrolyte. Peaks at 1301, 1527, and 1586 cm~" are attributed to the stretching vibration of C-O band in CO,~ anion. The peak
at 2135 cm™! appearing at 2.5 V is assigned to CO. b) Magnified spectral profile of the outlined region of (a). c) Profile for Raman peak areas at 1527,
1586, and 2135 cm™! as a function of potential. Reproduced with permission.[26] Copyright 2022, American Chemical Society.

In Cuy; @Au system, Raman peak area of OC*O*~ adsorption
mode at 1586 cm™! and CO at 2135 cm™! are mainly correlated.
When Li* was replaced with TBA™ in the electrolyte, the domi-
nant OC*O*~ became coexistent with OC*O~ and OC*O*~ and
the CO peak was reduced compared with that in Li* electrolyte,
demonstrating the promotion of Li* in the conversion of CO,~
to CO.

LiCO, + CO — LiCO, + CO (25)
LiCO, + e + Li* - Li,CO, (26)

Overall, in situ SERS is a “good” qualitative technique to probe
where/when/how DPs or intermediates accumulate and decom-
pose via the display of changes in peak intensities and corre-
sponding locations. However, there are several limitations that
existed with in situ SERS during characterization of Li—~CO, bat-
teries. For example, SERS is only sensitive in proximity to the
surface of the specimen and not all vibrational modes of DPs,
intermediates, and solvents produced in Li-CO, batteries are Ra-
man active, possibly resulting in incomplete information about
DPs. In addition, usually invisible Raman peak at particular vi-
bration modes can be detected as a result of strong electric field
gradient, confusing the following analyzes of the data obtained.
To a certain extent, in situ SERS results therefore should be con-
firmed with other characterization methods and theoretical com-
putations.

In addition, to confirm possible soluble intermediates, such as
O, and Li,C,0,, rotating ring-disk electrode (RRDS) has been
used to assess Li—CO, batteries.l>*”?] Although, at present, RRDS
is not widely used in Li-CO, battery studies, this may be effec-
tive to explore the electrochemical decomposition mechanism of

Adv. Mater. 2023, 35, 2210671 2210671 (18 of 33)

Li,CO;. In situ ultraviolet-visible (UV-vis) spectroscopy can be
used to monitor solvated species, such as O, (ataround 252 nm).
Operando electron paramagnetic resonance (EPR) spectroscopy
is another technique to assess paramagnetic molecules.®) In Li-
CO, batteries, it can be used to detect unpaired electrons gener-
ated in discharge /charge and radical oxygen species. To monitor
the nucleation /growth and decomposition of DPs, in situ SEM
or TEM can be used for determining morphology. Thus, possible
reaction mechanisms can be identified.

4.2.2. In Situ Quantitative Analysis: DEMS, GC-MS, APXPS, and
XRD

Compared with qualitative analysis, the quantitative analysis pro-
vides potentially stronger evidence for analyses of mechanisms
as it is more accurate and convincing. These techniques can not
only benefit the prediction of mechanisms, but also help rule out
the unreasonable speculation. Specifically, the differential elec-
trochemical mass spectrometry (DEMS) offers quantitative data
through a combination of electrochemical experimentation with
mass spectrometry.8!] By DEMS, the mole ratio of the electron
transfer number and consumption, together with the evolution
rates of CO, and O, molecules can be determined. Advantages
of this technique are the high test speed and sensitivity (amounts
below 1 nmol).®2] Qiao et al. applied in situ DEMS to distinguish
possible charge mechanisms as shown in Figure 10.1'°] DEMS
findings in Figure 10b evidence the evolution of CO, with negligi-
ble O, when the discharge stops at point-B at the current density
of 500 mA g~! (Figure 10a). The related charge-to-mass ratio for
CO, is nearly 3e”/2CO,, demonstrating the solo decomposition
of Li,CO; (Equation 9: 2Li,CO; — 4Li* + 2CO, + O, + 3e7).

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

8SUB0| 7 SUOWILLIOD BARERID 8|qed!(dde 8y} Aq peusenof 81 Sejofe WO ‘88N JO S9N 1o} Axeiq 18Ul UO /8|1 UO (SUORIPUCD-PUR-SLBY/W0D A8 1M AR1q 1[eu UO//SARY) SUORIPUOD PUe SWHB L 8U} 885 [£202/2T/0T] uo Ariqiauluo A8 jim ‘uwn|y spreppY jo AisRAlun Aq T.90T2Z02 Bwpe/z00T OT/I0p/w0d™A3]im Axeiq 1 Bul|uo//Sdny WOy papeo|umoq ‘6t ‘€202 ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a),,

www.advmat.de

= [9)
Porous Carbon 500 mA g’ -
4.5- £ 100 mA/g o~ 47 Point B cut-off 3¢72CO, 1" m
= O S TR R T Jeo §
S 4.0- 3 444 S
TI‘; 35 g’ ------------------------ -1 % g.
¢ 3.54 4.14 2e/CO 4
S > co, 2 40 “;?
N— -~
3 3.0 _g 3.84 430 &
~ S 5 & _ N —
'é 25 g .5 2Li,CO;-> 4Li* + 2€C0,+ 0, +3e ]2 S
~ .5
<] . o Tag 2
Q50 Dlscharge gsal |5 18 5
. J 0 \S-:
1.5 T T T T T T T T T T T T T
00 02 04 06 08 10 00 01 02 03 04 05 08
(c) Capacity (mAh) (d) Capacity (mAh)
53 - 80 g
2000 mA g {300 471500 mA g’ i
_ 5.0 Point B cut-off 3e/2C0, 444 Point C cut-off  3e/2CO, 1 m
S {7 e T — AR = S {60 8
= N S
~S4q [ / / 2e/CO, "y 4200 < 38 1% §
14 4 7 A ey " =]
> > 354 ]
S 444 [W21i,c0,> 4L +2¢0,+0, +3e {150 S ERaty “x
5 2Li,C0, - 4Li* +2€0,+ 0, + 4e 5 4¢/0 1308
= 7l B e e e L s e 4100 = 294-4---- S . TR, 8 —3\
3 s~ 2Li,CO,-> 4Li* + 2C0,+ 0, +3e|20 §
o 2 2=V3 2
o 450 o 2.64 S
Q 3.8 Y S S
15 2.34 1, §
3.5 Ay T T e
00 01 02 03 04 05 06 00 02 04 06 08 10

Capacity (mAh)

Capacity (mAh)

Figure 10. Application of DEMS to quantitatively determine mechanisms of Li—CO, batteries. a) Voltage profile of a Li—-CO, battery with charge cutoff
4.5V and discharge capacity 10.0 mAh at 100 mA g~'. DEMS findings for gas evolution rates for CO, and O, during charge after discharged to point B
at b) 500 mA g~! and c) 2000 mA g~ and point C at d) 500 mA g~. Reproduced with permission.['®] Copyright 2017, Elsevier.

When the current density is increased to 2000 mA g™', a peak of
O, appears at the early state of charge in Figure 10c. The charge-
to-mass ratio of 4e~/O, confirms the charge reaction of 2Li,CO,
— 4Li* 4+ 2CO, + O, + 4e”. When discharge capacity is extended
to point-C in Figure 10a, the O, species is also observed at lower
potential at the initial stage of subsequent charge in Figure 10d.
The proposed decomposition mechanism is 2Li,0 — O, + 4Li*
+ 4e”. Meanwhile, Lian et al. proposed a new catalyst consisting
of Ru single atoms and a Co;0, nanosheet array grown on car-
bon cloth (SA Ru-Co,;0,/CC) with boosted electrochemical per-
formance, including, low overpotential, ultrahigh capacity, and
long cycle life.'%] To investigate the operating mechanism for
Li-CO, Dbatteries, in situ DEMS was used to monitor the con-
sumption and production rate of CO, under the current density
of 0.2 mA with a cutoff capacity of 0.2 mAh.["%] According to the
generally accepted discharge and charge reactions in reversible
Li-CO, batteries, the theoretical molar ratio of electron trans-
fer to CO, generation and consumption is about 1.33 (charge-to-
mass ratio, e /CO,), based on a four-electron transfer process.
Experimental results demonstrate that the e~ /CO, ratios in cath-
ode containing SA Ru-Co;0,/CC catalyst are 1.37 and 1.39 for
discharge and charge, respectively, which are close to the theo-
retical values. That is, when applying SA Ru-Co,0, /CC catalysts,
the battery discharge and charge mechanisms follow Equations 1
and 11, respectively, with Li,CO; and C as the main DPs. In this
way, the reaction can be easily distinguished by in situ DEMS re-

Adv. Mater. 2023, 35, 2210671 2210671 (19 of 33)

sults controlled within a margin of error. However, only volatile
products or intermediates are detectable via in situ DEMS. Other
species in liquid or solid states that consume electrons cannot
be detected in this way. Therefore, in situ DEMS test is powerful
when only gaseous species consume electrons in involved reac-
tions.

Gas chromatography-mass spectrometry (GC-MS) is another
hybrid analytical technique that combines separation capabil-
ities of GC with the detection properties of MS to efficiently
provide data for analyses.®3) In Li-CO, batteries, GC-MS offers
real-time and on-line quantitative analysis with reliability for de-
tecting rates of CO, and O, evolution and consumption dur-
ing battery operation. Wang et al. used in situ GC-MS measure-
ments to monitor gases formed on a super P-based cathode in
molten salt Li-CO, batteries as is shown in Figure 11a,b.[**} The
detected CO, gas confirmed the decomposition of Li,CO; and
battery reversibility. A small amount of O, detected at the end
of charge confirmed the electrochemical decomposition of elec-
trolyte when the potential reached 4.2 V. Yang et al. assessed the
charge mechanism for Li-CO, batteries by coupling in situ GC-
MS and isotopic tracing.®* Figure 11c presents the charge pro-
files for Li,CO;-covered electrodes in two cells using 2C and 13C
carbon as conductive additives. In this system, three GC-MS frag-
ments, m/z =44, m/z=45,and m/z =15 appeared and decreased
after charge. Because no O, was detected throughout the charge,
the O, evolution reaction (Li,CO; — CO, + 1/20, + 2Li* + 2e7)

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 11. Application of GC-MS to quantitatively determine mechanisms of Li-CO, batteries. a) Cycling stability of super P in Li-CO, cells in

LiNO;/KNO; molten nitrate electrolyte at the current density of 100 mA

g~' b) CO, and O, evolution rates during charge in molten salt Li-CO,

batteries via in situ GC-MS. Reproduced with permission.[**] Copyright 2021, Royal Society of Chemistry. c) Charge profile of electrode pre-filled by
Li,CO; with 12C or B3C carbon as conductive additive at 36 mA g~' and gas evolution rate for fragment-44, 45, and 15. Adapted with permission.[3]

Copyright 2016, Royal Society of Chemistry.

is not valid for Li,CO, decomposition. The 2CO, in the two cells
was nearly equal as the gas evolution of m/z = 44 fragments
have similar readings at each capacity. In addition, if the charge
undergoes concurrent decomposition of Li,CO; and C, the cell
using 3C as a conductive additive generates 1/3 less 2CO,
than the cell using '2C. Therefore, the mechanism for Li,CO,
+ 1/2C — 2Li* + 3/2CO, + 2e” can also be ruled out in
this Li-CO, system. The authors attributed fragments m/z =
45 and m/z = 15 to the gas from the electrolyte decomposi-
tion because of the oxidizing properties of O, from mecha-
nism for Li,CO; — CO, + 2Li* + O, . However, only ther-
mally stable volatility can be detected by GC-MS. Moreover, sam-
ple degradation induced by the GC injector, columen, or ion
source can also lead to misleading information. Therefore, char-
acterization results from other techniques including, FTIR and
Raman need to be combined to qualitatively analyze reactions
and confirm gaseous components before quantitative analysis
via GC-MS.

As an emerging surface-sensitive technology, in situ ambient-
pressure X-ray photoelectron spectroscopy (APXPS) is also a use-
ful technique to assess surface chemistry of cathodes, DPs, and
intermediates, together with variation during charge and dis-
charge. With advances in APXPS hardware, synchrotron capabil-
ities, and increased brightness of laboratory X-ray sources, time-
resolution across multiple-length scales has improved to sub-
nanosecond.®! Especially, with a synchrotron source, the exci-
tation energy can be selected for nondestructive depth profil-
ing, which gives more reliable information for in situ analysis.
Wang et al. used the synchrotron-based in situ APXPS (Figure 12)
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to assess real-time Li-CO, reaction chemistry in ionic liquid
electrolyte.®%] The authors demonstrated that pure CO, reduc-
tion is electrochemically inert on porous carbon electrode at room
temperature and that the kinetics is highly significantly improved
by H,O. They assessed CRR under three different gas compo-
nents at 5 mbar (ca. pure CO,, CO,/H,0, and CO,/0,), on
a porous carbon surface with ionic liquid (0.5m LiTFSI in 1-
butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide
(Pyr,, TFSI)). This ionic liquid was selected to facilitate CO, cap-
ture and stabilize CRR intermediate anions because of its strong
solvation for Li*. According to XPS results obtained upon dis-
charge in pure CO,, no new peak was observed on carbon elec-
trode during the entire discharge, confirming that no new species
was formed. In comparison, the C 1s, O 1s, and Li 1s spectra in
Figure 12c were a function of potential applied across the cell dur-
ing discharge from 2.7 (OCV) to 1.0 V;; in CO, /H, O gas (5 mbar)
and charge from 4.6 to 4.9 V in high-vacuum (HV). They reported
that XPS findings for CO,/H,O gas were significantly different
from those for CO, alone. A new peak at ~#284 eV appeared in C
1s region and increased to ~ 170% at 1.2V upon discharge. This
new peak with sp? hybridization feature is assigned to the amor-
phous carbon species accompanied with significantly accumu-
lated LiOH species, based on an intensity increase in O 1s region
and a gradual shift of Li 1s peak. Similarly, when charging cells in
CO, /0, gas, the intensity of amorphous carbon (=284 eV) grad-
ually increased to ~ 280% at 1.3 V in C 1s signal. The formation
of Li, 0, and Li, O is supported by a gradual shift in Li 1s peak to
a lower binding energy, evidencing the change in chemical envi-
ronment from coordinated by [TFSI|~ to combined by 0,2~ /0%*"
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Figure 12. Application of in situ APXPS to quantitatively determine mechanisms for Li—-CO, batteries. a,b) Schematic for in situ APXPS cell. ¢) In situ
APXPS data for C;¢, Oy, and Liy4 regions collected on discharging in pressure of p(CO,:0, = 2:1) = 5 mbar and charging in high vacuum. d) Schematic

illustration of the reaction mechanism at different states. ) Normalized intensity changes of C

with permission.[3¢] Copyright 2022, Elsevier.

for Li*. Given the fact that it is practically difficult to further re-
duce Li,0, to Li, O, the authors proposed a new mechanism that
most CO, was electrochemically reduced to amorphous carbon
with the assistance of O,, namely, O, + CO, + 6Li* + 6e” - C +
2Li,0 + Li,0,, with a Gibbs free energy of -1299.2 k] mol™'. In
this case, the charge reaction for amorphous carbon, Li,0,, and
Li, O exhibited faster kinetics compared with traditional Li,CO,-
oxidation. This work established that APXAS is highly useful for
in situ or operando surface study of DPs and intermediates be-
cause it provides elemental and chemical composition analysis.
However, this sensitive technology has a strong dependency on
local reaction conditions, including temperature and pressure
gradients, reactant concentration, and mass transport, especially
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sp2» Li2Oy, Li, O species in Cy and Oy region. Reproduced

at the surfaces close to the aperture.l®”] Therefore, when applying
APXPS for surface characterization in Li—~CO, batteries, a precise
control of optimal reaction conditions is necessary to improve
sensitivity for in situ and operando study.

The operando XRD serves as a powerful tool to identify and
quantify crystalline intermediates and products (such as Li,CO,,
Li,0,, Li,0O, and Li,C,0,). With high sensitivity and reliability,
this technique provides important information about the phase
transformation and changes in crystal lattice parameters dur-
ing cycling. Importantly, both reflection and transmission modes
can be used to monitor crystal structure and phase changes of
electrodes during battery cycling. In general configurations in
operando or operando XRD characterization, Kapton, Mylar, and
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aluminum films with stable, low-cost, and nontoxic feature, need
to be used to obviate possible sample contamination. However,
the contamination of CO, containing containers is inevitable in
most designs in Li-CO, batteries, resulting in practical, analyt-
ical problems for operando XRD configurations. This would be
the main reason why the application of the operando XRD in Li—
CO, batteries is rarely reported.

However, it is worth noting that the battery configurations usu-
ally determine the battery performance. The in situ batteries, to
a certain extent, ensure the in situ detection and analysis at the
cost of the battery performance, resulting in larger overpoten-
tial and reduced battery capacities. We note that the information
about intermediates and by-products by in situ analysis may vary
from the real situation and so the revealed mechanism may be
misleading. For example, in DEMS analysis, the concentration
changes of CO, and O, are usually small under normal operat-
ing conditions (100 or 200 mA g™). To ensure the detection of
gas evolution rates of CO, and O,, the current density is usually
set to above 500 mA g1, resulting in deviated information from
that of normal cells. In addition, the APXPS normally operated
under relatively low pressure (e.g., 5 mbar), which may limit the
concentration of CO, in the Li-CO, cell. Mass transfer problem
of CO, during in situ test may result in reduced capacities and
enlarged discharge overpotential. Therefore, the operating con-
ditions and battery performances of the in situ cells should be
comparable to the normal ones to ensure the representative and
typical electrochemical behaviors during in situ measurements.
In addition, more evidence from other characterizations operated
at normal conditions, such as in situ FTIR and in situ Raman, are
encouraged to support findings from techniques operated at spe-
cial conditions.

5. Control Methods for DP Formation and
Decomposition

It is concluded in the foregoing that the electrochemical perfor-
mance of rechargeable aprotic Li-CO, batteries is significantly
limited by physicochemical properties of DPs. Adjusting DPs
from thermodynamically stable Li,CO; to readily-to-decompose
Li,C,0,, CO, or formic acid is a practical method to boost bat-
tery electrochemical performance. However, the choice of cat-
alyst/electrolyte and reaction conditions is limited. At present,
Li,CO, and C remain the most widely observed DPs, although
decomposition difficulty restricts improvement of overpotential
and the battery stability.

Attempts have been made to control products and facilitate
charge /ionic transfer kinetics through the introduction of cat-
alysts, electrolyte engineering, and cell configuration optimiza-
tion. In this section, prevalent control methods are critically as-
sessed for Li,CO, and C products, together with proposed guide-
lines for the development of highly reversible and high-efficiency
Li-CO, batteries.

5.1. Property Modification of Li,CO, & Products
5.1.1. Morphology Control

Ideally, DPs should be readily (and completely) decomposed dur-
ing charge. To achieve this, the morphology of Li,CO; and C
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needs to exhibit properties, namely, 1) particle size “small” (e.g.,
less than 100 nm); 2) DP layer “thin” (e.g., less than 100 nm) to
ensure the contact of catalysts, products, and electrolyte; 3) DPs
homogenously distributed on the catalyst surface to obviate shed-
ding from the cathode.

To achieve this, cathode structure needs to be optimized with
good conductivity and large surface area with “moderate” poros-
ity and channels to allow rapid diffusion of Li* and CO, and
uniform nucleation/growth of Li,CO; and C. Typically, carbona-
ceous materials, including pristine CNTs, Ketjen black (KB), car-
bon nanofibers, super P, and graphene, are favorable because of
adjustable electron conductivity, pore structures, and surface ac-
tivity sites.[®] Chen et al. employed the CO,-activation method to
optimize the structure of nitrogen-doped graphene (NG) material
toward high conductivity with large surface area (Figure 13a).l%’!
On conventional NG, Li,CO; nucleates nonuniformly and grows
into square nanorod structures with thickness of 200 nm because
of poor electrical conductivity and Li* /CO, adsorption. When NG
was thermally treated in CO,, catalysts (CA-NG/RGO) were ac-
tivated with enlarged surface area and increased electron con-
ductivity with high content of pyridinic-N and pyrrolic-N (72%).
The ability of Li*/CO, adsorption based on theoretically com-
puted absorption energy for CO,, Li, and Li, COj, is also improved
(Figure 13D). In this way, the uniformly distributed lamellar prod-
ucts with a thickness of 10 nm were formed on the cathode sur-
face. Thus, a low voltage gap of 2.13 V at 1.2 A g™! together with
long cycling stability of 170 cycles at 500 mA g~! was achieved as
thin nanosheets can be completely decomposed during charge
(Figure 13c,d). Therefore, cathode structures with excellent con-
ductivity with rich pores and channels are critical for DP mor-
phology optimization.

Favorable geometric features of catalysts in Li—-CO, batteries
play a significant role in DP size control as ultrafine and well-
dispersed catalysts are a prerequisite for uniform nucleation and
growth of Li,CO; and carbon. Using advanced synthesis tech-
nology, ultrafine catalysts with nanoscale, sub-nanoscale, or even
single atom scale, can be well dispersed on substrates. To take
the maximum advantage of active metal atoms and strong in-
terfacial electronic interactions between catalysts and DPs, Zhou
et al. synthesized three types of single-atom catalysts consisting
of Fe, Co, and Ni single atoms on reduced graphene oxide (rGO)
respectively. Amongst them, the Fe, /N-RGO with unique metal
atom active sites can decrease the Li,CO; size, resulting in a
reduced charge overpotential.[®*] Therefore, ultra-fine catalysts
with uniform dispersion are important in ensuring uniform nu-
cleation /growth. At present, ultrafine nano /sub-nano catalysts,
or single-atom catalysts, are widely used in electrocatalysis, in-
cluding ORR, OER, HER, and CRR with liquid, or gaseous re-
actants and products. However, in the Li-CO, battery system, a
practical problem with ultrafine catalysts is the degradation of ac-
tive sites caused by coverage of gradually accumulated products.
Therefore, it is critical to avoid coverage of active sites and mass
transfer problems when optimizing the ultra-fine catalysts.

5.1.2. Electronic Structure Control
The DP decomposition involves bond cleavage of Li-O and

C-O in stable triangle structure of Li,CO,. To promote the
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Figure 13. Summary of carbonaceous catalyst for product morphology control in Li—-CO, batteries. a) DP formation (CRR) and decomposition (CER) on
nitrogen-doped graphene (NG), NG and rGO thermal treated in Ar (NG/RGO), and CO, activated NG/RGO (CA-NG/RGO) catalysts. b) Atomic contents
of pyridinic-N, graphitic-N, and pyrrolic-N of NG, NG/RGO, and CA-NG/RGO catalysts. c) GDC profiles for Li—-CO, batteries with NG, NG/RGO, and
CA-NG/RGO catalyst at 100 mA g~ with a specific capacity limit of 3000 mAh g~'. d) Time-voltage curves at 500 mA g~' for CA-NG/RGO catalysts.
Reproduced with permission.3”] Copyright 2021, American Chemical Society.

decomposition, the stable triangle structure of CO,2~ in Li,CO,
products needs to be disrupted.

Electron-rich catalysts can help weaken the C-O bonds in the
stable triangle. Zhang et al. prepared electron-rich W, C nanopar-
ticles embedded in walls of carbon nanotubes (Figure 14a—e).[2]
As is seen in Figure 14c,d, XAS and Raman findings demon-
strated distinctive W—0O bonds are formed, where W atoms come
from W, C (101) surfaces and O atoms come from Li, COj;. In this
way, the stable triangle structure of CO,2~ is disrupted and the
Li,CO; decomposition barrier shown in Figure 14b is decreased
significantly from ~3 eV on CNTs to 0.7 eV on W,C/CNTs. As a
result, alow charge voltage of 3.2 V and high round trip efficiency
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0f90.1% were exhibited (Figure 14e). Therefore, the disturbing of
C-01in Li,CO; by electron-rich catalysts is effective in promoting
the decomposition.

Synergistic effects of nucleophilic and electrophilic species in
catalysts can interact with atoms in Li,CO; to boost the bond
cleavage during charge. For example, Chen et al. introduced in-
plane S vacancy and N dopant centers to NS,-ReS, catalysts
to change the stability of CO,2~.5!] The nucleophilic N dopant
center has interaction with Li atoms in intermediates, while
the electrophilic S vacancy has interaction with C or O atoms
(Figure 14f,g). Thus, the dual center of N dopant and S va-
cancy produces suitable interactions with *LiCO, and *Li,CO,
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Figure 14. Summary of electron distribution control methods to break stable Li,COj;. a) Schematic illustration of W, C catalysts for amorphous Li,CO;
formation and decomposition. b) Decomposition barrier and decomposition on Li,CO3; on CNTs and W, C (101) surfaces, green, brown, red, and gray
balls represent Li, C, O, and W atoms, respectively. ¢) Raman spectra and d) wavelet transform EXAFS of W,C-CNTs cathodes at different stages.
e) GDC profiles under different current densities of W,C—CNTs cathodes. Reproduced with permission.!2%] Copyright 2021, American Chemical Society.
f) Illustration of discharge/charge mechanism for nucleophilic N dopant and electrophilic S vacancy dual centers in the 3N3S,,-ReS, plane. g) Surface
electrostatic potential diagrams of nucleophilic and electrophilic centers. h) GDC profiles with limited capacity of 100 pAh cm™2. Reproduced with

permission.l>l Copyright 2022, American Chemical Society.

intermediates and Li,CO; products, leading to lowered energy
barriers for both Li,CO; formation and decomposition. As a re-
sult, a small voltage gap of 0.66 V and a high energy efficiency of
81.1% at 20 pA cm~2 were exhibited in this system (Figure 14h).

In summary, establishing novel catalysts with the interac-
tion between catalysts and Li,CO; is effective for enhancing the
CER/CRR electrocatalytic activity in Li-CO, batteries. Metal ele-
ments with good oxygen affinity (such as Mo, Ti, Sn, Pt) are good
candidates for catalyst preparation as strong metal-oxygen bonds
can be formed between catalysts and the oxygen in Li,CO,.I%!
Defect engineerings, such as heterogeneous doping and oxygen
vacancies, can also be applied as the active species on the cat-
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alyst surface to promote the interaction between catalysts and
intermediates.*!

5.2. Reaction Pathway Modification

5.2.1. Concurrent Decomposition

Decomposition of Li,CO; can be through either solo decompo-
sition or concurrent decomposition with carbon products. The

solo decomposition of Li,CO; corresponds to high overpotential
(>4 V) and results in the accumulation of amorphous carbon on
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the surface of catalysts. However, the concurrent decomposition
with the reaction of 4Li* + 3CO, + 4e~ « 2Li,CO; + C is re-
versible with lower charge potential. Therefore, it is necessary
to develop catalysts that enable a full concurrent decomposition
of Li,COjand C during charge. Ru-based catalysts are reported
effective by Qiao et al.l'®l In their work, negligible O, fragment
was detected via GC-MS during charge, evidencing concurrent
decomposition of Li,CO; and C. At present, a wide variety of cat-
alysts have been developed by introducing highly active species
into catalysts, such as Ni, Co, and Ir to achieve concurrent decom-
position.

The contact between catalysts and solid products is another
problem that limits the concurrent decomposition and practical
interface adjustment needs to be considered to achieve the con-
current decomposition of DPs.!'8] Given the solid feature of DPs,
introduce of mobile homogenous species to the electrolyte, for
example, redox mediators (RMs), is practical to solve the contact
problem. During the discharge, the RM is reduced to RM~ be-
fore CO, reduction. Then the reduced RM™ transfers electrons
to Li* and CO, to form RM and DPs. During charge, the RM
medium is electrochemically oxidized to RM*. Subsequently, the
oxidized RM* decomposes the Li,CO, and C chemically and re-
leases Li* ions and CO,. In this system, the discharge /charge
voltage is determined by the redox potential of the RM. Because
the RM is homogeneous and flexible, most of DP surfaces can
be wrapped in the RM. The poor contact of catalysts and prod-
ucts in the solid catalyst system is obviated in this situation.
Wang et al. used LiBr as RM in an electrolyte of 1 m LiTFSI
J/TEGDME (TEGDME = tetraethylene glycol dimethyl ether).’!]
Without LiBr, KB-based cathode in Li-CO, batteries was fully cov-
ered with the agglomerated DPs, whilst a porous structure was
well maintained when the KB cathode operated with LiBr. Ad-
ditionally, during the redox reaction, Br~ can be continuously
oxidized to Br;~, and finally to Br,. The electrochemically gen-
erated Br, could chemically oxidize the Li,CO, and C by leav-
ing the group of Br;~ in the electrolyte. With the action of LiBr
RMs, the charging potential is significantly decreased by 0.3 V at
100 mA g™' for the first cycle. Lian et al. used ruthenium acety-
lacetonate (Ru(acac);) as an innovative RM.I?] The theoretical
oxidation potential of Ru(acac), is lower than that of TEGDME
and LiSO,CF from the calculated highest occupied molecular
orbital (HOMO) energy level. The terminal charge voltage of
the battery with Ru(acac); (3.88 V) is 0.64 V lower than that
of the battery without Ru(acac);. At present, there are several
RMs species employed in the electrolyte for Li-CO, batteries,
such as tris(2,2’-bipyridyl)-dichloro-ruthenium(II) (Ru(bpy);Cl,),
binuclear cobalt phthalocyanine (Bi-CoPc), 2-ethoxyethylamine
(EEA), and diphenyl disulfide.5®] Although shuttle effects of
RMs can lead to unwanted side reactions at the anode and RMs
sometimes can decompose automatically, it does have advan-
tages in solving interface contact problems and reducing reac-
tion overpotential.’* To exploit the advantages of RM mediators
in Li-CO, batteries, more stable RM structures and optimization
of the membrane for separation are however needed.

The electrolyte used in Li-CO, batteries also plays a signifi-
cant role in promoting concurrent decomposition of DPs. Gen-
erally, electrolytes with excellent ionic conductivity and elevated
electrochemical stability are favorable. For example, Wang et al.
developed a binary molten nitrate electrolyte (LiINO; /KNO, mix-
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ture) operated at the temperature of 140 °C and studied effects of
electrolyte on charging (Figure 15).[] Because of its molten salt
feature, this electrolyte provides a high ionic conductivity of 6.29
mS cm~! with elevated electrochemical stability and fast kinetics.
In comparison to the sole decomposition mechanism for Li,CO,
in organic electrolyte, this molten salt electrolyte achieves concur-
rent decomposition of Li,CO; and C on super P-based cathode.
Thus, the CO, evolution reaction potential during charge can be
maintained below 3.6 V. However, the disadvantage is the high
temperature required in this molten salt system, which limits
its further application. Therefore, it is necessary to develop bet-
ter electrolytes such as ionic liquid or blended electrolytes with
different solvents or salts for ambient conditions with the same
functions to promote the concurrent decomposition.

In summary, to promote the concurrent decomposition of
DPs, both catalysts and electrolytes should be rationally designed
to achieve high activity and address the interface contact prob-
lems.

5.2.2. Photoassisted Reaction Pathways

Solar energy can be used to improve the energy conversion and
storage in rechargeable batteries as it is inexpensive, environ-
mentally sustainable, and theoretically inexhaustible.[®) Under
illumination, photoexcited electrons (e”) and holes (h*) sepa-
rate into the conduction band (CB) and valance band (VB) of the
semiconductor-containing cathode.®®) When solar energy is ap-
plied in Li-CO, batteries, these active e~ and h* participate in
formation and decomposition of Li,CO,, resulting in a signifi-
cantly decreased reaction barrier.

There are three main solar energy-based strategies that can be
used to promote the formation and decomposition of DPs. First
of all, semiconductor catalysts with proper band structure can
be used to promote the generation of e~ and h* by photoelec-
tric effects. During the discharge of photoassisted Li-CO, bat-
teries, e~ generated at the CB of semiconductor functioning in
the CO, reduction reaction can optimize the morphology of DPs
and boosts the kinetics of subsequent decomposition. The abun-
dant h* remaining at the VB of the semiconductor participate in
decomposition pathways and reduce the charge overpotential.l’]
Guan et al. introduced the illumination to a hierarchical porous
In,S; @CNT free-standing cathode (ICS) towards flexible Li-CO,
batteries (Figure 16).1%! During discharge, photo excited e~ gen-
erates and gathers on the surface of In,S; to provide increased
number of nucleation sites. Then, this e = combine with the ab-
sorbed CO, and Li* to form a thin, film-like Li,CO; and C prod-
ucts with good electronic transmission. During the reverse pro-
cess, h* gathered on the electrode surface could promote the
decomposition because of the high oxidizing ability. Benefiting
from solar energy, the Li-CO, battery exhibits an ultrahigh dis-
charge voltage of 3.14 V, and ultralow charge voltage of 3.2 V with
the high round-trip efficiency of 98.1%. Therefore, to achieve
lower overpotential with excellent stability, exploration of semi-
conductor catalysts with optimized band structure is practical.

Plasmonic interaction is another photo effect that can be used
to assist the decomposition of DPs in Li-CO, batteries. Un-
der incident photons at the resonant frequency, localized sur-
face plasmon resonance on Ag and Au nanoparticles, enable
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Figure 15. Summary of ultraconductive electrolyte for promotion of concurrent decomposition of Li,CO3 and C. a,b) Schematic for comparison of
Li—CO, batteries in organic and molten salt (LINO3;/KNO;) electrolyte. c) GDC profiles of the Super P cathode in organic electrolyte and molten salt
electrolyte at 100 mA g~1. d) GDC profiles of Ru@Super P cathode in molten salt electrolyte at 100 mA g~'. Reproduced with permission.[43] Copyright

2021, Royal Society of Chemistry.

boosted and tunable electromagnetic fields, light absorption,
and scattering.[*”! When these localized surface plasmons con-
tact with semiconductors, the separation of e~ and h* is pro-
moted, and the recombination via forming a Schottky barrier
at the interface is suppressed. As a result, the Li,CO, forma-

(a) b

»
>

tion and decomposition is improved. Moreover, instead of uti-
lizing ultraviolet light (wavelength = 10-400 nm) for semicon-
ductors, this effect enables the application of visible light (wave-
length = 400-700 nm) because of the introduction of visible
light-sensitive metal particles. Zhang et al. designed a silver
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Figure 16. Summary of photoelectric effects on photo-induced Li—CO, batteries. a) Schematic illustration of photoinduced Li—CO, batteries using
In,S3@CNT free-standing cathode (ICS) and the energy level diagram for discharge and charge; b) GDC curves for ICS-based Li-CO, batteries
with/without light at 0.01 mA cm~2. ¢) Rate performance at different current densities from 0.01 to 0.5 mA cm~2. Reproduced with permission.[8]
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Figure 17. Summary of plasmonic and photothermal effects for Au@TiO, catalysts in photo-induced Li—CO, batteries. a) Schematic illustration of the
solar-spectrum photothermal effect of Au@TiO, via plasmon- and exciton-based approaches. b) On /off response of the surface temperature increase
of Au@TiO, and TiO,. c) Distribution of the surface temperature increase on Au@TiO, and TiO, under illumination. d) Distribution of the electric near
field on Au@TiO, and TiO, under illumination. e) Current-time curves on Au@TiO, and TiO, and TiO, surfaces. f) First discharge /charge curves of
Li~CO, batteries working at room temperature with illumination and ~150 °C without illumination. Reproduced with permission.['%1 Copyright 2022,

American Chemical Society.

nanoparticle-decorated titanium dioxide nanotube array cathode
to realize the synergistic plasmonic interaction and photoelectric
effects.®) Under incident light, the collective oscillation of free
electrons in plasmonic metal nanoparticles could construct a lo-
cally intensified electric field to promote the ¢~ and h* separation
and transfer, which efficiently participated in the formation and
decomposition of Li,CO, and C through thermodynamically fa-
vorable pathways. The resulting Li—-CO, batteries demonstrated
ultralow charge voltage of 2.86 V at 0.1 mA m™. Good cycling
stability with round-trip efficiency of 86.9% after 100 cycles was
achieved. Therefore, the introduction of plasmonic interaction of-
fers an external driving force to accelerate sluggish cathode kinet-
ics and improve the battery performance.

Photothermal effects are important as well to overcome signif-
icant energy barriers and boost CO, diffusion together with Li*
transfer because battery reactions are temperature sensitive. The
photoexcitation of materials results in the conversion of solar en-
ergy to thermal energy (heat). When light is applied to Li-CO,
batteries, photothermal effects on DP decomposition cannot be
neglected. The photothermal effect significantly overcomes high
energy barriers and promotes CO, diffusion and Li* transfer.
Guan et al. used a photo-assisted all-solid-state Li—~CO, battery by
constructing an integrated bilayer Au/TiO,/Li, sAl,;Ge, s(PO,),
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(LAGP)/LAGP (ATLL) framework (Figure 17).'%! Except for pho-
toelectric effects in this system, photothermal effects also help ac-
celerate the slow kinetics of Li,CO;-related reactions. Even at an
extremely low temperature of -73 °C, the battery can still exhibit a
(small) polarization of 0.6 V with a round-trip efficiency of 84.5%
by converting solar energy into heat to achieve self-heating. More-
over, because of the synergy of photoelectric and photothermal ef-
fects, this all-solid-state Li—~CO, battery can operate within a wide
temperature range from -73 to 150 °C utilizing solar energy. The
disadvantage is the shorted battery life at high temperature.

In summary, the utilization of light could significantly de-
crease the charge potential via promoting the DP decomposi-
tion. However, in practical charge transfer processes, radiative
and nonradiative deactivations on the cathode are inevitable. Di-
rect recombination, indirect recombination, Auger recombina-
tion, and surface recombination all decrease the lifetime of sep-
arated photoexcited e~ and h*. Despite progress in spatial sepa-
ration in photosynthesis and photovoltaics, the rapid recombina-
tion remains a practical challenge in photoelectrochemistry.10!]
Another limitation is side reactions existed in cathodes, Li anode,
and electrolytes. Under illumination, reactive oxygen species, in-
cluding 'O, can be generated at the semiconductor surface which
induces degradation of electrolyte and catalyst. At the Li anode, Li
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Figure 18. Summary of cathode protection to reduce side reactions and by-products in Li—-CO, batteries. a) Schematic illustration of Cu-NG as cathode.
b) GDC profiles at 200 and 400 mA g~'. c) GDC profiles for Cu-NG cathode with the capacity of 1000 mAh g=' at 200 mA g~'. Reproduced with

permission.l'02] Copyright 2018, Royal Society of Chemistry.

dendrites can be favored in the presence of active oxygen species,
which decreases cycling stability. Therefore, an “ideal” photoas-
sisted Li-CO, battery requires stable semiconductor cathode,
electrolyte, and Li anode.

5.3. Side Reactions and By-product(s) Control

In aprotic Li-CO, batteries, side reactions and related by-
products are inevitably generated during discharge and charge.
Strong oxidizing species such as O,°” radicals can attack both
electrolytes and cathodes, resulting in numerically more complex
side reactions and by-products. Thus, DP decomposition is sig-
nificantly affected because of the degradation of electrolyte and
cathode. The main by-products are oxygen-related radicals that
are introduced by O, and Li,CO, decomposition (reactions Equa-
tions 9, 17, and 18). Thereby, prior to performance testing, battery
containers need to be carefully filled with high-purity CO, gas,
followed by leakage testing, to obviate residual oxygen species in
battery containers. Additionally, both Li* salts and organic sol-
vents need to be deoxidized and dewatered before battery assem-
bly.

In addition, cathode needs to be protected and stabilized dur-
ing charge. It is practical to build a thin, porous, and conductive
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layer on the cathode surface to protect catalysts in Li—-CO, batter-
ies. Zhang et al. prepared a composite of Cu nanoparticles highly
dispersed on N-doped graphene. A CuO film with a thickness of
3-5 nm is formed on Cu nanoparticles to protect Cu catalysts and
the N-doped graphene support from the attack of superoxide rad-
icals generated from the self-decomposition of Li,CO;, shown in
Figure 18.[12] As a result, the battery exhibited a low overpoten-
tial of 0.77 V, and an excellent 50 cycles (Figure 18c). In addition,
organic ligands react in a similar way in protecting catalysts from
reaction with radicals.'®] Fisher et al. synthesized the copper
(II) complex Cu(pyalk), (pyalk = 2-pyridyl-2-propanoate) via an
oxidation-resistant ligand for water oxidation.l'®! The low over-
potential of 520-580 mV and excellent stability of 12 hat 1.1 V
versus NHE under harsh conditions highlighted the oxidation re-
sistance of the pyalk ligand. The demonstrated effects of pyalk on
avoiding reaction with oxidation species are practically promis-
ing for development of Li—~CO, batteries. Importantly, when se-
lecting organic ligands, the mass transportation of CO, and
Li*, catalyst activities, and electronic conductivity should not be
affected.

Electrolyte stabilizing is another strategy to suppress side
reaction or reduce the influence of by-products. Generally, the
most used electrolytes for Li-CO, batteries are ether-based
electrolytes, including TEGDME and DMSO-based electrolytes
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because of excellent chemical and thermal stability. Given the
high resistance to oxidation, TEGDME exhibits higher oxida-
tion potential (>4.5 V), whilst the DMSO-based electrolyte can
readily be oxidized to dimethyl sulfone (DMSO,) by superoxide
radical related nucleophilic attack.!®1%] In addition, side reac-
tions between Li anode and DMSO can further deteriorate the
battery stability. Therefore, at present TEGDME is the widely
used solvent in Li-CO, batteries. However, the degradation of
electrolyte appears likely inevitable, especially at high charge
overpotentials. One method to obviate this is to control the inter-
action between Li salt cations and solvent molecules to protect
solvent molecules.['%] For example, Liu et al. assessed lithium
salt concentration effects in 1,2-dimethoxyethane (DME)-based
electrolytes on cycling stability in Li—O, batteries.'”] In a highly
concentrated electrolyte (LiTFSI concentration: 3 M), all DME
molecules were coordinated with salt cations, and the C-H bond
scission for DME molecule became increasingly difficult, which
protected the electrolyte from the attack of O, . As a result,
the battery cycling stability under both full discharge /charge
(2.0-4.5 V vs Li/Li*) and capacity-limited (at 1000 mAh g7)
conditions were significantly enhanced. Moreover, additives that
could improve stability during cycling are useful in electrolyte.
Wijaya et al. added a gamma fluorinated ether (1,1,1,2,2,3,3,4,4-
nonafluoro-6-propoxyhexane) into the TEGDME as electrolyte
for Li~O, batteries.['%] It was identified that this additive helps
prevent the attack from superoxide radicals.

In summary, both catalysts and electrolytes are critical in con-
trolling DPs and by-products. New catalysts with specific crys-
tal orientation, optimized coordination environments, and mod-
ulated defects, or interfaces will be needed to achieve ultrahigh
intrinsic selectivity. Regarding catalyst degradation, a protection
layer at the catalyst surface may be effective in practical design.
Additionally, to improve the stability of electrolyte, new elec-
trolytes, including ionic liquids, blended electrolytes with opti-
mized ratio, and selected additives need to be employed to im-
prove the cycling performance.

6. Conclusions and Perspectives

Amongst practically promising next-generation Dbatteries,
rechargeable lithium—carbon dioxide (Li-CO,) batteries are ad-
vantageous because of high-energy storage capability, and CO,
recyclability. However, electrochemical performance remains
limited by large overpotential (>1 V) and poor reversibility
during cycling because of decomposition difficulties of ther-
modynamically stable DPs. This review systematically and
comprehensively reviewed discharge /charge mechanisms and
demonstrated the impact of DPs in determining the battery
performance. Advanced in situ /operando techniques for inter-
mediate and DP identification are essential to illustrate possible
mechanisms and rule out false assumptions. We conclude that
concurrent decomposition pathways during charge are favorable
for battery stability and reversibility, and rational control to
tune DPs towards small size, low degree of crystallinity and
weakened Li-O and C-O bonds in Li,CO, is needed to boost
decomposition and improve performance. In addition, side
reactions and by-products should be reduced, and solar energy
that can provide extra driving force be used in Li-CO, batteries.
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Based on recent progress in Li—-CO, batteries, perspectives for
fundamental study and practical application (Figure 19) are pre-
sented as follows.

From the viewpoint of fundamentals, the mechanism for nu-
cleation and growth of DPs still lacks direct evidence, which puts
forward high requirements for advanced in situ /operando tech-
niques, including in situ SEM, XRD, and XPS. Theoretical com-
putation, for example, DFT computations, will be required to
simulate nucleation and growth under complex electrochemical
conditions. Additionally, mass transport of Li* and diffusion of
CO, in Li-CO, batteries must be quantitatively better addressed
in analyzing formation of DPs. The CO, absorption /desorp-
tion rate can be described by the mass transfer coefficient.%!
The Li*, CO, can be simulated by mesoscopic mass transfer
models.'!% To investigate the impacts of CO, mass transport,
Nernst-Planck equation can be useful to computationally as-
sess the near-surface concentration of molecules during CO,
reduction.!!!]

Decomposition is complex because it involves bond cleavage of
Li-O and C-O, and formation of new C-O bonds. Therefore, an
improved understanding will be necessary for developing ratio-
nal design of Li-CO, batteries. It will be necessary to confirm the
rate-determining step for these reactions before designing cath-
odes for decomposition. Meanwhile, because the decomposition
is solid phase reactions occurring at the interface of the cath-
ode, it is necessary to determine the impact(s) of interface contact
for performance improvement. Atomic-scale measurements, for
example, operando scanning transmission electron microscopy
(STEM), will be useful in providing confirmatory evidence on
how critical interfaces impact decomposition.['?] If the direct ev-
idence from advanced operando techniques can be judiciously
combined with DFT and ab initio-molecular dynamic simulation,
more information about the interface for solid phase reaction(s)
will be obtained.'!?]

Improved understanding of the battery decay mechanism is
important to develop stable and practical Li-CO, batteries. Pos-
sible degradation mechanisms can be catalyst agglomeration, ac-
tive species loss and migration, or contamination of active sites
caused by residual DPs. The decomposition of electrolyte at high
recharge potential also contributes to unstable performance. Ad-
ditionally, damage to the separator caused by deposited Li den-
drites, electrolyte evaporation, together with blocked channels
and pores in gas diffusion layer causes performance decay. It will
be important to distinguish which is the overriding factor that
determines performance decay by systematic characterizations at
different decay status.

For practical application, cathode design is important to prod-
uct control. To ensure the continuous formation and decompo-
sition of DPs, more stable and active catalysts need to be devel-
oped. In recent years, machine learning (ML) has become useful
in electrocatalyst screening in areas such as HER, ORR, OER, and
CRR."* In Li-CO, batteries, ML techniques will enable comput-
ers to learn material electrochemistry and build the relationship
between material properties and DP formation /decomposition
mechanism without being explicitly programmed. Furthermore,
gas diffusion electrodes with enriched pore structures to allow
fast CO, diffusion and deposition of DPs will need to be reason-
ably designed.['’] Tt is practical to build stable three-phase in-
terfaces by reducing diffusion layer thickness to allow fast CO,

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

85UB0|7 SUOWIWOD) 8A1IR81D) 8 |edl|dde 8y Aq paunob afe S8l O 8Sn JO S3|NJ 10} Akeid1 73Ul UO AB]IM UO (SUONIPUOD-PUR-SWIBH WD A8 1M AIq U1 [UO//:SANY) SUOTIPUOD Pue SWL | 81 88S *[€202/ZT/0T] Uo ARiqiT8ulluo A8|iM ‘luwn|y spreepY Jo AisieAlun Aq T/90T2Z0Z Buwipe/z00T 0T/I0p/woo A 1M A%eiq 1 jpul|uo//sdiy Wwoj papeojumod ‘6 ‘€202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Nucleation and growth mechanism

= Li* transfer
= CO, diffusion
= Nucleation

= Growth

Decomposition mechanism
-

5.2

o O

= Rate determine step
= Interface reactions
= Bond breaking

Performance decay mechanism

= Catalyst
degradation

= Electrolyte
decomposition

= Separator damage

sﬁé@, A o co,

Li*

Li
\ dendrites J
Anode Separator Cathode

Li,COq

Fundamental study

www.advmat.de

Cathode design

= Active catalysts
= Selected gas diffusion
electrode

Gas diffusion layer

Safe and stable electrolyte

Anode Li* Gas diffusion layer

= Non-flammable ‘_X’AS
* Quasi-solid-state C @—— o
= All-solid-state ° § -
= J’\l\

Solid state electrolyte Catalysts

Low operation temperature
= Photo-assisted eoe >~ > hv.
batteries 1 +CB Zh
= Selected catalysts, ¥T 0
anodes, and ooeVB &.
electrolytes TR CO.

Cathode

~ Practical application

i

N

7

< 0O

-

Figure 19. Perspectives of Li—-CO, batteries in the fundamental study and practical applications.

diffusion and Li* transition without damaging mechanical prop-
erties.

Practical electrolyte for Li-CO, batteries should be safe and sta-
ble. Conventional electrolytes consist of highly flammable com-
ponents that can ignite, leading to serious safety risk. It will
be necessary to incorporate flame-retardant additives, including
phosphates, fluorides, and fluorinated phosphazenes into the
electrolyte, or use nonflammable solvents, such as ionic liquids,
to improve safety and stability.''®l In addition, quasi-solid-state
batteries with nonflammable gel polymer electrolytes can reduce
fire risk and boost the safety and stability. Moreover, all-solid-state
Dbatteries using ceramic electrolytes is a practical method for Li—
CO, batteries because of higher thermal stability, electrochemical
stability, and high energy density, without leakage risk of elec-
trolyte.

Li-CO, batteries are practically promising for aerospace explo-
ration on Mars and submarine operation in the deep sea. How-
ever, these applications correspond to ultra-low temperature. The
main difficulties for low-temperature batteries are slow ion diffu-
sion rate and the consequently sluggish redox kinetics. There-
fore, it will be necessary to widen the operation temperature
range of Li-CO, batteries. Suitable Li salt, solvents, and additives
which can be adapted to low temperature will need to be devel-
oped. Furthermore, it is practical to introduce solar energy as an
extra driving force for reactions. Solar energy can be converted
to thermal energy to overcome CO, diffusion and Li* transfer
problem at low temperatures. Suitable catalysts will need to be
selected, however, to make use of theoretically inexhaustible so-
lar energy.

To sum up, DPs are closely correlated with the electrochemi-
cal performance of Li-CO, batteries, and therefore the control of
DPs is critical for performance improvement. At present, prod-
uct control strategies are not widely reported because of the
limited knowledge of formation/decomposition mechanism(s).
However, with the guidance of theoretical study and the identifi-
cation of in situ /operando techniques, we believe more efficient
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and practical Li-CO, systems will be developed and become one
of the mainstreams in the next-generation electrochemical en-
ergy storage.
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