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Lithium-COy, batteries (LCBs) are regarded as a promising energy system for CO; drawdown and energy storage
capability which has attracted widespread interest in carbon neutrality and sustainable societal development.
However, their practical application has been limited by slow kinetics in catalytic reactions and poor reversibility
of LioCO3 products which leads to the issue of a large overpotential, low energy efficiency and poor reversibility.
Herein, an efficient catalyst design and synthesis strategy is proposed to overcome the abovementioned
bottleneck. Through an electrical joule heating procedure, Pt with random crystal orientations is converted into a
3D porous Pt catalyst with preferred (111) crystal orientation within seconds, exhibiting enhanced CO; con-
version kinetics with superior electrochemical performance. This includes ultralow overpotential (0.45 V), fast
rate charging (up to 160 pA cm™2) and high stability (over 200 cycles under 40 pA cm™2). A proof-of-concept
stacked Li-CO3 pouch cell, with stable operation under practical current density is demonstrated, indicating
significant potential for large-scale operations. This bottom-up design of efficient catalysts and synthesis strategy
offers a rapid and cost-effective approach to maximizing catalytic sites for CO, conversion under restricted
catalyst loading, showcasing its versatility across a broad spectrum of catalyst-based energy conversion and
storage systems.

1. Introduction

The massive consumption of non-renewable fossil fuels has caused
increasingly energy shortage issues and corresponding CO2 emissions
also trigger serious environmental crises such as global warming and
extreme climate change [1,2]. New negative emissions technologies to
both address the ever-increasing energy demand and reduce CO; emis-
sions are of great importance for carbon neutrality and the sustainable
development of human society [3,4]. Among the novel carbon dioxide
capture and utilization technologies (e.g., CO5 reduction techniques)
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[5-7]1, metal-CO5 batteries have attracted considerable attention due to
their unique characteristic of CO; recyclability and providing green
energy storage simultaneously [8,9]. With CO, as the reactant,
rechargeable Li-COy batteries (LCBs) deliver a high theoretic energy
density of 1876 Wh/kg and theoretical equilibrium potential at ~2.8 V
(vs. Li/Li™, based on the reaction of 3CO, + 4Li < 2Li,CO3 + C), which
is substantially higher than that of high-energy lithium-ion battery
systems (e.g., ~300 Wh/kg of Si-graphite//NCM systems). The direct
utilization of CO2 in energy conversion and storage devices also provide
effective approaches for the sustainable development of carbon neutral
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society. These advantages make LCBs as promising next-generation en-
ergy storage devices not only for substitution of conventional Li-ion
batteries but also extended application in aerospace exploration (espe-
cially on predominant CO, environments, such as Mars) [10].

Despite being very promising and extensively investigated since its
emergence, the widespread applications of LCBs still suffer from several
thorny research bottlenecks. The sluggish CO5 conversion leads to large
overpotential (> 1 V), low energy efficiency (< 75 %) and inferior rate
performance (normally operated at 0.1 C) [10,11]. The poor revers-
ibility caused by the incomplete decomposition of insulating LioCO3
products and the unexpected side reactions (e.g. electrolyte decompo-
sition, carbon corrosion, etc. at high charging potentials) leads to limited
cycle life [12,13]. The lack of rational electrode and electrocatalyst
structure design fails to ensure large-scale practical application and
exhibits uncompetitive areal capacity (< 1 mAh cm ) [14]. Therefore,
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the key challenge to promote LCBs performance lies in the development
of highly efficient cathode electrocatalysts. To this end, tremendous
efforts have been devoted to investigating various electrocatalysts such
as carbon-based materials (graphene, carbon nanotubes, carbon aerogel,
porous activated carbon, etc.), transition metal compounds (oxide, sul-
phide, carbide, etc.), and noble metal/alloys (Pt, Ir, Ru, etc.) [8,10,12].
Despite efforts to improve electrochemical performance, many electro-
catalysts have not yet demonstrated satisfactory results when evaluated
under practical operating conditions such as higher operating current
density and larger electrode size.

On the other hand, achieving a balance between long-term dura-
bility, high catalytic performance, and cost control remains a challenge
[10,12]. For instance, the development of single-atom electrocatalysts
has been pursued to reduce costs, but some have exhibited susceptibility
to side reaction chemicals (e.g., carbon monoxide) during CO»
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Fig. 1. Design and characterizations of Pt electrocatalyst. (a) Schematic CO, conversion process in Pt-based LCBs. (b) Side view of adsorption behaviour of CO,,
Li and Li,CO3 on different orientations of Pt surface and (c) comparison of corresponding adsorption energy. (d) Decomposition energy of Li,CO3 on different
orientations of Pt surface. (e) XRD analysis of different electrodes. (f) Detailed surface structure and TEM observation of the electrode after HTS (scale bar = 200 nm).
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conversion, leading to structural damage and limited cycle life [15-21].
Additionally, incomplete exposure of catalytic sites for CO, conversion
can result in suboptimal rate performance [16,22]. Thus, designing
catalysts with an optimal crystal structure to maximize catalytic sites for
CO;, conversion is a critical principle to consider.

Herein, we demonstrate an efficient modulation strategy of the
catalyst structure to enhance CO; conversion kinetics and improve the
overall electrochemical performance of LCBs. Following the theoretic
simulations on the preferred Pt facet for LCBs reactions, electrical Joule
heating is employed to regulate both the structural and morphological
properties of Pt-based electrocatalysts which are expected to enhance
the CO2 conversion reaction and increase catalytic reaction sites
respectively. This bottom-up design of efficient catalysts synthesis
strategy offers a rapid, cost-effective, and controllable approach to
maximizing catalytic sites for CO, conversion under restricted catalyst
loading. Also, this strategy showcases versatility across a broad spec-
trum of catalyst-based energy conversion and storage systems. With
restricted areal mass loading of Pt catalyst, the as-developed porous
electrocatalyst exhibits superior electrochemical performance over
currently reported studies including low overpotential (< 0.5V),
excellent rate performance (up to 1.6 C, 1 C = 100 pA cm2), and high
stability under elevated current density (over 200 cycles under 0.4 C).
Moreover, stacked Li-COy pouch cells can be fabricated and operated
under more practical operation conditions (280 mAh.ej, and cycled at
0.2 C with over-potential < 0.6 V).

2. Structural regulation and engineering for Pt catalyst

According to previous studies, the reaction process in platinum-
based LCBs can be described with the following reversible equations:
3CO;, +4Li + 2Li,CO3 +C (Fig. 1a). DFT calculations were first con-
ducted to compare the electrocatalytic CO, reduction reaction (CO2RR)
and CO; evolution reaction (COER) activity on different orientations of
Pt. In the typical COoRR process, the most important parameters to
evaluate the LCBs performance are the adsorption of the reactant (CO5
and lithium ions) and the reaction product (Li,CO3 and C). The CO,
conversion kinetics is mainly dominated by catalysts in LCBs, as the
supporting carbon matrix (e.g., carbon paper, carbon cloth.) generally
exhibits poor catalytic performance toward CO5 conversion [23]. The
adsorption energy of CO», Li" and Li»CO3 on typical thermodynamically
stable surfaces (i.e. (111), (200) and (220)) of Pt are calculated
(adsorption configuration in Fig. 1b). For the CO5 reactant, Pt (111)
facet exhibits the largest adsorption energies (—0.43 eV) compared with
(200) and (220) facets as shown in Fig. 1c. Meanwhile, the adsorption
energy for Li* on Pt (111) facet (—1.12 eV) is much higher than that of
the other two facets, which indicates the higher lithiophilicity on the Pt
(111) facet. Thus, from the reactant perspective, Pt (111) exhibits the
best compatibility and adsorption toward CO and Li™, indicating a
larger concentration of reactants on the catalyst surface to promote
higher CO2RR activity [24]. The adsorption behaviour of the main re-
action product (LioCOs3) is further calculated, Pt (111) exhibits larger
adsorption energy of —1.53 eV than (200) and (220) facets. In this case,
Li»CO3 can be more easily generated on Pt (111), leading to an enhanced
reaction activity for potentially higher rate and capacity performance
[25].

The sluggish decomposition of LioCO3 has been considered the rate-
determining step for the CO2ER process in LCBs. The large overpotential
for the decomposition of LioCO3 during CO-ER greatly reduces the en-
ergy efficiency and further results in limited cycle life owing to the
incomplete decomposition of discharging product and electrolyte
instability under high charging potential [16,22]. A low decomposition
energy barrier of Li;CO3 could promote its complete decomposition,
thus improve the cycling stability of the battery. The decomposition
barrier of LioCO3 (C + LioCO3 —Li" + LiCo03 + €) is evaluated as shown
in Fig. 1d. As a result, Pt (111) also exhibits the lowest decomposition
energy of Li;COs (1.09 eV) among the three typical facets, hence in
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favour of LipCO3 dissociation. According to the above theoretical cal-
culations, Pt (111) has been identified as the most active interfacial facet
to catalyse both CO;RR and CO2ER for LCBs.

High-temperature shock (HTS), as a non-equilibrium extreme
method based on the electrical Joule heating, has been regarded as a low
cost and highly efficient technique to regulate morphology and structure
properties of diverse functional nanomaterials [26,27]. Next, we
employed HTS technique to regulate the crystal orientation and exposed
active sites on Pt catalysts (Fig. S1). Carbon cloth (Fig. S2) with good
conductivity, flexibility and porosity was used as the electrode substrate
[23,28]. Firstly, Pt was uniformly deposited on the carbon cloth (CC) via
thermal evaporation (Fig. S3), and the resulting areal mass loading of Pt
is ~ 0.1 mg c¢m 2. The Pt-coated carbon cloth (pristine-Pt@CC) was
further loaded on the HTS holder (Fig. S4) and thermal-treated under
vacuum conditions with a cut-off heating temperature of 1500 °C
(Fig. S5).

After 2's of HTS process, the loaded Pt melted during the rapid
temperature rise, and then self-assembled into nanoparticles during the
abrupt temperature drop [29]. Transmission electron microscopy (TEM)
observation identified the existence of nanoparticles with a size range of
5-10 nm (Fig. S6). The structural information of different air electrodes
was investigated by X-ray diffraction (XRD) as shown in Fig. 1e. The
broad peak at around 26° in all three electrodes can be ascribed to the
carbon fibre of the CC substrate. After the Pt deposition, weak Pt peaks
at (39.9°) can be identified according to the standard PDF cards
(01-070-20057) [30]. In sharp contrast, the (111) peak was greatly
intensified after the HTS treatment, indicating the successful imple-
mentation of the preferred orientation of Pt (111) which was demon-
strated by TEM [31,32]. Besides, XRD patterns with fitting data (Fig. S7)
showed a significantly increased content of (111) facet from 48.6 % to
63.6 % and the narrowed full width high maximum values also sug-
gested larger crystalline grains. The lattice spacing of 0.225 nm can be
observed, corresponding to the (111) crystal plane of Pt, which is also
confirmed by the speckle rings of the selected area electron diffraction
pattern (Fig. 1f) [33,34]. With more observation of other nanoparticles,
it was found that the Pt (111) orientations dominated the surface of
nanoparticle platinum (Fig. S8). To elucidate theAs origin of preferred Pt
(111) orientation during HTS process, surface energies of (111), (200)
and (220) facets of Pt are compared in Fig. S9. Pt (111) facet exhibited
the lowest surface energy (1.44 J m?) compared with (200) and (220)
facets, which indicates that the (111) facet is a more thermodynamically
stable facet. Thus, Pt (111) orientation exposed more during the abrupt
cooling process [35]. Such approach could be adopted to synthesizing
other metallic catalysts with desirable crystalline orientations.

Moreover, the dense thin-film morphology of the pristine Pt-coated
electrode was transformed into a 3D porous structure (Fig. S10 and
Fig. S11). The Ny adsorption-desorption isotherm of the HTS-treated
catalyst (Fig. S12) shows a typical hysteresis loop characteristic of a
porous structure [36]. The introduced porosity not only significantly
increased the specific surface area from 0.66 m? g~! to 1.25 m? g~! but
also created hierarchical pore size distribution on the electrode surface
[37]. Finite element method analysis was then employed to simulate the
CO;, flow on the surface of different electrodes (see Fig. S13 and Fig. S14
for detailed results). As a result, catalyst with porous structure allows
faster CO, diffusion. In addition, such 3D porous catalyst structure is
expected to promote electrolyte permeation and increase catalytic sites
to facilitate COy conversion.

3. Enhanced CO; conversion kinetics and reversibility

After the Pt (111) preferred orientations and porous catalyst struc-
ture were successfully introduced in the air electrode, the CO, conver-
sion process was then evaluated in Li-CO5 batteries under COq
atmosphere (Fig. S15). The maximum areal capacity was first measured
with a cut-off voltage at 2 V and under a current density of 20 pA cm ™2
(Fig. S16). Notably, the porous-Pt-(111)@CC enabled a high areal
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capacity of 5.8 mAh cm~2, which is more than twice the capacity
delivered by pristine-Pt@CC (2.6 mAh cm_z). To evaluate the utilization
efficiency of Pt, the normalized specific areal capacity (areal capacity
divided by the areal mass loading of Pt) is defined and compared with
the reported literature as shown in Fig. S17. The porous-Pt-(111)@CC
delivered the highest normalized specific areal capacity (58.1 Ah
gc‘altalyst) with the minimum catalyst loading among all the listed cata-
lysts (Table S2), suggesting a highly efficient utilization of the catalyst to
promote CO, conversion. Besides, the discharging voltage of porous-Pt-
(111)@CC also outperforms pristine-Pt@CC under the same operating
condition. The significantly improved areal capacity is contributed by
the elevated specific surface and porous catalyst morphology that pro-
vide more available sites to accommodate the reaction product; mean-
while, higher contents of exposed preferred Pt (111) orientation
accelerate CO, conversion and product generation during the CO2RR
process. Interestingly, distinctively different morphologies for the dis-
charging product could be observed on porous-Pt-(111)@CC and
pristine-Pt@CC (Fig. 2a and Fig. S18). For pristine-Pt@CC, the dis-
charging products tend to form isolated micro-sized particles following
the Volmer-Weber mode due to the lack of catalytic sites, leading to
residual CO2RR products on the electrode surface (Fig. S19). As illus-
trated in Fig. 2b, Benefiting from abundant and highly efficient catalytic
sites, thin-film products are formed on porous-Pt-(111)@CC following
the Frank-van der Merwe mode which can easily decompose upon the
charging process (Fig. S20) [38].

The cyclic voltammetry (CV) tests (Fig. S21) of the Li-CO; batteries
were conducted at the scan rate of 1 mV s~! within the potential range
from 2.0 to 3.5V to observe the redox reaction process for different
electrocatalysts. The cathodic peaks started at 2.5 V corresponding to
the Li,CO3 and carbon formation during the CO2RR process. And during
the anodic scanning, the peaks started at 2.8 V can be ascribed to the
decomposition of the discharging product. The porous Pt catalyst

Nano Energy 117 (2023) 108872

showed a larger reaction current and lower overpotential during
charging compared with the pristine Pt catalyst and pure carbon elec-
trode (CC) (Fig. S22), indicating an enhanced CO, utilization during
CO2RR and facilitated decomposition of reaction product during CO2ER.
Galvanostatic charging and discharging tests were carried out as shown
in Fig. 2¢c. To make a better comparison with recent LCB literature, the
cut-off capacity was accordingly set as 100 pAh cm~2. Considering the
practical application of LCBs, a moderate operating current density of 40
pA cm™2 was applied. Porous-Pt-(111)@CC exhibits a charging plateau
of 3.08 V with an overpotential of merely 0.65 V, which is one of the
lowest values among all reported electrocatalysts (excluding the photo-
electrocatalyst or redox mediator works) in LCBs under the same current
density.

Since the reaction kinetics of COoRR and CO2ER have a great impact
on reversibility, electrochemical impedance spectra (EIS) were recorded
during cycling to evaluate the overall reversibility of LCBs. The gener-
ation of reaction product during discharging will passivate the electrode,
hence increasing the interfacial charge transfer resistance (R¢t) for both
catalysts (Fig. 2d and Table S1). Upon the charging process of the first
cycle, the resistance recovered nearly to the pristine state before cycling
for porous-Pt-(111)@CC, confirming the complete decomposition of the
discharging product. By contrast, R for pristine-Pt@CC was partially
recovered at the charged state, indicating residual discharging product
on the electrode. R for pristine-Pt@CC became even higher after 10
cycles, suggesting a deteriorating interface, whereas porous-Pt-(111)
@CC exhibited well-maintained interfacial resistance owing to the
high reversibility.

To obtain the correlation between the componential information on
electrode surfaces and the cell reversibility, LCBs under different states
of charge were disassembled for ex-situ interfacial spectroscopy anal-
ysis. The ex-situ XPS (Fig. S23 and Fig. 3a) analysis of both catalysts
exhibit distinctive LioCOs3 signals in both C 1s (290.3 eV) and Li 1s
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spectra (55.5 eV) at discharged state, confirming the generation of reaction stress and change the catalyst structure [44,45]. The accumu-
Li»,CO3 [36,39]. In the following charging process, all signals belonging lation of incompletely decomposed discharge product will passivate the
to Li;COg3 disappeared on porous-Pt-(111)@CC, suggesting the complete catalyst surface and worse still lead to catalyst structural collapse or
decomposition of Li;CO3. However, partial Li;CO3 could still be detec- detachment from the substrate owing to the residue stress [44,46]. The
ted on pristine-Pt@CC at charged state. Ex-situ Raman (Fig. 3b) and disassembled air electrodes were also observed by scanning electron
FTIR (Fig. S24) were also employed to reveal the reversibility of the microscope (SEM) (Fig. 3c). Surprisingly, the air electrode with pristine
catalyst-dependent CO, conversion. Consistent with the XPS measure- Pt catalyst suffered severe structure destruction. The pristine Pt catalyst
ment, porous-Pt-(111)@CC enhanced the reversible decomposition of was peeled off the carbon fibre and the non-active carbon substrate was

discharging product LipCOs as confirmed by the evolution of typical exposed. While in the air electrodes with porous Pt catalyst, the struc-
Raman stretching peaks (~1090 cm ™) and FTIR spectra (~1510 cm ™) tural integrity was maintained stable during cycling with the porous Pt
[40-43]. Besides, XRD measurements for different electrochemistry catalyst structure well preserved. Based on the above results, it can be

states were analysed (Fig. S25). It could be observed that the charac- concluded that porous-Pt-(111)@CC facilitates the complete decompo-
teristic peak (21.34°, 30.64° and 31.79°) of LioCO3 disappeared in the sition of thin film discharging product during charging owing to abun-
charging state on porous-Pt-(111)@CC [10]. dant and highly efficient catalytic sites, hence improve the excellent

It is reported that the nanostructure of the catalyst can affect the electrochemical reversibility. The porous structure is also beneficial to
growth/evolution of discharging product on the catalyst surface [36, the dissipation of the reaction stress to maintain electrode structure

38]. In return, the repeated catalytic behaviour will also introduce integrity (Fig. 3c); while the residual Li;CO3 on pristine-Pt@CC
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gradually accumulates, and eventually causes structure disintegration of amounts of the consumed and released CO, based on DEMS are calcu-
the electrode owing to Pt detachment from the substrate. Furthermore, lated to be 2.192 x 107® mol and 2.183 x 10~® mol for discharging
the SEM results of porous-Pt-(111)@CC after long-term cycling also and charging process, respectively. The CO, mass-to-charge ratio during
confirmed the improved reversibility of LipCOs decomposition  discharging or charging is very close to 0.75, indicating a highly
(Fig. 526). reversible pathway (3COy + 4Li" < 2Li,CO3 + C). Since irreversible

For further insights into the role of porous-Pt-(111)@CC in Li-CO, reaction has been reported to generate O, upon charging process
enhancing CO; conversion kinetics and reversibility, in-situ Raman and as the following reaction path: 2Li,CO3—>2CO, + Oy + A4Li* +

differential electrochemical mass spectrometry (DEMS) were conducted 4e- [11,12], this result has ruled out the above mentioned Li;COj3
to probe the reaction mechanism. As shown in Fig. 3d, the Raman in-  gecomposition route and further confirmed the high reversibility of CO,
tensity of reaction product Li»CO3 (typical peak at ~1090 cm™) and conversion on porous-Pt-(111)@CC.

carbon (G-bond at ~1600 cm! and D-bond at ~1350 cm’l) was
recorded [47]. During the galvanostatic discharging process, the in-
tensity of the reaction products gradually increased. In the following
charging process, the corresponding intensity gradually vanished. This
result indicates that apart from Li;COs, the evolution of C is also
reversible. indicating superior reversibility. DEMS results (Fig. 3e) show
that CO, was the only gas specie that being consumed/released during
discharging/charging. The charge evolution during discharging or
charging is 2.93 x 10~®mol (20 pA cm~2, 100 pAh cm~2). The molar

4. Electrochemical performance under more practical operating
conditions

As previously mentioned, the real application of LCBs relies on their
performance under practical current densities. Herein, additional elec-
trochemical tests were carried out to evaluate the battery performance
of porous-Pt-(111)@CC. Porous-Pt-(111)@CC exhibited a steady dis-
charging/charging plateau under various current densities (Fig. 4a) and
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LCB pouch cell under 20 pA cm~2. (h) Energy efficiency comparison of the Li-CO, pouch cell performance with literature from Table S3.
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small overpotentials (Fig. 4b) of 0.45 V, 0.65 V, 0.89 V and 1.26 V at 20,
40, 80 and 160 pA cm 2, respectively, which correspond to energy ef-
ficiencies (Fig. 4¢) of 87.5 %, 82.1 %, 75.6 % and 65.9 %. In comparison,
pristine-Pt@CC exhibited much poorer rate capabilities. The charging
voltage of pristine-Pt@CC increased sharply (as high as 4.5 V) with the
current density (Fig. S27 and Fig. 4b), resulting in inferior energy effi-
ciencies of 85.0 %, 71.9 %, 63.7 % and 42.4 % at 20, 40, 80 and 160 pA
cm 2, respectively. To further highlight the excellence of the as-
developed porous Pt catalyst, the electrochemical performances
(including charging voltage, overpotential and energy efficiency) were
compared with previously reported Li-CO, battery cathode catalysts as
summarised in Fig. 4d and Table S2. Porous-Pt-(111)@CC clearly
demonstrates the highest energy efficiency and lowest overpotential
among all the listed metal or metal-based catalysts even under higher
current densities (Fig. S28). Notably, the as-developed Pt catalyst with
optimized catalytic sites also delivered the highest energy efficiency
with the minimum areal mass loading compared with previously re-
ported works (Fig. S29), indicating a much improved catalyst utilization
efficiency.

Owing to the sluggish CO5 conversion kinetics, many reported LCBs
are normally cycled at impractically low areal current densities
(Fig. S28). Here, the cycle stability of the LCBs with different electro-
catalysts was investigated at the current densities of 20 pA cm ™2 and 40
A cm 2. As shown in Fig. 30, pristine-Pt@CC delivered a poor cycle
performance under 40 pA cm 2. The charging voltage already reached
3.5V within the first 10 cycles and gradually increased up to 4.5V
during sequential cycles. Worse still, the discharging voltage also
dropped below 1.5 V, leading to disastrous energy efficiencies. The pure
carbon electrode exhibited even poorer cycle performance as shown in
Fig. S31. Remarkably, excellent cycle stability was exhibited by porous-
Pt-(111)@CC as shown in Fig. 4e. Under current densities of 20 pA
cm ™2, the as-assembled LCBs can be stably cycled for over 100 cycles (>
1000 h) with an average low overpotential of 0.5 V. Under the elevated
current density of 40 pA cm_z, LCBs based on the porous-Pt-(111)
catalyst can be cycled over 1000 h (corresponding to over 200 cycles)
with high energy efficiency of over 80 % (Fig. S32), evidencing that the
high-rate performance and cycling stability can be simultaneously ach-
ieved by porous-Pt-(111)@CC. The porous-Pt-(111) catalyst based LCBs
were further operated under higher specific areal capacity (200 pAh
ecm~2). Low overpotential (Fig. $33) and stable cycle performance
(Fig. S34) remained demonstrating the enhanced CO; conversion
kinetics.

Single-layer Li-CO5 pouch cells have been previously reported, but
many of them can only power low-energy or low-power electronics with
the limited practical operation [37,48-50]. Developing practical
pouch-cell-level Li-CO,, batteries puts forward a challenging opportunity
to realise the potential CO, utilisation and energy storage ability of
Li-CO, batteries. Here, to further demonstrate the potential of
porous-Pt-(111)@CC in practical application scenarios,
proof-of-concept stacked Li-CO5 pouch cells (Fig. 4f) with two layers of
air electrodes were assembled and tested. Under the current densities of
20 pA cm ™2, the stacked Li-CO, pouch cell delivered a total capacity of
280 mAhep (Fig. S35). Apart from lighting the LED arrays as shown in
Fig. S36, the as-developed stacked Li-CO5 pouch cell can be stably cycled
under 20 pA cm 2 (Fig. 4g) with low overpotential (0.5 V) and high
energy efficiency (82.2 %) (Fig. S37). Compared with the reported
Li-CO3 pouch cells (Fig. 4h, Fig. S38 and Table S3), the stable cycling of
the porous Pt based stacked Li-CO, pouch cells with low overpotential
and high energy efficiency demonstrates its potential for large scale
application. Considering the utilization cost, the Pt/Carbon weight ratio
in our cathode electrode is calculated to be 0.77 wt% which is only
one-fourth of that in the commercial Pt/C catalyst (3 wt%). Meanwhile,
no harmful or expensive chemicals are used during the synthesis pro-
cess. Overall, compared with the traditional wet chemistry routine to
synthesis electrocatalyst, the proposed catalyst regulation strategy not
only provides a rapid, cost-effective, and controllable approach to
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enhance the LCBs, but also inspires synthesis of catalysts based on
non-noble metals. Furthermore, through the strategy of simultaneously
tuning the crystalline facets and morphology, catalysts that previously
considered ineffective might be revived.

5. Conclusions

In summary, following the theoretical identification of the highly
efficient catalytic orientation of platinum catalyst toward CO» conver-
sion for LCBs, a porous Pt catalyst (porous-Pt-(111)@CC) with preferred
orientation of (111) has been controllably and efficiently developed by
fast electrical joule heating techniques. Benefiting from the improved
CO; conversion kinetics on the (111) facet (including compatibility and
affinity toward reactant, and the lower energy barrier for Li;COs
decomposition), porous-Pt-(111)@CC delivered remarkable electro-
chemical performance with minimum catalyst loading. Areal capacity
could be doubled owing to the porous structure that with abundant
catalytic reaction sites to accommodate reaction products. Ex-situ and
in-situ characterizations have confirmed the high reversibility of the as-
developed porous pt catalyst, which ensures the stable long-term cycling
of LCBs with low overpotential and ultrahigh energy efficiency, out-
performing most reported metal or metal-based electrocatalysts for
LCBs. A proof-of-concept stacked Li-CO5 pouch cells are further fabri-
cated and delivered considerable areal capacity and stable cycle per-
formance under 0.2 C, demonstrating its potential in practical use. The
proposed strategy to regulate specific catalytic sites and consequently
maximize the utilization of catalysts provides a rational and eco-efficient
approach for the synthesis of advanced catalysts toward next-generation
high-performance energy conversion and storage devices.
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