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ABSTRACT: An effective Ru/CNT electrocatalyst plays a crucial role in
solid-state lithium—carbon dioxide batteries. In the present article,
ruthenium metal decorated on a multi-walled carbon nanotubes (CNTs)
is introduced as a cathode for the lithium—carbon dioxide batteries with
Li; Al sGe, s(PO,); solid-state electrolyte. The Ru/CNT cathode exhibits a
large surface area, maximum discharge capacity, excellent reversibility, and
long cycle life with low overpotential. The electrocatalyst achieves improved
electrocatalytic performance for the carbon dioxide reduction reaction and
carbon dioxide evolution reaction, which are related to the available active
sites. Using the Ru/CNT cathode, the solid-state lithium—carbon dioxide
battery exhibits a maximum discharge capacity of 4541 mA h g~' and 45
cycles of battery life with a small voltage gap of 1.24 V compared to the
CNT cathode (maximum discharge capacity of 1828 mA h g~!, 25 cycles,
and 1.64 V as voltage gap) at a current supply of 100 mA g~' with a cutoff
capacity of 500 mA h g~". Solid-state lithium—carbon dioxide batteries have shown promising potential applications for future energy
storage.
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B INTRODUCTION

ically benign compounds are suitable for the practical
development of SSLCBs. In particular, inorganic solid-state

Solid-state lithium batteries (SSLBs) are favorable for future
energy storage applications. The importance of SSLBs emerges
from the likelihood to utilize high-voltage cathodes and high-
capacity anodes (Li metal) without compromising safety."” At
present, rechargeable lithium—carbon dioxide batteries (LCBs)
are gaining importance worldwide because of their capability to
capture carbon dioxide and change it into energy.’”’
Furthermore, LCBs have a 1876 W h kg™ theoretical energy
density,> which remains consistent with the electrochemical
process of lithium carbonate formation and deformation (4Li +
3CO, ¢ 2Li,CO; + C) amid the discharge—charge
reactions.’” ' These LCBs utilize organic liquid electrolytes
to transfer lithium ions during the electrochemical process.''
Nonetheless, these batteries possess some disadvantages,
including liquid leakage and flammability, because of the
presence of liquid organic electrolytes. Therefore, creating
solid-state Li—CO, batteries (SSLCBs) is suggested to address
these detriments.”'® However, SSLCBs have high mechanical
strength and high thermal stability, which can avoid ignitability
and liquid leakage.

Solid-state electrolytes (SSEs) have several criteria, such as
low electronic conductivity, high ionic conductivity, and
suitable electrochemical and chemical stability against coupling
electrodes.'* For commercial uses, cost-effective and ecolog-
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electrolytes (ISSEs) play a crucial role in SSLBs. ISSE has
various structures, such as NASICON, garnet, thio-LISICON,
LISICON, anti-perovskite, perovskite, sulfide-type glass/
ceramic, LiPON, and hydrides, which have been intensively
studied.”"*™*" Among all ISSEs, sulfide-type electrolytes are
reactive to moisture, and they must be fabricated under
inactive air, which implies that they are not applicable for Li—
0, and LCBs.”*>** On the contrary, garnet solid electrolytes
are also unstable against moisture,”>>* which increases their
fabrication cost. Conversely, the NASICON-type ISSEs also
show high lithium-ion conductivity, which could be obtained
for Lij,,AlLGe, ,(PO,); (LAGP) and Li,,ALTi, ,(PO,);
(LATP). In addition, ceramic-type LATP and LAGP have
shown great potential, where the Li-transport boundary at
grain limits could be alleviated.'"* LAGP solid electrolytes
possess high stability in CO,, which is appropriate for SSLCBs.
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For LCBs, carbonaceous catalysts are widely applied as
cathodes due to their large surface area and high electronic
cor1ductivity.5’9’22_24 However, using pure carbonaceous
catalysts always results in high overpotential. Therefore,
selecting suitable cathode materials to enhance the recharge-
ability of LCBs is important. To date, nanocatalysts have been
intensively studied for rechargeable LCBs such as RuO,@
single-walled CNTs(SWCNTs),” Ru/NiO@Ni/CNTs,” co-
valent organic framework-Ru@CNTs,** CNT@RuO,,”” and
TiO,-nanoparticles@ CNTs/carbon nanofibers.”* Among the
nanocatalysts, the ruthenium (Ru)-based cathode shows good
electrocatalytic activity for the decomposition of
Li,CO,.>7?%*3% Liw's®*” and Zhou’s’ groups achieved a
maximum decomposition of Li,CO; by loading Ru metal on a
CNT and RuO, on a SWCNT, thereby diminishing the charge
potential of the LCBs. Du et al.” reported that the RuO,/
SWCNT/LAGP cathode showed a stable cycling behavior over
30 cycles at 60 °C with LAGP@Ge electrolyte for all-SSLCBs.
In addition, Wang et al."* proved that the all-SSLCBs can run
for 70 cycles when using the CNT cathode and polymer SSE
with a garnet filler. However, the Ru/CNT cathode with
LAGP electrolyte has not yet been introduced in SSLCBs.

Herein, we introduced Ru nanoparticles (NPs) on CNTs as
a cathode and LAGP SSE for SSLCBs at room temperature (as
shown in Scheme 1). The cathode materials show a tiny

Scheme 1. Schematic Illustration of the SSLCBs

@ - Ru/CNT (cathode)
@ - LAGP (electrolyte)

crystalline size and a high BET surface area, which results in
maximum discharge capacity (4541 mA h g™'), a small voltage
gap (1.24 V), and 45 cycles of battery life with S00 mA h g™
limiting capacity at 100 mA g~' current density. Scheme 1
represents SSLCBs having a porous cathode Ru/CNT, anode
Li metal, and LAGP SSE. The effective Ru metal catalyst and
CNTs significantly improve the flexible formation and
deformation of the discharge compound. Consequently, the
SSLCBs having the Ru/CNT cathode reach the superb
maximum discharge capacity, a small potential gap, and an
extraordinary cycling performance.

B EXPERIMENTAL METHODS

Fabrication of Cathodes. The Ru/CNT cathode was fabricated
via the reflux technique described in previous studies.”” In the
fabrication of cathodes (CNTs and Ru/CNTs), 36 mg of CNT or
Ru/CNT powder and 4 mg of PVDF (polyvinylidene fluoride) binder
were added in a weight ratio of 9:1 with 1000 4L of NMP (N-methyl-
2-pyrrolidinone) solvent via a ball-milling machine (Retsch PM 100)
for 30 min. Then, 10 uL of the as-prepared cathode was drop-casted
evenly on the carbon paper, which was further dried at 80 °C in a

vacuum oven for 12 h. The weight loading of cathode-active materials
(CNT or Ru/CNT) was around 0.15 to 0.20 mg.

Inorganic Solid-State Electrolyte. LAGP pellets were bought
from Shenzhen Kejing Star Technology Company Ltd., Shenzhen,
China (diameter = 12 mm and thickness = 0.3 mm). Before coin cell
assembly, the LAGP was carefully polished on both sides (Taiwan
Nakazawa polishing machine).

Coin Cell Fabrication and Electrochemical Analysis. The
SSLCBs were fabricated using coin cells (CR2032-type) with holes on
the cathode side (Ar-filled glovebox and <1 ppm of O, and H,0).
The battery coin cell was composed of a CNT or Ru/CNT cathode,
one drop of 1 M lithium bis(trifluoromethanesulfonyl)imide in
tetraethylene glycol dimethyl ether (Sigma-Aldrich: LiTFSI +
TEGDME), polished LAGP SSE, and anode Li metal (diameter =
10 mm). After assembling, the battery coin cells were moved to a
homemade glass bottle. Afterward, CO, (2N, 99%) was purged in the
bottle for electrochemical tests.

SSLCBs were analyzed using an AcuTech battery tester. Discharge
and charge tests of both cathodes (CNT and Ru/CNT) were
conducted with the fixing capacity (500 mA h g™') at a current
density (100 mA g™') using a voltage range of 2.2 to 4.5 V (vs Li*/
Li). Electrochemical impedance spectra (EIS) of Au/LAGP/Au
samples (0.1 to 10° Hz) were recorded.

Characterization. The pure phase of cathode materials and SSE
(Rietveld refinements were confirmed by TOPAS 4.2) was obtained
by powder X-ray diffraction (XRD, Cu Ka radiations 4 = 1.54178 A,
Bruker D2 PHASER). Raman spectra were recorded using Thermo
Fisher Scientific DXR. Morphologies of cathode materials were
determined by field-emission scanning electron microscopy (FE-SEM,
ZEISS SIGMA) and transmission electron microscopy (TEM, JEOL
JEM-2100F). The BET (Brunauer—Emmett—Teller) surface area and
X-ray absorption spectra (XPS) were recorded using Micromeritics
ASAP2020 ASAP2010 and Thermo Scientific, Theta probe, 113R,
2008 S, respectively. Images of the as-prepared sample, first discharge
and first recharge of Ru/CNT cathode materials, and those after 45
cycles were recorded using the 24A1 XPS and 01C1 extended X-ray
absorption fine structure fitting beamline of (EXAFS was resolved on
Artemis) the National Synchrotron Radiation Research Center,
Hsinchu, Taiwan.

B RESULTS AND DISCUSSION

Cathodes of CNTs and Ru/CNTs. The crystal con-
formation of CNT and Ru/CNT cathodes was confirmed by
powder XRD. As displayed in Figure la, the diffraction
patterns at 20 = 25.35, 42.55, 52.84, and 78.0° are
corresponding to the (002), (100), (004), and (110) planes,
respectively, which indicated the presence of the CNT. No
impurities in the peaks are noted in the XRD pattern, which
shows the existence of a pure single-phase CNT. Metallic Ru is
observed in the Ru/CNT (Figure la), as shown in its XRD
pattern, where the 26 peaks at 38.42, 42.19, 44.04, 58.38,
69.47, and 78.47° correspond to the (110), (002), (101),
(102), (110), and (103) planes of hexagonal metallic Ru
(PDF#06-0663). In addition, the Ru/CNT sample confirmed
the presence of a CNT and Ru (marked with # for CNT and *
for Ru metal). The average crystalline size (D) of the Ru/CNT
cathode can be estimated from full-width at half maximum of
various planes using Debye—Scherrer’s formula.”> The average
crystalline size of the fabricated cathode was approximately
3.16 nm for the Ru/CNT samples. Raman spectra of the Ru/
CNT cathode (Figure S1) showed two typical peaks located at
1344 and 1554 cm ™, correspondin§ to the disordered carbon
and graphitic carbon, respectively.””” Furthermore, the BET
surface area of the pure CNT was 260 m” g/, and for the Ru/
CNT sample, it was 268 m* g~'. The BET surface area of the
CNT and Ru/CNT are comparable, indicating that the large
surface area of the Ru/CNT is mainly contributed by CNT.

https://doi.org/10.1021/acsami.1c11000
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Figure 1. (a) Powder XRD results of the CNT and Ru/CNT cathode. (b—d) TEM images and (d—f) EDX element mapping of (e) carbon and (f)
ruthenium using the Ru/CNT cathode. Synchrotron XPS results of (g) carbon 1s and (h) ruthenium 3d using the Ru/CNT cathode. (i)
Synchrotron XANES spectrum of the Ru foil and Ru/CNT cathode. (j) R-space of Fourier transformed k*-weighted synchrotron EXAFS signals

and best fit of the Ru foil and Ru/CNT cathode.

The enlarged BET surface area is favorable for improving the
catalytic efliciency.

The Ru/CNT catalyst SEM images display that ruthenium
metal is homogeneously distributed on the CNT (Figure S2a).
The SEM shows the secondary particles with a size of 17—18
nm. The secondary particles are self-assembled using Ru
nanocrystals with a particle size of 3.16 nm, which is calculated
using Scherrer’s equation. The presence of Ru and carbon (C)
was proved by energy dispersive X-ray analysis (EDAX)
analysis, and SEM elemental mapping images are shown in
Figures S2b—f. The TEM images of the Ru/CNT cathode
illustrate that Ru metal (dark spots) is consistently distributed
on the CNT (Figure 1b). As shown in Figure lc, the Ru
metallic lattice distance was 0.234 nm based on the (100)
plane of hexagonal metallic Ru (PDF#06-0663). The presence
of Ru and C was confirmed by EDAX (Figure S3a) and
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elemental mapping (Figure 1d—f) images. Furthermore, the
ruthenium NPs have an average particle size of around 3.5 nm
and are uniformly supported on the CNT surface (Figure
S3b). The Ru/CNT cathode possesses a superb electron
conductivity, and Ru metal has excellent electrocatalytic
performance during the appearance and disappearance of
lithium carbonate in LCBs.

The surface chemistry and oxidation state of a cathode (Ru/
CNT) were estimated by synchrotron XPS. The carbon 1s
peak located at 284.6, 285.5, and 286.5 eV might be attributed
to C sp?, C—0, and C=0, respectively (Figure 1g).*"** The
XPS spectra of Ru 3d (Figure 1h) peak at 280.4 eV,
corresponding to Ru’ 3d;,,.° The C sp® and Ru’ play a
significant part in enhancing the electronic conductivity of the
cathode. The oxidation state and coordination environment of
the Ru/CNT catalyst were examined by EXAFS analysis.
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Figure 2. (a) Rietveld refinement XRD pattern, (b) crystal structure, and (c) Raman spectra of LAGP SSE. (d) Nyquist plot of the LAGP pellet

measured with Au/LAGP/Au at room temperature.

Figure 1i shows that the Ru K-edge X-ray absorption near-edge
spectroscopy (XANES) data of the cathode (Ru/CNT) were
related to those of the Ru foil. No major difference was
observed between the Ru foil and Ru/CNT cathode in Ru K-
edge XANES analysis.”* The Ru K-edge XANES peak proved
that the oxidation state of Ru” corresponded to the location of
the absorption edge. Fourier transform (FT) R-space EXAFS
data of the Ru foil and Ru/CNT cathode (Figure 1j) and
fitting values are tabulated in Table S1, thereby showing the
presence of Ru—Ru coordination in the Ru foil [bond length ~
2.67 A and coordination number (C.N.) ~ 8.176] and Ru/
CNT cathode (bond distance ~ 2.67 A and C.N. ~ 7.464).
The reduced C.N. is an advantage for the ruthenium atom
surface to absorb carbon dioxide, thereby leading to a carbon
dioxide reduction reaction (CO,RR) during the discharge
cycle.”® Furthermore, the Ru atom surface with a smaller C.N.
might serve as the active site of the carbon dioxide evolution
reaction (COZER).‘}’Z’35

LAGP SSE. The Rietveld refinement results display the
rthombohedral crystal structure: space group R3d with the
NASICON-type LAGP crystal system. The calculated refine-
ment XRD pattern is shown in Figure 2a. The different
structural parameters and profile parameters are tabulated in
Tables S2 and S3. LAGP is primarily composed of
LiGe,(PO,); (LGP) with a NASICON-type system, among
which Ge*" ions are partially substituted with AI** ions. LAGP
is composed of AlO4/GeOy4 octahedra and PO, tetrahedra,
which are associated with each other to create a 3D network
structure.’®*” As shown in Figure 2b, the Li sites in the LAGP
structure are of two types [Li(1) and Li(2)]. In LAGP, AlO4/
GeQy4 octahedra and PO, tetrahedra create a rhombohedral
crystal structure. Ge*" is partly replaced with a smaller AI** ion
to decrease the unit cell dimensions, thereby promoting the
densifying impact and improving ionic conductivity.”” Raman
spectra were performed to examine the bonding and local
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structure of the LAGP SSE. Figure 2¢ displays that the number
of bands in the LAGP pellet is in the range of 300—530, 550—
650, and 900—1200 cm™', which could be assigned to the
bending, symmetric, and anti-symmetric stretching, respec-
tively.3 As shown in Figure 2d, the EIS of Au/LAGP/Au
achieved a total resistance of 322.96 Q and an ionic
conductivity of 0.7 mS cm™" at room temperature. The good
ionic conductance and small resistance of LAGP are favorable
in the application of SSLCBs.

Electrochemical Analysis. The electrochemical activity of
CNT and Ru/CNT cathodes for the SSLCBs with the LAGP
SSE and Li-metal anode was analyzed. CV (cyclic voltamme-
try) measurements to explore the catalytic performance of
CNT and Ru/CNT catalysts in SSLCBs from 4.5-2 V are
given in Figure 3a. The peak currents for the anode and
cathode were greater for the Ru/CNT cathode as compared to
the pure CNT cathode, demonstrating that the CO,RR and
CO,ER reactions were better to study the Ru/CNT catalyst
than the pure CNT catalyst for the SSLCBs. Figure 3b shows
the full discharge—recharge measurements of pure CNT and
Ru/CNT cathodes for the SSLCBs at 100 mA g~' current
density. From Figure 3b, the Ru/CNT cathode conveyed a
maximum discharge capacity of 4541 mA h g™' at a voltage
stage of 2.50 V, which is comparatively greater than that of the
pure CNT cathode (1828 mA h g™' with a voltage platform
2.32 V). It could be noticed that the SSLCBs using the pure
CNT and Ru/CNT catalysts exhibit a maximum charge
capacity of 1832 and 4425 mA h g ' with the charging
platform at 4.25 and 4.02 V, respectively. The higher
discharge/charge capacity and lower discharge/charge plat-
form of the Ru/CNT catalyst showed the superb electro-
catalytic activity of Ru NPs in SSLCBs. Figure 3c,d displays the
discharge—charge cycling performance of cathodes (CNT and
Ru/CNT) with a 500 mA h g™' limiting capacity and 100 mA
g_1 current density at room temperature (limiting voltage

https://doi.org/10.1021/acsami.1c11000
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Figure 3. (a) CV measurements and (b) maximum discharge capacity of the SSLCBs using CNT and Ru/CNT samples. Cycling (discharge—
charge cycle) performance of (c) CNT and (d) Ru/CNT catalysts and overpotential performance (discharge—charge potential vs cycle number) of
(e) CNT and (f) Ru/CNT samples for SSLCBs with 500 mA h g™ fixed capacity and 100 mA g~' current density at room temperature.

range of 2.2—4.5 V). The CNT catalyst battery can only stand
for 25 cycles with large overpotential (Figure 3c). The Ru/
CNT catalyst battery can run efficiently for 45 cycles with low
overpotential, which is better than the CNT catalyst battery
(Figure 3d). These results indicated that the catalyst with a
large surface area can run for long cycles with low
overpotential. The excellent cycling behavior of the Ru/CNT
cathode battery might result from a high BET surface area and
superior electronic properties.

The CNT cathode shows the maximum discharge platform
at 2.68 V and the charging platform at 4.32 V, representing a
potential gap of 1.64 V (first cycle, Figure 3e). As shown in
Figure 3f, the Ru/CNT cathode has a discharge stage at 2.80 V
and a recharge stage at 4.02 V, indicating its small potential gap
of 1.24 V (first cycle) compared with the CNT cathode. This
result indicates the favorable catalytic ability of the Ru/CNT
for CO,RR and CO,ER reactions. The Ru/CNT cathode
battery shows not only good cycling stability but also keeps
constant overpotential discharge and charge levels until 38

44270

cycles. These results confirmed that the strong synergistic
impact of the ruthenium nanoparticles and CNT resulted in
the great catalytic performance of the Ru/CNT cathode,
thereby reducing the overpotential and promoting the cycling
stability of SSLCBs. The overpotential of charging voltages
slightly increases after 9 (CNT) and 39 (Ru/CNT) cycles
from 4.31 to 4.48 and 4.21 to 4.37 V, respectively, because of
the formation and deformation of insoluble lithium carbonate,
respectively (Figure 3e,f).” In comparison with previous
results, the present Ru/CNT cathode shows high cycling
stability and low overpotential for SSLCBs (Table S4).
Stability Studies of the Cathode and Electrolyte. In
studying the stability of the catalytic performance of cathodes
(CNT and Ru/CNT), the continuous discharge—charge cycle
of SSLCBs was shown with a limiting capacity of 500 mA h g™
and a current density of 100 mA g™, Ex situ analysis of powder
XRD, Raman, XPS, and XANES was presented to display the
reversible formation and deformation of Li,CO; amid the
discharge and charge cycle. The digital images of solid-state
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Figure 4. Ru/CNT catalyst: pristine, first discharge, first recharge, and after 45 cycles (charge) in SSLCBs measured with (a) powder XRD, (b)
Raman, and (c) XPS results of C 1s. (d) XPS spectra of germanium (Ge 3d): pristine, first cycle on the anode side, and after 45 cycles on the

cathode and anode sides using LAGP SSLCBs.

batteries were disassembled at the first cycle and after 45 cycles
when the Ru/CNT cathode was used for LAGP SSLCBs
(Figure S4). After the first discharge, the XRD pattern could be
attributed to lithium carbonate (PDF#22-1141), confirming
the deposition of lithium carbonate on the Ru/CNT samples
(Figure 4a). After the first recharge, all the peaks of lithium
carbonate vanished, confirming the deformation of lithium
carbonate on the cathode side (Figure 4a). These results
indicate that the CO,RR occurs during the discharge cycle and
CO, is diminished by Li metal to produce Li,COj;. During the
charging cycle, the discharge products of Li,CO; were
decomposed to form CO,, particularly the CO,ER. The Ru
metal NPs could enhance the electrocatalytic activity of
SSLCBs.> After charging 45 cycles of Ru/CNT (Figure 4a)
cathodes and 25 cycles of CNT (Figure SS) cathodes on the
surface, the Li,CO; discharge compounds of SSLCBs were
observed. These results indicated that lithium carbonate, which
was created amid the discharge cycle, was not completely
deformed amid recharging cycles. The poor cycling perform-
ance (Figure 3c,d) resulted in a dramatic loss of interaction
between lithium carbonate and the cathodes (CNT and Ru/
CNT) at the end of the charging steps.”
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Raman spectroscopy (Figure 4b) was performed to observe
the discharge product of Li,COj;. For the first discharge of the
Ru/CNT cathode, a weak peak presented at 1096 cm™"' was
ascribed to lithium carbonate.' Li,CO; decomposition and
deposition of the Ru/CNT catalyst occurred during the first
recharge and after 45 charge cycles. In addition, the XPS
spectra of the Ru/CNT catalyst C 1s at the as-prepared
powder, first discharge, first charge, and after charging 45
cycles are displayed in Figure 4c. Compared with the C 1s
spectrum of the pristine cathode, a new peak attributing to
lithium carbonate at 289.5 eV occurs in the first discharge
cathode and deformation occurs after the subsequent first
charge.””” These results demonstrate the reversible appearance
and disappearance of the Li,COj; peak during the discharge—
charge cycles, which is in agreement with Raman and XRD
studies. Furthermore, the Ru/CNT catalyst shows lithium
carbonate accumulation after 45 cycles of charging steps. The
XANES data of ruthenium K-edge of the cathode were
collected to analyze the atomic and electronic properties of the
cathode amid the first discharge and recharge in the SSLCBs
(Figure S6). Based on the results, no changes were observed in
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the oxidation state of the Ru catalyst, demonstrating the
stability of the cathode during the cycles.*”*®

The in situ GC—MS (gas chromatography—mass spectrom-
etry) analysis confirmed the CO, evolution during the
recharging process (Figure S7). The experimental procedures
were followed using previous reports.”” During the recharging
steps, the relating gas evolution profiles of the carbon dioxide
(m/z = 44; CO,) and oxygen (m/z = 32; O,) fragment for
SSLCBs using the Ru/CNT catalyst show the evolution of
carbon dioxide happening in the electrochemical battery
system and negligible conspicuous modification in the O,
fragment evolution curves (Figure S7). In situ GC—MS data
prove the effective electrocatalytic activity of the Ru/CNT
cathode for the flexible deformation of lithium carbonate to
carbon dioxide amid the recharging reactions of SSLCBs. The
presence of C discharge compounds was confirmed utilizing
XRD, Raman, and XPS analysis; only carbon dioxide gas
evolution was identified (oxygen gas was not identified) amid
the recharging cycle (Figure S7).

As shown in Figures S4 and 4d, the LAGP pellet in the first
cycle shows fresh and the same oxidation state Ge** like
pristine. In this case, after 45 cycles, the LAGP electrolyte was
cracked with the black dots found on the SSE surface, and it
formed a mixed conducting interphase. XPS analysis proved
that Ge*" was reduced to Ge®" on the anode side after 45
cycles and no changes were observed on the cathode side after
charging 45 cycles (Figure 4d). These results suggest the
substantial side reactions between the lithium metal anode and
LAGP SSE (direct contact), which create the interphase from
high resistance to ionic transport and leads to lithium
penetration into LAGP, thereby cracking the SSE.”' Sub-
sequently, the fractured LAGP SSE and Li anode penetration
reduce the battery performance.

B CONCLUSIONS

We successfully developed the SSLCBs using a cathode Ru/
CNT, NASICON-type LAGP SSE, and lithium metal anode.
The large surface area and good electronic properties of the
Ru/CNT cathode enhance the electrochemical process. The
Ru/CNT cathode shows an excellent discharge capacity of
4541 mA h g7, 45 cycles of battery life, and a low
overpotential of 1.24 V between the discharge and charge
processes at 100 mA g~' current density with 500 mA h g™!
cutoff capacity. Hence, the cathode of Ru/CNT is considered
as a superb cathode for SSLCBs to date. The flexible formation
and deformation of Li,CO; discharge compounds are
confirmed via in situ and ex situ instrumental analysis. This
work provides insights into the improvement of cathode
electrocatalysts for SSLCBs and future devices of energy
storage.
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