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Li—-CO, batteries (LCBs) offer significant potential for high energy storage and efficient CO, utilization.
However, their practical application is hindered by challenges such as low energy efficiency, poor rate
performance, and limited cycle life. To address these issues, it is crucial to develop gas electrodes with

a highly conductive, catalytic, and robust network to facilitate rapid and reversible CO, conversion. In

this work, a comprehensive design for high-performance gas electrodes in LCBs is presented. The

critical structure—property relationships of gas electrodes have been investigated with a focus on optimal

substrate and catalytic site construction. The developed self-supporting electrodes, featuring ultrafine

nanocatalyst decoration within a hierarchical porous and conductive structure, exhibited superior

electrochemical performance, including ultrahigh areal capacity (over 10 mA h cm ™),

2), excellent

reversibility, and high energy efficiency (over 80%) under practical operating conditions. Furthermore,

Received 13th November 2024
Accepted 7th January 2025

flexible Li—CO, pouch cells were successfully fabricated, showing stable operation and high tolerance to

mechanical stress, indicating significant potential for large-scale applications in high-energy-density

DOI: 10.1039/d4se01582g

rsc.li/sustainable-energy

1 Introduction

Li-CO, batteries (LCBs), with CO, as the direct reactant, have
been regarded as an emerging sustainable energy technology
with the dual function of CO, conversion and utilization. Based
on the unique CO, conversion process (3CO, +4Li <> 2Li,CO; +
C), LCBs can deliver a discharge voltage of ~2.8 V (vs. Li/Li") and
a high theoretical energy density of 1876 W h kg™ " (three times
higher than that of conventional lithium-ion batteries).* The
great potential to utilize CO, in high-density energy storage
devices makes the LCBs a promising technology for future Mars
and deep-sea exploration.”?

The development of LCBs is still relatively new with several
major research limitations such as high polarization and low
energy efficiency, poor recyclability and short cycle life, and
poor rate performance.*® To address the above challenges, it is
imperative to develop an efficient electrocatalyst to facilitate fast
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flexible power devices. The principles and guidelines established for gas electrode design are expected
to advance the development of superior LCBs and other catalyst-based energy systems.

and reversible reactant conversion in both CO, reduction
reaction (CO,RR) and CO, evolution reaction (CO,ER)
processes.® Extensive research has been conducted to produce
suitable electrocatalysts that optimise the performance of
LCBs,”® using a wide range of materials. Carbon nanomaterials
(graphene, porous activated carbon, carbon nanotubes, etc.) to
transition metal compounds (oxides, carbides, etc.) and noble
metals/alloys (Pt, Ir, Ru, etc.) have been widely researched.’**
However, despite recent advancements, practical LCB perfor-
mance parameters such as specific areal capacity and operating
current density are still unable to fulfil the requirements for
realistic application scenarios."”” There is therefore a need to
investigate and overhaul the systematic design of gas electrodes
for performance optimization.

The typical gas electrode configuration is composed of
several key components, including the porous supporting
substrate (e.g., carbon paper, carbon fibres, copper foam, etc.),
electrocatalyst, conductive agent (e.g., acetylene black) and
binder (e.g., polyvinylidene difluoride).”® This conventional gas
electrode structure has several drawbacks.'* The binder, as an
inactive ingredient, may trigger undesirable side reactions or
passivate catalytic sites. The gradual detachment of the elec-
trocatalyst from the substrate due to weak adhesion® could lead
to diminished electrochemical performance such as fast
capacity decay and reduced cycle life. In order to address these
issues, an effective strategy is to design self-supporting gas

This journal is © The Royal Society of Chemistry 2025
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cathodes to improve catalytic efficiency and maintain electrode
integrity.*"” Ideally, the self-supporting electrodes must
provide abundant catalytic sites with optimized electrocatalyst
utilization, hierarchical pore size distribution and interfacial
affinity for rapid mass diffusion, sufficient conductive networks
and a robust mechanical support. The various physicochemical
properties (e.g., porosity, catalytic, gas and electrolyte perme-
ability, electrical conductivity, etc.) of gas electrodes signifi-
cantly affect the electrochemical performance of LCBs."® It is
therefore crucial to correlate LCB performance with physico-
chemical properties of gas electrodes and achieve a more
informed and efficient practical optimization.

Herein, we provide a systematic evaluation of gas electrodes
and demonstrate fast electrode engineering for high energy
efficiency LCBs. Key parameters in the gas electrode design have
been elucidated. With the ultrafast and controllable electro-
catalyst engineering strategy, an ultrafine nanoparticle electro-
catalyst has been effectively loaded onto the robust substrate.
Optimized graphene/carbon nanotube aerogel-based gas elec-
trodes with a three-dimensional conductive and sufficient
catalytic framework have been constructed. Superior LCB
performance can be achieved with ultrahigh areal discharge
capacity (11247 uA h em™?) at a current density of 20 pA cm ™2,
excellent reversibility and energy efficiency (82%), and high
stability. We believe that the demonstrated electrode design
principle and regulation strategy will inspire broad
electrocatalyst-based energy applications.

2 Experimental section
2.1 Cathode preparation

2.1.1 Preparation of the graphene-carbon nanotube aero-
gel (GCA). 160 mg graphene oxide (GO), 40 g carbon nanotube
suspension (0.2 wt%) and =70 mL of deionised water were
mixed in a 250 mL beaker and vigorously stirred for 30 min.
After a further 30 min ultrasonication, the homogeneous solu-
tion was transferred to a 100 mL Teflon-lined stainless-steel
autoclave. The hydrogel was obtained after hydrothermal
heating at 180 °C for 12 h (Fig. S11). The resulting hydrogel was
frozen with liquid nitrogen and transferred to a freeze dryer for
48 h.

2.1.2 Preparation of Pt@GCA. The GCA was cut into suit-
able sizes for coin cells and pouch cells. The Pt-containing
precursor solution (50 mM) was prepared by dissolving H,-
PtCls- 6H,0 in deionised water. The Pt precursor solution (20 pL
ecm ) was added dropwise to the GCA film, infiltrated for
30 min and then vacuum dried in an oven for 2 h at 60 °C. The
treated GCA film was clamped to the sample holder of a Joule
heating system (Fig. S21) with two pieces of carbon paper and
was placed in an N,-filled gas chamber and electrically con-
nected to an external power source. The temperature was raised
to 1500 °C in a very short time (<0.5 s) by applying direct current
pulses of ~60 A to obtain Pt@GCA.

2.1.3 Preparation of Pt@CNF and Pt@CNT. The prepara-
tion method was the same as for Pt@GCA. The GCA was
replaced with carbon nanotubes (CNTs) and carbon nanofibers
(CNFs).

This journal is © The Royal Society of Chemistry 2025
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2.1.4 Preparation of carbon nanofibers (CNFs). 0.7 g of PAN
was dissolved in 6.3 g of DMF with magnetic stirring at room
temperature for 12 h as the electrospinning precursor solution.
The polymer solution was placed in a syringe with a metal
nozzle, and a voltage of 12 kV was applied between the metal
nozzle and the collector. The distance from the needle to the
collector was 15 cm, and the feeding rate was 12 pL min~*. The
as-spun nanofibers (NFs) were collected and air-stabilized at
280 °C for 1 h. Then the pre-stabilized NFs were annealed at
700 °C for 3 h in N, flow to obtain CNFs.

2.2 Characterization

Field emission scanning electron microscopy (FE-SEM) images
were obtained using a GeminiSEM 500 (China) microscope.
Field Emission Transmission Electron Microscopy (FE-TEM)
and energy dispersive spectroscopy (EDS) mapping were con-
ducted on a JEOL JEM-F200 (Japan) instrument. Time of flight
secondary ion mass spectrometry (TOF-SIMS) surface scanning
images were taken on a TOF-SIMS-M6 (Germany). Fourier
transform infrared (FTIR) spectra were collected on a BRUKER
TENSOR 37 FTIR (Germany, ATR Kit) spectrometer. X-ray
diffraction (XRD) patterns were collected on a SHIMADZU
XRD-6000 diffractometer using Cu-Ko radiation. Brunauer-
Emmett-Teller (BET) specific surface area analysis and Barrett-
Joyner-Halenda (BJH) pore size and volume analysis were per-
formed on a JW-BK200B JWGB (China) instrument. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a Kratos Axis Ultra (England) instrument using mono-
chromatic Al Ko. radiation (150 W, 15 kV and 1486.6 eV) at 10°
torr. Raman measurements were taken on a Renishaw InVia
Raman microscope with a 532 nm laser.

2.3 Li-CO, battery assembling and electrochemical
measurements

2032-type coin batteries were assembled with the self-supported
gas electrode as the cathode (cathode cases have several holes
for CO, diffusion), Whatman® glass microfiber membranes
(Sigma-Aldrich) as the separator, 1 M LiTFSI in TEGDME as the
electrolyte (DoDoChem, SuZhou), and lithium foil (16 mm) as
the anode. The prepared cathode electrodes were directly used
as the self-supporting cathode without any binder. The batteries
were assembled in an Ar-filled glove box (O, < 0.1 ppm; H,0 <
0.1 ppm) and measured in a homemade atmosphere control
chamber filled with high-purity CO,.

The Li-CO, pouch cell was assembled with a Pt@GCA
cathode (2 x 3 cm), with lithium foil pressed on the copper
mesh as the anode, and finally sealed with aluminium-plastic
films with six punched holes at the cathode side.

The galvanostatic charge/discharge (GCD) tests were carried
out on a LAND-CT2001A (Wuhan, China) battery test system. A
CHI 660D electrochemical workstation (Shanghai, China) was
used to record cyclic voltammograms (CV) with a scan rate of
0.1 mV s~ ' and for electrochemical impedance spectroscopy
(EIS) experiments with an impedance frequency range of 0.01-
100 kHz. All batteries were rested in a pure CO, atmosphere for
10 h prior to testing.

Sustainable Energy Fuels, 2025, 9, 1084-1094 | 1085
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3 Results and discussion
3.1 Self-supporting substrate evaluation

The working principle of LCBs is much more intricate than the
intercalation reaction in conventional LIBs. The operation of
LCBs involves multiple processes such as gas-solid conversion
reaction and discharge product evolution, with distinct elec-
trode morphology changes. As the main location of multi-
interface (CO,, electrolyte, solid catalyst) reactions, the optimi-
zation of gas electrodes with sufficient catalytic sites and suit-
able pore structures is crucial for improving the electrochemical
performance of LCBs (Fig. 1). An ideal gas electrode for practical
LCBs is expected to possess the following characteristics: (1)
abundant pore structure to ensure rapid mass transfer and
adequate surface area to accommodate discharging products;
(2) high conductivity to promote fast electron transfer under
high current operation; (3) excellent mechanical stability to
maintain the electrode integrity during manufacturing and in
harsh operational environments; and (4) highly efficient cata-
Iytic sites to accelerate both CO, reduction reaction (CO,RR)
and CO, evolution reaction (CO,ER) processes. Self-supporting
electrodes (e.g., carbon aerogels, carbon nanotube films, foam
metals, etc.) have been widely developed as promising gas
electrodes for metal-gas batteries.”>" A typical configuration
for self-supporting electrodes includes the conductive substrate
and electrocatalyst loading. Physicochemical properties of the
substrate, such as morphology, porosity, conductivity, and
wettability, significantly affect the electrochemical performance
of LCBs.” Based on the design principles of an ideal gas elec-
trode, we started by evaluating the suitable conductive substrate
for the self-supporting electrodes. Key evaluation parameters
are summarized in Table S1.}

The graphene-carbon nanotube aerogel (GCA) with a three-
dimensional (3D) porous structure was synthesized with
hydrothermal and freeze-drying methods. As the pure
graphene-based aerogel obtained through hydrothermal

reduction may suffer from severe self-aggregation and result in
a less stable internal 3D porous structure, 1D carbon nanotubes
were added during the hydrothermal process to enhance the
and mechanical

long-distance conductivity strength.>

Li Anode
Separator

Cathode
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Commonly used flexible substrates, including CNTs and elec-
trospun PAN-based CNFs, were also compared. Fig. S31 shows
the digital photographs of the three substrates. All of them
displayed favourable flexibility and mechanical stability. The
microstructure of the three substrates was characterized using
a scanning electron microscope (SEM). An interconnected 3D
porous structure was created in the GCA substrate as shown in
Fig. 2a. Carbon nanotubes cross-linked the wrinkled graphene
and mitigated agglomeration of graphene sheets, hence con-
structing a 3D porous conductive network. By contrast, CNT and
CNF films were constituted of 3D interconnected fibre struc-
tures as shown in Fig. 2b and c. Differently, the diameter of
a single carbon nanotube fibre was only about 50 nm, while the
diameter was around 200 nm for the CNF. The nitrogen
adsorption-desorption test indicated that the GCA has the
largest Brunauer-Emmett-Teller (BET) surface area of 92.4 m*
g ' (Fig. 2d and S4f). The pore size distribution in Fig. S5t
shows that the GCA exhibited a hierarchical porous structure
with the pore size concentrated below 10 nm. The hierarchical
porosity is beneficial for providing both rapid mass transfer and
sufficient reaction surface. Electrolyte wettability significantly
affects the interfacial interaction and charge transfer resistance
for metal-gas batteries.”*** Contact angle analysis was con-
ducted to evaluate the electrolyte wettability of various
substrates (Fig. S61). The GCA demonstrates the lowest contact
angle (9.5°), which is much smaller than those of CNT (27.7°)
and CNF films (24.4°). This high electrode/electrolyte affinity of
the GCA substrate is expected to facilitate interfacial charge
transfer. Fig. 2e shows the Raman spectra of the GCA, CNT and
CNF. All samples show the D (~1340 cm ™) and G (~1580 cm ™)
Raman bands, which are characteristic of carbon. The transi-
tion that gives rise to the D-band is Raman inactive in highly
ordered graphitic planes; however, it becomes Raman active in
the presence of defects, hence this band is attributed to defects
or disordered carbon within graphitic domains. The G-band
arises from the E,; stretching vibrations of the graphite
lattice.”*® For the CNFs, the Raman spectrum shows G and D
bands of roughly equal intensities (I and Ip, respectively) and
also, both these band are broad, with full width at half
maximum (FWHM) values of 85 ecm™ ' and 90 cm™ ', respec-
tively. These are characteristic features consistent with

Discharge
Li,CO;+ C

/ Charge

2=

Fig. 1 Schematic illustration of a typical reversible Li—CO, battery structure and desirable properties for an ideal gas electrode.
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Fig.2 SEM characterization of different substrates: (a) GCA, (b) CNT and (c) CNF. (d) Comparison of surface area. (e) Raman spectra of the three
cathodes. (f) The full discharge curves at a cut-off voltage of 2 V. (g) CV curves using different substrates with a scanning rate of 0.1 mV s™%. (h) The
discharge—charge profile comparison of LCBs. (i) EIS spectra of the three cathodes at open circuit potential (OCP).

significant amounts of disordered carbon within the CNFs.”
The spectrum of the CNTs shows a significantly more prom-
inent and sharper G-peak, with an Ip/I; ratio of ~0.22 and
a FWHM value of 15 cm™ ", which indicates a graphitic structure
with significantly fewer defects, compared to the CNFs. Also,
aweak D' peak is observed at 1610 cm ™~ * which is also activated
by defects indicative of remnant defects within the graphitic
structure.*® The G-peak of the GCA has the lowest Ip/Ig ratio of
0.08 and a FWHM of only 5 cm™ ", indicating a high quality of
the graphene lattice. Such low intensity ratios, with the absence
of the D’ peak indicate that the D-peak arises from defects that
are located at the edge boundary of the material rather than
within the bulk, which underscores the excellent quality of the
graphitic structure.”?*® Furthermore, a low-energy shoulder at
1580 cm ' corresponding to the G~ split is observed. This
splitting of the G-peak into the G~ and G* (1595 em™") peaks
occurs due to the different curvature of the nanotubes along the
radial and longitudinal axes, which highlights structures with
narrow curvature and a high degree of structural quality.”®*°

This journal is © The Royal Society of Chemistry 2025

These are necessary for the integration of the base materials
involved in forming the GCA and potentially higher
conductivity.**

To better evaluate their electrochemical properties, GCA,
CNT and CNF films were directly utilized as self-supporting
cathodes for LCBs. The full discharge results (Fig. 2f)
confirmed that the GCA provides the highest discharge areal
capacity (4720 pA h cm™>) owing to the sufficient reaction
interface created by the unique porous structure. Fig. 2g depicts
the cyclic voltammetry (CV) curves of the three substrates in the
voltage range from 2.0 to 4.5 V (vs. Li/Li'). GCA showed higher
reaction current and integral area during both CO,RR and
CO,ER processes indicating that the GCA possesses excellent
catalytic kinetics in LCBs. The galvanostatic discharge and
charge tests were performed at a current density of 20 pA cm ™2
with a cut-off areal capacity of 100 pA h cm 2 The GCA
exhibited the lowest overpotential of 2.15 V compared with CNT
(2.87 V) and CNF (2.35 V) films as shown in Fig. 2h. Electro-
chemical impedance spectra (EIS) revealed that GCA electrodes

Sustainable Energy Fuels, 2025, 9, 1084-1094 | 1087
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present the lowest charge transfer resistance (R.) at open circuit
potential as shown in Fig. 2i. This could be ascribed to the
facilitated mass diffusion and better electrolyte affinity in the
hierarchical porous electrode structure. In general, the GCA
delivered much better electrochemical performance than CNT
and CNF films, making it a more appropriate substrate among
them.

3.2 Efficient catalytic electrode construction

Highly efficient cathode electrocatalysts are crucial to promote
more practical LCB performance. After screening the suitable
substrate, we further explored rapid and controllable electro-
catalyst loading onto the substrates by the fast Joule heating
approach. The Joule heating method has been widely used and
explored thanks to its high efficiency, energy saving, wide
applicability and uniform particle size distribution of the syn-
thesised nanoparticles (NPs).*** Pt NPs with restricted elec-
trocatalyst loading were deposited on the GCA substrate by fast
Joule heating (denoted as Pt@GCA). Notably, this approach
allows us to effectively optimize catalyst utilisation and tailor
the catalytic sites. The overall preparation process of Pt@GCA is
described in Fig. 3a. The Pt precursor was dissolved in deion-
ised water (25 mM) and then added dropwise to the GCA at 20
uL cm~ > The Pt-decorated GCA was then thermally treated in
the Joule heating system. The thermal shock effect enabled the
fast conversion of the precursor into Pt NPs (Fig. S7, see the
video in the ESIf for details).** The detailed microstructure of
Pt@GCA is shown in the SEM images (Fig. 3b). The GCA
substrate retained a well-defined three-dimensional structure
with no signs of aggregation. Uniformly distributed NPs can be
observed on the GCA surface, with more detailed images in
Fig. S8.7 To determine the mass loading of Pt NPs on GCA,
Pt@GCA was heated to 900 °C in air to remove the carbonaceous
GCA. Based on the thermogravimetry data (Fig. S97), the Pt
content in Pt@GCA was calculated to be 1.25 wt%. Pt NPs were
also introduced into the CNT and CNF films with the same Joule
heating treatment (Fig. S101). The optical photographs in
Fig. S111 show that the heat-treated free-standing Pt@GCA
cathode still has good resilience. The BET surface of the
Pt@GCA cathode slightly increased (148.9 m”> g~') compared
with GCA electrodes (Fig. S12t) because of the thermal
decomposition of impurities during the thermal shock
process.*

High resolution transmission electron microscopy (HRTEM)
was used to characterize the Pt nanoparticles. A uniform
particle size was observed, as shown in Fig. S13.7 The elemental
mapping image revealed the uniform distribution of Pt NPs on
graphene sheets (Fig. S141). The average Pt nanoparticle size
was measured to be approximately 6.27 nm (Fig. S157). Lattice
spacing measurements of 0.224 nm and 0.196 nm corre-
sponding to the (111) and (200) faces of Pt, respectively, were
obtained (Fig. 3c and S16%).***” This was further confirmed
using the selected area electron diffraction (SAED) pattern as
shown in the inset of Fig. 3¢, implying the high crystallization
degree of Pt NPs. Structural information of different gas elec-
trodes was observed with XRD. Pt (111) peaks at 40.2° were
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identified according to the PDF standard card (PDF#87-0647).
Among the three electrodes, Pt@GCA displayed an intensified
Pt (111) peak compared to Pt@CNT and Pt@CNF (Fig. 3d),
indicating a higher Pt (111) composition which is expected to
enhance the intrinsic catalytic performance of the Pt-based
catalysts for LCBs.*** The areal distribution of Pt NPs in the
GCA was characterized by ToF-SIMS. The Pt element was
observed to be uniformly distributed as shown in Fig. 3e.

The compositional characteristics of Pt@GCA were explored
by X-ray photoelectron spectroscopy (XPS) measurements
(Fig. S171). As shown in Fig. S18,} the high-resolution spectra of
Pt 4f split into two peaks at 71.1 and 74.5 eV, which can be
attributed to Pt 4f;/, and Pt 4f5/,. No other Pt impurity phase can
be found. In addition, Fig. S19t exhibits a similar Ip/Is value
existing in both samples, indicating that the extremely fast
heating process does not generate obvious carbon defects.

3.3 Electrochemical performance evaluation with self-
supporting cathodes

Pt@GCA cathodes were used as self-supporting cathodes for the
LCB coin cell testing. The electrochemical performance was
initially evaluated through CV testing. When cycled at 0.1 mV
s~ in the potential range from 2.0 V to 4.5 V, Pt@GCA exhibited
the lowest onset potentials and the highest reaction currents in
both discharging and charging processes compared to other
electrodes (Fig. 4a). These CV results indicate that Pt@GCA
enhances the CO,ER and CO,RR catalytic kinetics, potentially
improving CO, utilisation and energy efficiency of LCBs.
Notably, Pt@GCA demonstrated the largest cathode peak inte-
gral area, suggesting abundant active sites on the electrode
surface and the highest discharge capacity among the samples
tested. More GCD tests were conducted to evaluate capacity-
related performance. Without CO, injection, negligible
capacity could be generated (Fig. S20t). Benefiting from the
facilitated CO, conversion, Pt@GCA was able to deliver a supe-
rior discharge areal capacity of 11247 uA h cm™ 2 as shown in
Fig. 4b (tested at a current density of 20 pA cm ™ with the cut-off
voltage set at 2.0 V) exceeding those of most reported cathode
electrocatalysts (Fig. S211). The ultrafine Pt nanoparticles
anchored in the GCA substrate create highly efficient and
sufficient catalytic sites to convert CO, and deliver high areal
discharge capacity. Rate performance was evaluated with
various current densities in the range of 0.02-0.16 mA cm >
(Fig. 4c). Stable discharging and charging plateaus can be
observed for Pt@GCA with varied current densities. The over-
potentials are 0.71, 0.72, 0.85, 0.93 and 1.06 V at 0.02, 0.04, 0.08,
0.10 and 0.16 mA cm 2, respectively, which correspond to
energy efficiencies of 81.30%, 79.88%, 76.27%, 72.58% and
69.93%, respectively. In sharp contrast, the overpotential of
pure GCA was reached even at 3.18 V (Fig. S22) while the final
charge potential of the Pt@GCA was still below 3.5 V even when
operated under 0.16 mA cm 2,

At a current density of 20 pA cm ™2 and a cut-off capacity of
100 pA h em™? (equal to 1000 mA h geaeyse | based on the
catalyst loading on the electrode), Pt@GCA exhibits a 3.05 V
charging plateau and an overpotential of merely 0.71 V at the

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration of the preparation processes of the self-supporting Pt@GCA electrode. Morphological and compositional

characterization: (b) SEM images, (c) HRTEM images and the inset shows the SAED image, (d) XRD patterns of GCA, Pt@CNT, Pt@CNF and

Pt@GCA electrodes. (e) ToF-SIMS observation of the Pt@GCA electrode.

first cycle (Fig. 4d). In comparison, the overpotentials of other
cathodes have all increased, with the overpotential of the GCA
cathode reaching as high as 2.15 V under the same test condi-
tions (Fig. S231 and 4e). In the subsequent cycle, the LCBs with
the Pt@GCA cathode displayed low overpotential cycling
performance, where the overpotential was below 0.75 V, energy
efficiency was above 80% (Fig. 4f) and the charging plateau was
at ~3 V even after 82 cycles. However, the GCA can only be used
for 45 cycles with the unstable discharging and charging
plateaus, gradually increased overpotentials and corresponding
reduced energy efficiency (Fig. 4f). The significant improvement
in overpotential and stable cycle performance is mainly attrib-
uted to the sufficient catalytic sites and high reversibility of
Pt@GCA. The outstanding electrochemical performance is
superior to many currently reported cathodic catalysts as

This journal is © The Royal Society of Chemistry 2025

summarized in Table S2.f Compared with the reported cath-
odes, the LCBs with the Pt@GCA cathode achieve a high areal
discharge capacity, low overpotential and competitive energy
efficiency.

Cycle performance of gas electrodes with different substrates
is compared as shown in Fig. 4g. LCBs based on Pt@CNT dis-
played the lowest and unstable discharging plateaus as well as
the highest overpotential. The charging voltage sharply
increased to over 3.5 V after only 33 cycles in Pt@CNT based
LCBs. Overpotential of Pt@CNF based LCBs could be lowered
compared with Pt@CNT. However, the cycle life ended within
60 cycles. Remarkably, the Pt@GCA cathode based LCBs exhibit
the most stable long-term cycle stability with the lowest over-
potential. Furthermore, Pt@GCA showed stability after more
than 91 cycles, exhibiting a terminal charging voltage lower

Sustainable Energy Fuels, 2025, 9, 1084-1094 | 1089
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performance of Pt@GCA at 0.04 mA cm™2.

than 3.5 V at greater current densities of 0.04 mA cm ™~ (Fig. 4h).
A low charging potential results in effective inhibition of
significant detrimental side reactions such as electrolyte and
carbon substrate decomposition to ensure stable cycle
performance.**®

3.4 Reversibility investigation and degradation analysis

Here we combine morphological and compositional character-
ization experiments to reveal the reaction mechanism in the
Pt@GCA cathode. The morphology characteristic of the dis-
charging product and electrode surface evolution could greatly
affect the reversibility of LCBs.** The electrode surface changes
after the discharging and charging processes were first observed
by SEM. The electrode surface of Pt@GCA was covered with the
thin-film discharging product after discharging (Fig. 5a). Upon
charging, the discharging product fully decomposed and
a clean electrode surface can be observed (Fig. 5b). Generally,
the thin-film morphology discharging product formed

1090 | Sustainable Energy Fuels, 2025, 9, 1084-1094

following the Frank-van der Merwe model and decomposed
more readily.*” However, the discharging product turned out to
be large particles on the GCA electrode surface due to the lack of
sufficient active catalytic sites (Fig. S241). The Partial dis-
charging product remained on the GCA surface at the fully
charged state, which implies a poorer reversibility than
Pt@GCA. EIS measurements before and after cycling were
conducted to further investigate the overall reversibility of
different cathodes (Fig. S25 and S26t). According to Fig. S25a,
Pt@GCA delivers the lowest R, value before cycling among all
cathodes. Upon discharging, the R. values of the four cathodes
increase as the reaction product gradually cover the electrode
surface. However, after the subsequent charging process, the R,
of Pt@GCA recovered to its initial level before cycling, indi-
cating the effective decomposition of the discharging product
and demonstrating high reversibility (Fig. S25b¥). In contrast,
other cathodes show unrecoverable R, at the fully charged state
with a poorer reversibility (Fig. S267).

This journal is © The Royal Society of Chemistry 2025
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The chemical composition evolution on the Pt@GCA cathode
surface was further investigated by ex situ interfacial spectro-
scopic characterization. Raman spectra in Fig. 5c display the
evolution of representative chemicals of Li,COj;. It is usually
difficult to detect the evolution of discharging carbon products as
their spectra could be covered by strong carbonaceous substrate
signals. The Li,CO; stretching peak can be identified at
~1090 cm™" during the discharging process. This peak disap-
pears upon charging, evidencing reversibility.**** However in the
GCA based LCBs, the Li,CO; Raman signal could still be detected
at the fully charged state, indicating a poorer reversibility
(Fig. S277). The XPS spectra of C 1s and Li 1s in Fig. 5d and e show
significant Li,CO; generation signals at 290.5 eV and at 55.5 eV,
respectively, after discharging.*>*® In the subsequent charging
process, the composition signal belonging to Li,CO; disappeared
completely indicating high reversibility. Furthermore, the ex situ
XRD (Fig. 5f) and FTIR (Fig. S287) characterization of the Pt@GCA
cathode in different states also presented the reversible evolution
of Li,CO; during cycling. The combination of various component

This journal is © The Royal Society of Chemistry 2025

characterization studies reveals the highly reversible reaction in
Pt@GCA based LCBs.

Electrode integrity reflected the mechanical stability of the
electrodes. The cycled gas electrodes were disassembled for SEM
observation (charged state). The Pt@GCA cathode can retain the
3D porous structure and stable loading of Pt NPs after long-term
operation (>800 h) as shown in Fig. 4g. More importantly, the
absence of discharging product residues on the electrode surface
indicates complete decomposition and high reversibility. The
morphology of the Li anode from the same battery after dis-
assembling was also observed. After long-term cycling of over
800 h, the Li foil was almost completely corroded (Fig. S297). The
corresponding XRD spectra of the cycled lithium metal anode
presented significant generation of LiOH and Li,CO;3; which is
assumed to be the side reaction of the Li anode with dissolved
CO, during battery operation (Fig. S301). Therefore, we believe
that the final suspension of Pt@GCA based LCBs could be
attributed to the Li anode failure. However in the Pt@CNT based
LCBs, a large amount of irregularly shaped discharging product

Sustainable Energy Fuels, 2025, 9, 1084-1094 | 1091
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was observed on the cycled electrode surface (Fig. 5h). It is
proposed that the insulating discharging products would gradu-
ally passivate the active catalytic sites and further inhibit the
reversible conversion of CO,. This irreversible generation of
insulating Li,CO; on the electrocatalyst surface results in high
overpotentials and shortens the cycle lifetime. Worse still, the
reaction stress produced during repeated catalytic processes
caused the detachment of Pt NPs (Fig. S311) away from the CNT
substrate.’®"” The Pt@CNTF electrodes also suffered severe struc-
tural damage after long-term cycling (Fig. 5i). The carbon nano-
fibers possess a large proportion of inactive and defect-rich
carbon surface, which is vulnerable to potential superoxide
attack, leading to catalyst structural collapse.>*®*

3.5 Flexible Li-CO, battery demonstration

To verify the promising application of Pt@GCA cathodes in
future wearable electronics, flexible Li-CO, pouch cells were
fabricated. Due to the excellent flexibility and mechanical
strength of Pt@GCA cathodes, the as-prepared pouch cell was
able to reliably power LED strips under various bending
conditions (Fig. 6a). Also, the as-prepared Li-CO, pouch cell was
able to still provide a stable open circuit voltage after repeated
bending (Fig. 6b). Further cycling performance testing showed
that the as-developed Li-CO, pouch cell was stable after cycles
for longer than 200 h at 20 pA cm™?, demonstrating promising
practical application of the flexible LCBs (Fig. 6c¢).

4 Conclusion

In summary, a comprehensive and systematic evaluation of gas
electrode design and engineering was conducted in our work.

1092 | Sustainable Energy Fuels, 2025, 9, 1084-1094

The three-dimensional graphene/carbon nanotube aerogel with
a hierarchical porous structure was identified as a promising
conductive substrate for LCBs. Ultrafine Pt NPs with a restricted
mass loading were successfully loaded on the substrate via an
efficient Joule heating technique. A highly conductive and
catalytic network was constructed in the optimal Pt@GCA
electrodes. Charge transfer resistance can be significantly
reduced owing to the 3D porous and affiliative electrode struc-
ture. Additionally, abundant active catalytic sites were
uniformly distributed on the robust conductive substrate
enabling highly reversible CO, conversion. Benefiting from the
optimized gas electrode properties, Pt@GCA delivers superior
electrochemical performance as a LCB cathode. Outstanding
areal discharge capacity of over 10 mAh cm ™2 at 20 uA cm ™ > was
obtained. Low overpotential under high current densities can
be achieved with excellent energy efficiencies of over 80%. The
reversible CO,RR and CO,ER processes were investigated by the
combination of various morphological and compositional
characterisation experiments. Flexible Li-CO, pouch cells were
also fabricated that can provide practical operation with high
mechanical tolerance. This work emphasizes the importance of
systematic electrode engineering considerations for high-
performance LCBs. The proposed electrode structure regula-
tion further indicates an effective way to enhance the electro-
chemical performance of metal-gas batteries, fuel cells and
broad electrocatalyst-related applications.
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