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ABSTRACT: Li-CO, batteries have attracted wide attentions due to
their dual roles both in CO, capture and as sustainable energy
storage devices. However, the electrochemistry of Li-CO, batteries,
especially for all-solid-state (ASS) Li-CO, batteries, remains unclear
due to the complicated electro-catalytic reactions. Here, we first
reveal the reaction and failure mechanisms of ASS Li-CO, batteries
using Ag nanowires (NWs) as the cathode catalyst. During
discharge, the Ag NWs react with Li ions to in-situ form Li-Ag alloy,
which facilitates the CO, reduction to generate LiAg;0,
nanoparticles dispersed uniformly in film-like Li,CO; and amorphous
carbon (a-C) During charge, Li,CO; is decomposed to CO, under
the catalysis of Ag. During both charge and discharge, the Ag NW

Li-Ag alloy

Discharge

surfaces are corroded and disintegrated into nanocrystalline Ag, LiAg;0,, and single-atom Ag, and the continuously
accumulated a-C layer wraps up the broken Ag NWs, isolating the Ag NWs with CO, gas, thus shutting off the
electrochemical reactions in the Li-CO, batteries. This study unveils the electrochemistry and failure mechanisms of ASS Li-
CO, batteries, which provides a scientific basis for developing CO,-based carbon fixation and renewable energy storage

strategies.

KEYWORDS: Li-CO, batteries, all-solid-state, electrochemistry, Li-Ag alloy, in-situ and cryogenic-transmission electron

microscopy (in-situ and cryo-TEM)

1 Introduction

The increasing CO, emissions from fossil fuel consumption have
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caused global warming, leading to serious climate change [1-5]. To
address this issue, the capture and utilization of CO, from the
atmosphere are urgently needed to combat the greenhouse effect. In
this context, the lithium-carbon dioxide (Li-CO,) battery has drawn
particular attentions due to its dual-effects of both CO, fixation and
as a potential electrochemical energy storage device [6, 7]. However,
their practical application is hindered by the sluggish kinetics of the
electrochemical CO, reduction reaction (CRR) and CO, evolution
reaction (CER) [8]. Significant efforts have been made toward
developing highly efficient catalysts to facilitate the sluggish CRR
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and CER in Li-CO, batteries [9-11]. RuO,, Cu/NC, and high-
entropy alloys were reported as highly efficient to reversible
decomposition of discharge products [12-15]. Among the various
Li-CO, batteries, those based on conventional liquid organic
electrolyte with porous separators face challenges such as the side
reactions between electrolyte and cathode catalysts, the vaporization
of liquid electrolyte, and the shuttle of CO, from cathode to anode
[16-18]. In contrast, all-solid-state (ASS) Li-CO, batteries using
ASS electrolyte may mitigate the detrimental electrolyte/electrode
reactions and the growth of lithium dendrites [19-24]. However,
fundamental mechanistic studies of ASS Li-CO, batteries are scarce.
Consequently, the reaction process and electrocatalysis mechanisms
of both the electrochemical CRR and CER, as well as the failure
mechanism of the ASS Li-CO, batteries, remain unclear [25-31].
As such, comprehensive understanding of the reaction and failure
mechanisms is of paramount importance for the development of
both CO, fixation and Li-CO, battery systems.

Previous Li-CO, batteries mostly use carbon-based cathode and
liquid electrolyte, rendering the mechanistic understanding difficult
as the CRR and CER products contain carbon, the source of which
is complicated by the use of carbon-based cathode and the liquid
organic electrolyte, as both may participate the CRR and CER
reactions [32]. To this end, it is necessary to construct Li-CO,
batteries without carbon cathode and liquid electrolyte so that the
effect of the carbon cathode and the liquid electrolyte can be
excluded. Therefore, using carbon-free cathode and organic free
electrolyte to assemble ASS Li-CO, batteries provides a clean system
for exploring the underlying electrochemical reaction and failure
mechanisms. Among the present inorganic solid electrolytes, garnet-
type Lig,La,Zr, ,Ta,O,, (LLZTO) is considered the most promising
candidate due to its high ionic conductivity and excellent
mechanical properties, although the studies on the LLZTO based
ASS Li-CO, battery are scarce [33, 34]. Furthermore,
microstructure and phase characterization of the charge/discharge
products are challenging due to the air and electron beam
sensitivity of the reaction products [35-37]. The advent of
cryogenic transmission electron microscopy (Cryo-TEM) brings
new opportunity to characterize the beam sensitive
discharge/charge products and investigate the complex reaction and
failure mechanisms in ASS Li-CO, batteries, because Cryo-TEM
freezes the samples to near liquid nitrogen temperature, thus
minimizes the electron beam damage to the sample and avoids the
effect of the H,O and CO, contaminations in trace air during the
sample transfer on the true structure of the discharge/charge
productions, while preserving the pristine states of the samples
under characterizations.

Herein, we first comprehensively studied the reaction and failure
mechanisms of ASS Li-CO, battery with carbon-free and binder-
free Ag nanowires (NWs) as the cathode catalysts, and LLZTO as
the solid electrolyte. Combining advanced analytical techniques,
including cryo-TEM and density functional theory (DFT)
calculation, we reveal that the Li-Ag alloy in-situ forms to facilitate
the CO, reduction kinetics via generating LiAg;O, nanoparticles
which are uniformly dispersed in film-like Li,CO, and amorphous
carbon (a-C). The formed Li,CO, can be decomposed by the
catalysts of Ag during charging, while a-C remains. Moreover, a
direct visualization of the a-C accumulation on the Ag NWs and
irreversible consumption of Ag NWs is clearly demonstrated by in-
situ aberration-corrected environmental transmission electron
microscopy (ETEM).
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2 Results and discussion

Figure 1(a) shows a schematic of carbon-free and binder-free three-
dimensional (3D) Ag NW framework cathode catalysts with high
porosity in the ASS Li-CO, batteries. The Ag NWs are uniformly
dispersed on the LLZTO pellets, forming a cross-linking network.
To improve the interfacial contacts between the Ag NW network
and the LLZTO pellets, an intermediate layer composed of
nanometer Au with a thickness of ~ 80 nm was deposited between
the Ag NWs and LLZTO surface using an ion sputtering
technology (Figs. S1(a) and S1(b) in the Electronic Supplementary
Material (ESM)). As shown in Fig. S2 in the ESM, the X-ray
diffraction measurements (XRD) pattern of as-synthesized LLZTO
matches well with the standard pattern of cubic garnet structure
(PDF No. 45-0109). The cross-section scanning electron
microscopy (SEM) images of the anode and the cathode catalysts
interface of the battery show the intimate contact of Li
anode/LLZTO interface (Fig. 1(b)) and LLZTO/Au/Ag NW
interface (Fig. 1(c)). For the Ag NWs, a high fraction of pore
volume is observed in the SEM image, which is essential to provide
space for accommodating the solid discharge products of the ASS
Li-CO, battery (Fig. 1(d)). The Li/e- mixed conducting 3D
framework is ensured by the interconnected Ag NWs, which
facilitates CO, permeability. Previously, the Li* diffusion coefficient
of Ag metal was measured to be 10 cm*s™ [38—40].

Figure 1(e) shows TEM image of a pristine Ag NW, which
displays a face-centered cubic (FCC) structure (JCPDS No. 04-
0783), as confirmed by the corresponding sharp electron diffraction
pattern (EDP) taken along the [110] zone axis (Fig. 1(f)). The Ag
NWs are grown along the [110] direction with a twin crystal
structure (Fig. 1(g)). High-resolution TEM (HRTEM) image
(Fig. 1(h)) reveals the high crystallinity of the Ag NW, and the
lattice planes in the HRTEM are indexed as (111), (002), and (111)
planes of Ag, respectively. The high-angle annular dark-field-
scanning transmission electron microscopy (HAADF-STEM)
image and the corresponding fast Fourier transform (FFT) pattern
of the Ag NW match the atomic structure model (insets in
Fig. 1(i)) of FCC Ag along the [110] zone axis. A low magnification
of HAADF image (Fig. 1(j)) shows the morphology of the pristine
Ag NWs, and the corresponding energy dispersive X-ray
spectroscopy (EDS) elemental mapping (Figs. 1(k) and 1(1))
indicates that the Ag NWs are clean without impurities.

As shown in Fig. 2(a), at a current density of 1 pA-cm™ and
80 °C, the ASS Li-CO, battery with an ~ 80 nm-thick Au
intermediate layer supported Ag NWs (Li|LLZTO|Au/Ag NWs)
exhibits an areal capacity of 0.102 mAh-cm™. In addition, the Au
layer thickness of Li|LLZTO|Au/Ag NWs battery was increased to
~ 160 nm (Fig. S3 in the ESM), and the performance improvement
was not obvious. Therefore, we adopted ~ 80 nm as the Au
interlayer thickness in all subsequent experiments. For comparison,
the ASS Li-CO, battery using the pure Ag NW cathode catalysts
without the Au intermediate layer (Li|LLZTO|Ag NWs) contributes
a discharge capacity of 0.062 mAh-cm™, which is smaller than that
of the LilLLZTO|Au/Ag NWs cell. Both capacity values are much
higher than that derived from the sole Au layer coated battery
(Li|LLZTO|Au) of 0.2 pAh-cm™ As shown in Fig. $4 in the ESM,
there are two semicircles in the electrochemical impedance
spectroscopy (EIS). The semicircle in the high-frequency region
represents the bulk phase resistance of Li* in the electrolyte, and the
semicircle in the low-frequency region denotes the
electrolyte/cathode interface resistance. Apparently, the interfacial
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Figure1 TEM characterizations of the pristine Ag cathode in a Li|LLZTO|Au/Ag cell in CO, gas. (a) Schematic illustration of solid-state Li-CO, batteries with a dense
LLZTO ceramic pellet and a 3D Ag NW framework. ((b) and (c)) Cross-section SEM images of the anode and cathode interface of the battery. (d) The SEM image of the
pristine Ag NWs. (e) A low magnification TEM image of a pristine Ag nanowire and (f) the EDP of the initial structural of the Ag NWs. (g) The diffraction integral of (£).
(h) HRTEM image of the pristine Ag NW. (i) Atomic resolution HAADF image and the corresponding FFT of Ag NW viewed along the [110] direction, which agrees
well with the structural models overlaid on the images. ((j)—-(1)) The STEM-EDS elemental mapping of the Ag NWs. Purple and yellow represent Ag and C elements,

respectively.

resistance of Li[LLZTO|Au/Ag NWs battery is lower than that of
Li[LLZTO|Ag NWs battery, which is ascribed to the intimate
contact between the Au layer and the LLZTO pellet. As shown in
SEM images, the Ag NW surface with the Au as the intermediate
layer is completely covered with discharge products (Figs. S5(a) and
S5(b) in the ESM). Figures S5(c)-S5(e) in the ESM show that the
discharge product formation sites on the Ag NW surface without
the Au intermediate layer are not uniformly distributed. These
results suggest that the synergistic effect between the Ag NW
catalysts and Au coating on the LLZTO in the cathode plays an
important role in the discharge reaction.

The electrochemical properties of the ASS Li-CO, batteries were
further evaluated using galvanostatic discharge/charge curves and
cyclic voltammetry (CV) tests. Figures 2(b) and 2(c), and Fig. S6(a)
in the ESM show the discharge curves at different cycles of the as-
assembled ASS Li-CO, batteries with the Ag NWs dispersed on the
Au layer with the specific capacity being limited to 500, 200, and
50 mAh-g'. Compared with the charge/discharge curve of
Li|LLZTO|Au/multiwall carbon nanotubes (MWCNTSs) battery
(Fig. S6(b) in the ESM), the Li|LLZTO|Auw/AgNWs batteries have
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lower overpotential in the charge/discharge curves and stable
discharge/charge voltage plateaus, indicating that the latter
possesses excellent catalytic activity and stable cycling performance
[41]. The CV curves (Fig. 2(d)) show a pair of CRR and CER peaks at
~ 22 and 3.5V, and the interval between the CRR-CER peaks
shows an increasing trend with the increase in the number of
cycles. The EIS results of the ASS Li-CO, batteries before and after
cycles indicate a significant increase in interfacial resistance
(Fig. 2(e)), which implies the deterioration of the interface between
the electrolyte and the cathode after cycles. Raman spectroscopy of
the discharged cathode exhibits three peaks at ~ 1088, 1420, and
1600 cm™, which are assigned to Li,CO;, the D band, and G band of
carbon, respectively (Fig. 2(f)). Raman spectroscopy of the charged
cathode exhibits two halo peaks centered at 1420 and 1600 cm™,
which are from a-C. XRD analysis (Fig. 2(g)) of the discharged
cathode exhibits peaks corresponding to LiAg;O,, Li,CO;, and a-C,
and the charge products are LiAg,0,, a-C, and a small amount of
Li,CO,.

The morphology, phase structure, and composition of the
discharge product were characterized by Cryo-TEM. The SEM

Nano Research, 2026, 19, 94908658
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Figure2 Electrochemical performance and characterization of the Li-CO, cells. (a) First discharge curves of the LiLLZTO|Au, LiLLZTO|Ag NWs, and
Li|LLZTO|Au/Ag NWs cells at 80 °C and 1 pA-cm™ ((b) and (c)) Cycling performances of the Li|LLZTO|Au/Ag NWs cell at 80 °C and 25 mA-g" with the voltage being
limited to 1.5-5.0 V and the capacities being limited to (b) 500 and (c) 50 mAh-g™. (d) The CV curves of the battery. (¢) The Nyquist plots of the Li|LLZTO|Au/Ag NWs
before and after cycles at 80 °C. (f) Raman spectroscopy of the discharged and charged cathodes. (g) XRD patterns of the pristine, discharged, and charged cathodes. (h)

XPS of Ag 3d spectra of the cathode before and after discharge.

images (Fig. 3(a), and Figs. S7(a) and S7(b) in the ESM) show large
number of beads on the Ag NWs, exhibiting pearl-necklace-like
morphology. The sizes of the beads range from 500 to 1000 nm
(Figs. S7(c)-S7(f) in the ESM). Cryo-TEM images (Fig. 3(b)) show
that the discharged Ag NWs are covered with a thin film-like
product. The selected-area electron diffraction (SAED) rings
(Figs. 3(c) and 3(d)) of regions I and II in Fig. 3(b), as well as the
corresponding diffraction integrals (Fig. S8 in the ESM) of the
discharge products, can be indexed as Li-Ag alloy, LiAg,0,, and
Li,CO,. HAADF-STEM image (Fig. 3(e)) and the corresponding
elemental mapping (Figs. 3(f)-3(h)) indicate the homogeneous
distribution of C and O within the film-like discharge product layer.
The electron energy loss spectroscopy (EELS) spectra (Figs.
S9(2)-S9(c) in the ESM) confirm that the film-like discharge
product is Li,CO,. The Cryo-TEM image (Fig. 3(i)) and the local
magnified image (Fig. 3(j)) reveal that numerous nanoparticles
(NPs) with a size of about 5 nm emerge in the coating layer near
the Ag NW surface, and these NPs are uniformly dispersed in the
film. Cryo-HRTEM image (Fig. 3(k)) and local magnified images
(Figs. 3(1) and 3(m)) with the FFT patterns (Figs. 3(n) and 3(0))
indicate that the discharge products are nanocrystalline Li,CO; and
a-C. Cryo-HRTEM image (Fig. 3(p)) and the inverse FFT (IFFT) of
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the corresponding local enlarged image (Fig. 3(q)) indicate the
growth of crystalline Li,CO; at the surface of the Ag NW, and the
two phases maintain a semi-coherent interface. Isolated
nanocrystalline Li,CO; with a size of ~ 5 nm along the [123] zone
axis dispersed in an amorphous matrix is also detected (Fig. 3(r)).
In conclusion, the film-like discharge product layer is composed of
nanocrystals Li,CO, distributed in a-C matrix.

The Cryo-TEM image (Fig. S10(a) in the ESM) and the
corresponding magnified images (Figs. S10(b)-S10(d) in the ESM)
clearly demonstrate that the crystal lattice structure changes from
an ordered arrangement of the Ag phase with [110] zone axis to the
formation of local amorphous regions. The local magnified images
with the corresponding IFFT and FFT patterns (Figs. S11(a)-S11(d)
in the ESM) are indexed to the Li-Ag intermetallic compound with
a composition of Liy,,Ag;sss along the [351], [241], and [123] zone
axes, respectively [42]. The X-ray photoelectron spectroscopy (XPS)
analysis (Fig. 2(h)) shows two peaks at 367.4 and 373.6 eV
corresponding to 3d, and 3d,, of the Ag species, respectively. The
negative shift of the binding energy values compared to that of the
pristine Ag NWs (368.2 and 374.5 eV, respectively) indicates the
formation of Li-Ag alloy during the discharge process [43].
HAADF-STEM image (Fig. 3(s), and Figs. S12(a) and S12(e) in the
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Figure3 Electron microscopy characterizations of the discharge products and DFT calculations of the CRR thermodynamics. (a) SEM image of the discharge cathode.
(b) Cryo-TEM image of the cathode after discharge. ((c) and (d)) EDPs acquired from ircular regions I and II in (b). ((e)-(h)) HAADF-STEM image of the cathode after
discharge and the corresponding element mapping images. Purple, yellow, and green represent Ag, C, and O elements, respectively. (i) Cryo-HRTEM image of the
discharge cathode. (j) The local magnification acquired from the boxed regions in (i). (k) Cryo-HRTEM image of the discharge cathode. ((I) and (m)) The local
magnification of areas III and IV in (k), respectively. ((n) and (o)) The corresponding FFT patterns of (1) and (m), respectively. (p) Cryo-TEM image and ((q) and (r)) the
IFFT patterns of the local magnification images of regions V and VI in (p), respectively. (s) Atomic resolution HAADF image of the discharge product and ((t) and (u))
the enlarged view of regions VII and VIII in (s), respectively. (v) Reaction-free energy diagrams of the discharge process on the Ag and Li-Ag alloy models. ((w) and (x))
Optimized structures and the intermediates adsorption under the discharge of Li-CO, battery on Ag and Li-Ag alloy models, respectively.
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ESM) and the magnified images (Figs. 3(t) and 3(u), and Figs.
S12(b) and S12(f) in the ESM) with the corresponding FFT patterns
(Figs. S12(c), S12(d), S12(g), S12(h), and S13(a)-S13(d) in the ESM)
of the nanoparticles in the film layer confirm that the nanoparticles
are LiAg,O, (JCPDS No. 70-1743) along the [111], [001], [142], and
[311] zone axes, and the structural models (Figs. S14(a)-S14(d) in
the ESM) fit well with the HAADF-STEM images. Moreover,
HAADF-STEM images (Figs. S15(a)-S15(d) in the ESM) further
show the highly dispersed NPs with a significant number of atomic
clusters and single atoms, which may act as important catalytic sites
for the CRR and CER. The Cryo-TEM and the magnified images as
well as the corresponding FFT patterns (Figs. S16(a)-S16(c) and
S17(a)-S17(c) in the ESM) reveal the interface structure between
the Ag NWs and the discharge products, indicating that the
LiAg,0, NPs are uniformly dispersed in the Li,CO, and a-C matrix
layer. The clearly observed three-phase interfaces (arrows in Fig.
S18 in the ESM) among LiAg,0,, Li,CO;, and a-C indicate the critic
catalytic effect of Li-Ag alloy on the formation of discharge
products of Li,CO, and a-C. Part of the Li-Ag alloy transforms to
LiAgO, during the discharge process via the oxidation of Li-Ag
alloy by the CO,. The three-phase interfaces (arrow in Fig. S19 in
the ESM) far from the Ag NW surface confirm that the in-situ
formed Li-Ag alloy rather than the Ag plays the dominant role in
the discharge process of the ASS Li-CO, batteries.

Density functional theory (DFT) calculation was performed to
explore the thermodynamics of the CRR. As shown in Figs. 3(v)—-
3(x), we performed the optimization of discharge product
structures and adsorption sites of intermediates under Li-Ag
alloy(110) and Ag(110) surface models, as well as calculated the
reaction free energies for the CRR processes on Li-Ag alloy and Ag
catalyst surfaces. The reaction path for the generation of Li,CO, are
divided into seven steps [44, 45].

Li" +CO,+e +* — LiCO,* 49)
LiCO,* 4 CO, — LiCO,* + CO* (ID)

LiCO,*+ CO*+Li" +e” — Li,CO;*+ CO* (I

Li,CO,*+ CO* — Li,CO, + CO* (Iv)
CO*+CO, — CO,*+C* (V)
CO*+C*+Li"+e — LiICO,* 4 C* (VI)

LiCO*+C*+Li" +e — Li,CO*+C* (VID)

The process of steps (I)-(III) in the reaction free energy diagram
involves the formation of intermediate LiCO,* with CO, to form a
LiCO;* intermediate, which then reacts with Li* to generate
Li,CO;*. In step (IV), the energy barrier for the transformation of
adsorbed intermediate Li,CO,* to Li,CO, over the Li-Ag alloy
catalyst is 1.50 eV. The formation of CO;* and C* is the rate-
determining step of the whole reaction, corresponding to step (V)
in the reaction free energy diagram. Here, the reaction free energy
for step (V) on Li-Ag alloy catalyst (=3.36 eV) is much lower than
that on Ag catalyst (3.25 eV). Subsequently, the intermediate CO,*
reacts with Li* to generate the Li,CO,* species (steps (VI) and
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(VID)). Notably, the atomic arrangement of Li-Ag alloy surface
model undergoes significant disruption during the step (V) of
discharge process, which is attributed to the oxidation of the Li-Ag
alloy to form LiAg,O,, consistent with the HRTEM image (Fig. 520
in the ESM) showing that LiAg,O, NPs consistently detach from
the Ag NWs and uniformly disperse in the Li,CO, and a-C matrix
layer. These results indicate that compared with Ag, Li-Ag alloy
exhibits higher catalytic propensity for the formation of Li,CO, and
a-C, corresponding to the Li,CO,* and C* in step (VII). However,
the Li-Ag alloy catalyst undergoes irreversible structural
rearrangement and oxidization to form LiAg,O,, which is one of the
factors contributing to the poor cycling performance of the ASS Li-
CO, battery. Both experimental data and DFT calculations
underscore that the in-situ formed Li-Ag alloy serves as efficient
catalysts in Li-CO, batteries, exhibiting excellent catalytic effect for
CO, reduction at Li-Ag alloy sites.

After charging, Cryo-TEM images and the corresponding
enlarged images (Figs. 4(a)—4(c) and Figure S21(a)-S21(c) in the
ESM) indicate the decomposition of the discharge product coated
on the Ag NWs although some residue still remains. Based on the
analysis of Raman spectrum (Fig. 2(f)), EDPs (Fig. 4(d)), and EELS
(Figs. 4(f) and 4(g)), Li,CO, decomposes after charging. However,
both XRD (Fig. 2(g)) and EDPs (Fig. 4(e)) indicate that a small
amount of undecomposed Li,CO, residues still exist after charging
in the areas with relatively thick the film-like discharge products.
The HRTEM (Fig. 4(h)) and the corresponding magnified images
(Figs. 4(i)-4(k)) of the products after charging are indexed as
LiAg,0,, a-C, and a small amount of residual Li,CO,. As shown in
Fig. S22 in the ESM, the Coulombic efficiency calculated from the
discharge/charge curve is 28.99%. The accumulation of a-C layer
and a small amount of undecomposed Li,CO; slow down Li ion
diffusion and hinder gas permeation, resulting in irreversible
capacity loss of the ASS Li-CO, battery. The a-C deposition in Ag
NWs also increases the impedance of the battery with increasing
discharge/charge cycle, as shown in the EIS before and after cycling
(Fig. 2(e)).

The comparison of Cryo-TEM images of the cathode catalysts
after discharge and charge demonstrates significant size and shape
change of Ag NWs. After discharge, the average diameter of the Ag
NWs is 30.8 + 6.1 nm, with a mean length of 2.5 + 0.7 um (Figs.
S23(e)-S23(h) in the ESM), which is narrower and shorter than
those of the pristine Ag NWs (average diameter of 31.9 + 6.4 nm
and mean length of 10.2 £ 0.2 um in Figs. S23(a)-S23(d) in the
ESM). The charged Ag NWs reduce the mean diameter size to
29.3 £ 52 nm, and the average length to 398 + 246 nm (Figs.
$23(i)-S23(1) in the ESM), displaying a relatively narrower and
shorter distribution than that of the Ag NWs after both discharge
and charge. These results indicate that Ag NWs are consumed
during both discharging and charging, which could be attributed to
that the Ag catalyst facilitates the decomposition of Li,CO;, which is
oxidized into LiAg,0, and thereby further consumes during the
charging process. To verify this hypothesis, we investigated the
Li,CO, decomposition process catalyzed by Ag via DFT
calculations.

In the case of CER, we performed the optimization of charge
product structures and adsorption sites of intermediates under
model of Ag(110) surface, and calculated the reaction free energies
for ASS Li-CO, battery charge process on Ag catalyst surfaces using
DFT (Figs. 4(I) and 4(m)). As illustrated in the steps (2) and (3),
Li,CO,* first breaks the Li-O bond to form LiCO,-Li*, and then
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Figure4 Electron microscopy characterizations of the charge products and DFT calculations of the CER thermodynamics. (a) Cryo-TEM image of the charge products.
(b) Cryo-TEM image and (c) the corresponding enlarged view of the charge products. ((d) and (e)) EDPs acquired from circular regions I and I in (a). (f) Low-loss and
(g) core-loss EELS spectra of the charge products (pink in (a)). (h) Cryo-HRTEM image of the charge Ag cathode catalyst and ((i)-(k)) local magnification of areas I-III,
respectively. (I) Optimized adsorption geometries of Li,CO, on Ag surfaces. (m) Reaction-free energy diagrams of the charge process on the Ag model.

breaks the C-O bond in LiCO;-Li* to form LiCO,-OLi*. Next, the Li,CO,* — LiCO, — Li* — LiCO, — OLi* —

decomposition process branches into wo pathways CO(g) + LiO — OLi* —» LiO—C —O,Li*  (path II)
L, CO,* — LiCO, — Li* — LiCO, — OLi* — In path I, the LiCO,* intermediate breaks the Li-O bond to form
CO,(g) +Li—OLi* — CO(g) +LiO — OLi* — CO,. In path II, the LiCO,* intermediate breaks the C-O bond to

LiO — C— O,Li* (path I) form CO. Additionally, the transition from step (3) directly to step
(5) requires crossing a considerably high energy barrier.
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Subsequently, CO, and CO are adsorbed on the Ag surface and
reduced to C in paths I and II, respectively, and both of these
processes require greater energy. Clearly, the energy required to
form CO, is lower. The results indicate that Li,CO, decomposes
into CO, during the charging process, and the charging capacity is
mainly provided by the oxidation of Ag. Moreover, additional
LiAgO, also forms during the charge process, and the OLi*
intermediate is adsorbed on the surface of Ag and eventually
evolves into LiAg;O,, which is consistent with the results revealed
by Cryo-TEM (Figs. S24(a)-S24(c) in the ESM). The
decomposition of Li,CO; occurs, while a-C does not participate in
the CER reaction, causing the accumulation of carbon. In addition,
Ag catalyst is further consumed during CER process, making it
difficult for Li,CO, far from Ag NWs to decompose, thereby
leading to poor cycling performance of the ASS Li-CO, battery.

To verify the microstructure evolution and the phase
transformation of Ag NWs cathode catalysts during
discharge—charge process, an in-situ TEM characterization was
conducted in an ASS Li-CO, nanobattery. The Li-CO, nanobattery
was constructed with two probes (Al tip and Cu grid), as shown in
Fig. S$25(a) in the ESM. The Ag NWs glued to the Cu grid were
used as the cathode catalyst for CO, electrode. The bulk Li coated
on the Al tip served as the counter electrode. The in-situ formed
L,COy/Li,O composite on the Li metal was used as solid state
electrolyte for Li-CO, nanobattery, and an CO, gas environment in
ETEM with a constant pressure of 1.0 mbar was maintained
around the nanobattery cell during the experiments. Using this
setup, the electrons and Li* produced in electrochemical
charge/discharge reactions would transfer only through the Ag
NWs. As a result, Li*, electrons, and CO, will react at Ag NWs
during the discharge reaction. When an appropriate operating
potential was applied to the Li-CO, nanobattery, the
discharge/charge processes can be visualized in real-time, and the
discharge-induced structural and morphological evolution were
obtained.

Morphology and structure evolution of the Ag NW cathode
during discharge and charge were analyzed by in-situ TEM images,
EDPs, and EELS. Upon applying a negative potential to the Ag NW
against Li anode, the discharge products are present on the surface
of Ag NWs, and the consumption of Ag NW occurs (Figs. 5(a)—
5(d) and Movie S1 in the ESM). As shown in Fig. 5(g), the Ag is
lithiated to form Lis, ,Ag)ss alloy. The diffraction rings in the EDPs
of the discharge product (Fig. 5(h)) and the corresponding integral
intensity of diffraction pattern (Fig. 5(k)) can be indexed as LiAg;O,
and Li,CO,. The nanobattery was recharged by applying a reverse
bias (Figs. 5(e) and 5(f)). After charging, the diameter and lengths
of the Ag NW further decrease (Figs. S25(b)-S25(f) and Movie S2
in the ESM). It is found that the diffraction rings in the EDPs (Fig.
§25(g) in the ESM) of the discharge product can be indexed as
LiAg, LiAg,0,, and Li,CO,. These phenomena indicate that the Ag
NW is further consumed during the charging process. The EDPs
(Figs. 5(i) and 5(j), and Fig. S25(h) in the ESM) and the
corresponding diffraction pattern integral (Fig. 5(1)) of the charge
product indicate that the final product is LiAg,0, and trace residual
Li,CO,. The low-loss EELS spectrum (Fig. 5(m)) of the discharge
product shows a peak around 55 eV, which corresponds to the Li-K
edge. The core-loss EELS (Fig. 5(0)) peaks at 284 and 532 eV
correspond to the C-K and O-K edges, respectively, and all these
peaks are consistent with the EELS profile of Li,CO; [46]. The EELS
analysis (Figs. 5(n) and 5(p)) show that only the C-K edge presents
in the low-loss and core-loss EELS spectra after charging, indicating
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that the a-C residue remains after the decomposition of Li,CO;,
during charging [47]. According to in-situ TEM experiments (Figs.
$26(a)-S26(h) and S27(a)-S27(k), and Movies S3-S5 in the ESM),
Li-Ag alloy is firstly formed in the Li-CO, nanobattery during
discharge process, which acts as an efficient catalyst in the CRR, and
then the discharge products Li,CO, and a-C appear with the
formation of intermediate LiAg,O,. The visualization of a-C
accumulation on the Ag NWs during the oxidation process, as well
as the irreversible consumption of Ag catalysts, clearly reveals the
failure mechanism of ASS Li-CO, nanobatteries. These in-situ
observations are consistent with the experimental results obtained
in the macroscopic ASS Li-CO, batteries.

To summarize the reaction and failure mechanisms of the ASS Li-
CO, batteries, a schematic diagram of the relevant mechanisms is
shown in Fig. 6. The discharge process can be described by the
following two steps: The Li-Ag alloy is in-situ formed by the
alloying of Ag with electrochemical plated Li via reaction (1)

Ag+xLi" +xe” — Li,Ag (1)

and CO, reacts with highly dispersed Li atoms in the Li-Ag alloy
and electrons via reaction (2)

3Li,Ag+ (5— 3x)Li’ +4CO, + (5—3x)e —
2Li,CO, + LiAg,0,+2C ()

The discharge products of LiAg,0, nanoparticles uniformly
disperse in Li,CO, and a-C. During charge, the Ag NWs are further
consumed to catalyze the decomposition of Li,CO,. The Ag is
oxidized to form LiAgO,, while the Li,CO; is only chemically
decomposed to form Li* and CO, via reaction (3)

3Ag+2Li,CO, — LiAg 0, +2CO, 4+ 3Li" +3e” 3)

causing the residual a-C to aggregate and form a visible shell on the
Ag NWs, both of which isolate the Ag NWs with the CO, gas, thus
shuts off the CRR/CER, causing the failure of the ASS Li-CO,
batteries.

3 Conclusions

The reaction and failure mechanisms of the ASS Li-CO, batteries
were investigated by constructing LLZTO ASS electrolyte and 3D
Ag NWs framework cathode catalysts without the interference of
binder, carbon-based catalysts, and liquid electrolytes. Cryo-TEM
images and DFT calculations demonstrate that the Li-Ag alloy in-
situ forms first, and then numerous LiAg,O, NPs are emerge in the
film-like Li,CO; and a-C product layer under the catalysis of Li-Ag
alloy during CO, reduction process. Subsequently, the Ag NWs are
irreversibly consumed to catalyze the decomposed of Li,CO; at a
low charge potential of ~ 3.5 V, and CO, fixation is achieved
through the accumulation of a-C during charge. Li-CO,
nanobatteries were assembled in an ETEM, showing that the
irreversible consumption of the active Ag catalysts and the
continuous accumulation of the a-C layer shut off the
electrochemical reactions, thereby directly confirming the reaction
and failure mechanisms of ASS Li-CO, battery. In a broader
perspective, we believe that the fundamental insights into the
electrochemistry of ASS Li-CO, battery presented in this study
provide strong scientific basis for the development of CO, fixation
and CO,-based energy storage systems.
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Figure5 Structure evolutions of the Ag NWs after discharge and charge processes of a Li-CO, nanobattery. ((a)-(f)) Time-lapse morphological evolution of Ag NWs in
an Li-CO, nanobattery during the discharge and charge process. ((g) and (h)) The EDPs of the product after discharging from regions outlined by circles I and II in (b)
and (d), respectively. ((i) and (j)) The EDPs of the product after charging from regions outlined by circles III and IV in (f), respectively. ((k) and (1)) The diffraction
integrals of (h) and (j), respectively. ((m) and (n)) The Low-loss and ((0) and (p)) core-loss EELS of the discharge (red and blue in (d)) and charge (red and blue in (f))

products, respectively.

4 Experimental

4.1 Material preparation

The garnet-type LLZTO solid electrolytes (12 mm in diameter and
1 mm in thickness) were prepared via solid-state reactions as
reported previously [48]. The obtained LLZTO pellets had a relative
density of 99.6%. The nanometer Au on the LLZTO pellets was
prepared by ion sputtering technology (ISC-200) at a sputtering
current of 15 mA. For the ~ 80 nm-thick Au layer sample, the
sputtering time was 10 s with 5 deposition cycles. For the ~ 160 nm-
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thick Au layer sample, the sputtering time was 10 s with 10
deposition cycles. The Ag NW dispersions were customized from
Nano Chemical Technology Company (a purity of 99.9%, a
diameter of ~ 33 nm, a length of 10 pum, and a concentration of
5 mg-mL™). MWCNTs were purchased from Macklin.

4.2 Battery assembly and test

Ag NW cathode catalysts were fabricated by spin-coating the Ag
NW dispersion on the LLZTO ceramic pellets, and the Au layers
were coated on the LLZTO pellets. The 3D framework of Ag NWs
formed on the LLZTO pellets was subsequently dried in a vacuum
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Figure 6 Schematic illustration of the proposed reaction and failure mechanisms of all-solid-state Li-CO, batteries.

chamber at 100 °C for 12 h. To avoid moisture attack during the
experiments, all the cells were assembled in an Ar-filled glovebox
with H,O and O, less than 0.1 ppm. The Li anodes were prepared
by pressing Li foils (a diameter of 11 mm and a thickness of
0.5 mm) onto the opposite side of LLZTO. After being integrated
into the Swagelok-type and sealed in homemade cell containers, the
cells were put inside a chamber of 80 °C and then flushed with pure
CO, for battery testing. A LAND CT3001A battery test system was
used for the electrochemical measurements of the Li-CQ, batteries.

4.3 Nanobattery testing

The charge/discharge reactions of Ag NWs were investigated in a Li-
CO, nanobattery by using an ETEM (FEI-Titan G2 ETEM,
300 kV). A few drops of ultrasonic dispersed Ag NWs were casted
on the aluminum tip as the cathodes. In a glove box filled with Ar
atmosphere, metal Li scratched on a tungsten (W) tip was used as
the anode. The nanobattery was assembled in a TEM-scanning
tunneling microscopy (TEM-STM) sample rod (Pico Femto FE-
F20), then placed in Ar dry airtight bag and transferred into a Cs-
corrected ETEM. During the process of charge/discharge, at a
pressure of 1 mbar, CO, gas (purity was higher than 99.99%) was
flowed into the specimen chamber. The Ag NW was manipulated
to approach the Li layer, and then a potential was applied to the
nanowire versus the Li metal electrode to either charge or discharge
the nanobattery.

44 Characterizations

Raman spectra were obtained with a 532 nm wavelength laser using
a Renishaw inVia system. The surface chemistry of the samples was
examined using an XPS (Thermo Scientific K-Alpha) spectrometer
with a vacuum transfer equipment. XRD was carried out using a
Rigaku D/MAX-2500/PC (Cu Ka) at 5 >min™ over a 26 range of
25-45°. The samples were not exposed to air from preparation to
testing. Surface morphology study and element mapping were
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performed using SEM (FEI, FIB-Helios G4 Cx, Thermo fisher
scientific). The samples were put in the home-made sample transfer
device with a lid that could be opened and closed in the glove box,
which avoided air exposure of samples during transfer process.
Then, the device with the sample was transferred to SEM, and the
lid was opened for sample processing and characterization. The
TEM images were acquired in an ETEM (Titan G2, Thermo Fisher
Scientific) with a Gatan EELS system (GIF-Quantum 965
spectrometer) at 300 kV. Electron dose rate was kept at the
minimum in order to minimize electron beam induced sample
damage. The TEM grid with the discharge/charge products was
subjected to a liquid nitrogen (L-N,) bath connected to the cooling
holder, then loaded onto the cryo transfer holder (FISCHIONE,
Model 2550) and sealed with a shutter in L-N,, and transferred into
TEM chamber. The samples could be cooled down to about
—173 °C. The HAADF-STEM and STEM-EDS measurements were
performed in a TEM (Talos F20, Thermo Fisher Scientific) at
200 kV. The collection semi-angle of the STEM detectors was set to
41-200 mrad for HAADF imaging.

All DFT calculations were performed by using Vienna ab-initio
simulation package (VASP). The DFT functional was utilized at the
Perdew-Burke-Ernzerhof level [49-51]. The plane wave basis set
kinetic energy cutoff was set to 450 eV [52, 53]. The electronic
energy was considered self-consistent when the energy change was
smaller than 10 V. The force thresholds of 0.05 eV-A™' were used
for the structure optimization of all intermediates. During the
relaxation, the Brillouin zone with a 4 x 4 x 1 Gamma centered grid
was used. For each elementary step, the Gibbs reaction free energy
AG is defined as the difference between free energies of the initial
and final states and is given by the expression

AG = AE+ AZPE — TAS (4)

where AE is the reaction energy of reactant and product molecules
adsorbed on catalyst surface obtained from DFT calculations, AZPE
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is the difference of zero-point energy, T is the temperature
(298.15 K), and AS is the change in the entropy. The zero-point
energy and entropy were obtained through vibrational frequencies.

Electronic Supplementary Material: Supplementary material
(SEM, Cryo-TEM, HAADF-STEM, and in-situ TEM
characterizations of the discharge/charge products; Movies S1-S5)
is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908658.
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