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Revealing the Neglected Role of Passivation Layers of
Current Collectors for Solid-State Anode-Free Batteries

Yijia Wang, Bibin Jose, Yi Yuan, Aadharshini Ganesh, Rina Muhammad Faisal,
Ka Ho Chan, Jack Bekou, Lijia Liu, Payam Kaghazchi,* and Yang Zhao*

Anode-free sulfide-based all-solid-state lithium metal batteries (ASSLMBs),
which eliminate the need for a lithium metal anode during fabrication, offer
superior energy density, enhanced safety, and simplified manufacturing. Their
performance is largely influenced by the interfacial properties of the current
collectors. Although previous studies have investigated the degradation of
sulfide electrolytes on commonly used copper (Cu) and stainless steel (SS)
current collectors, the impact of spontaneously formed surface oxides, such
as copper oxide (Cu2O/CuO) and chromium oxide (Cr2O3), on interfacial
stability remains underexplored. This study systematically evaluates the
neglected role of passivation layers of both Cu and SS. Results demonstrate
that Cu facilitates more stable lithium deposition. Electrochemical impedance
spectroscopy (EIS) reveals that interfacial resistance on SS is consistently
higher than on Cu during cycling. In-situ X-ray absorption spectroscopy (XAS)
and computational modelling confirm the formation of phosphate (PO4

3−)
and sulfate (SO4

2−) species at both interfaces, attributed to reactions between
the sulfide electrolyte and surface oxides. On SS, partial reversible formation
of transition metal chlorides is also detected. Based on these findings, an
artificial interface is engineered on Cu, significantly improving lithium
plating/stripping efficiency. These insights contribute to solid-solid interface
engineering strategies and advance the fundamental understanding of
anode-free ASSLMBs.

1. Introduction

The anode-free cell configuration, which avoids the use of lithium
metal during assembly, enables the highest possible energy den-
sity among all cell designs. The absence of lithiummetal reduces
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raw material consumption, enhances
manufacturing safety, and lowers produc-
tion costs.[1] Additionally, incorporating
a solid-state electrolyte (SSE) mitigates
the safety risks associated with flammable
liquid electrolytes, making this approach
particularly promising for the develop-
ment of practical anode-free batteries.
Sulfide-based SSEs, as one of the most

promising candidates, can be readily de-
formed at room temperature, enabling ef-
ficient contact with the current collector
through cold pressing.[2] This character-
istic reduces material costs and simpli-
fies the manufacturing process. The perfor-
mance of anode-free solid-state batteries is
largely governed by the interfacial proper-
ties of the current collectors, which influ-
ence lithium nucleation, plating/stripping
efficiency, and cycling stability. Among the
reported sulfide-based anode-free batter-
ies, copper (Cu) and stainless steel (SS)
are the most commonly used current col-
lectors. The Cu current collector is com-
monly used in research because it func-
tions as the anode-side current collector in
commercial Li-ion batteries, owing to its

excellent electrical and thermal conductivity as well as its
cost-effectiveness. Several studies have reported the formation
of Cu2S on Cu current collectors when in contact with sul-
fide electrolytes.[3] The trace amounts of water can react with
sulfide-based SSEs (Li10Si0.3PS6.7Cl1.8) to generate H2S, which
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subsequently reacts with Cu to form Cu2S.
[3b] However, under

anhydrous conditions, sulfide-based SSEs remain virtually in-
ert toward Cu.[3b] The SS current collector, on the other hand,
shows lower reactivity toward the Li6PS5Cl compared with the
Cu current collector, as evidenced by the cyclic voltammetry (CV)
scan from 0 to 5 V versus Li/Li+.[4] The surface roughness of SS
has a significant influence on the efficiency and cycling stability
of Li plating and stripping.[5] A moderately roughened SS sur-
face increased the contact points between the SSE (Li5.5PS4.5Cl1.5)
and SS, thereby promoting uniform Li deposition and suppress-
ing SSE decomposition.[5] Several studies have explored sur-
face modification strategies, such as introducing the lithiophilic
sites, to enhance interfacial stability and improve lithium plat-
ing/stripping efficiency on Cu and SS current collectors.[4,6]

Despite these advancements, the impact of naturally formed
surface oxides on both Cu and SS current collectors was ne-
glected in previous studies. For Cu foil, native oxide films spon-
taneously form on the surface upon exposure to air. These films
are not self-passivating and can continue to grow through fur-
ther oxidation at room temperature.[7] For the SS foil, the pres-
ence of Cr2O3 forms a passivation layer that prevents corrosion,
effectivelymaintaining its stainless properties.[8] The thicknesses
of these native oxide layers are always a few tens of nanome-
ters. In theory, the native oxides on Cu and SS would signifi-
cantly influence interfacial reactions, charge transfer resistance,
and lithium nucleation behavior. Cu2O, the main compound of
the native oxide layer for Cu foil, undergoes a spontaneous con-
version reaction with deposited Li to form a lithiophobic inter-
face, which can negatively impact lithium deposition and in-
terfacial stability.[9] On SS, during the electrodeposition of Li,
the formation of metastable chromium-iron alloy nanoparticles
was observed in the carbonate electrolyte.[10] However, for anode-
free solid-state batteries, Cu and SS current collectors are fre-
quently employed without explicitly mentioning pre-treatment
procedures.[3,4,6d,11] While some studies have employed cleaning
procedures with acetone and isopropyl alcohol and blow-dried
with nitrogen gas[12] or sonicating the foils in ethanol,[6c,13] these
organic solvents are insufficient for the complete removal of sur-
face oxides. As a result, the presence and impact of spontaneously
formed oxides on Cu and SS current collectors are often ne-
glected in the analysis and interpretation of experimental find-
ings. In solid-state anode-free batteries, the impact of the passiva-
tion layers of the current collectors remains unclear. Addressing
this knowledge gap could provide valuable insights into interfa-
cial engineering strategies, ultimately enhancing the long-term
stability and efficiency of sulfide-based anode-free batteries.
In this study, we uncover a previously overlooked factor—the

native oxide films on the current collector—and demonstrate
their significant impact on interfacial chemistry and lithium de-
position behavior in anode-free solid-state batteries. Different
from the traditional perspective, the Cu current collector exhibits
a more consistent Li plating and stripping performance than
the SS current collector. In-operando and ex situ X-ray absorp-
tion spectroscopy (XAS), combined with DFT modelling, reveal
that reactions between the sulfide SSE and native oxide layers
on both Cu and SS current collectors occur even before electro-
chemical cycling. Prolonged cycling further leads to the forma-
tion of CuSO4 and Cr2(SO4)3. We further demonstrate that engi-
neering a more favorable sulfide interface significantly enhances

the Coulombic efficiency (CE) of lithium plating and stripping,
compared to current collectors with native surface oxides or re-
duced oxide thickness. These findings advance the understand-
ing of sulfide-based anode-free batteries and contribute to the op-
timization of interface design.

2. Results and Discussion

SS naturally develops a surface passivation layer, primarily com-
posed of chromium oxide, which enhances its corrosion resis-
tance and stability in various environments. Similarly, Cu forms
a native oxide layer, typically consisting of Cu2O and CuO, upon
exposure to air. These passivation layers play a crucial role in
influencing Li plating/stripping behavior. In this study, the sur-
face composition of the commercialized 304 SS foil and the Cu
foil was first investigated using time-of-flight secondary ionmass
spectrometry (ToF-SIMS). Since Fe and Cr are the two elements
with the highest weight percentage in 304 SS, their correspond-
ing oxides were analyzed.[14] In Figure 1a, the FeO2

− and Fe− cor-
responding to FeOx shortly decline after ≈20 s sputtering, while
the CrO−, CrO2

−, and CrO3
−signals that represent Cr2O3 atten-

uate after ≈40 s sputtering. According to the 3D reconstructed
surface image in Figure 1b,c, both FeOx and Cr2O3 distribute uni-
formly on the surface. The depth profile of theCu foil is presented
in Figure 1d. The CuO2

− signal that corresponds to the native
CuOx present on the surface, which shortly decreases after 16 s
sputtering, while the Cu− signal peaks at ≈30 s and plateaus af-
terwards. The 3D reconstructed surface image in Figure 1e,f also
demonstrates the presence of homogeneous CuOx on the surface
of the Cu foil. The surface composition of both foils was further
understood byX-ray photoelectron spectroscopy (XPS). As shown
in Figure 1g, the peaks at 706.8, 709.5, 711.2, and 713.2 eV in the
Fe 2p3/2 XPS spectrum correspond to Fe metal, Fe2+ (oxide), Fe3+

(oxide), and Fe3+ (hydroxide), respectively.[14] The peaks at 574.1,
and 576.4 eV in the Cr 2p3/2 spectrum are assigned to Cr metal
and Cr3+ (oxide), respectively (Figure 1h).[14] The small peak on
the low binding energy side of the envelope was assigned to a
defect-derived satellite, which likely originates from near-surface
point defects or dislocations associated with local mechanical
strain in the structure, as has been previously reported.[15] The
corresponding O 1s spectra are shown in Figure S1 (Support-
ing Information), where the peaks at 529.7 and 531.7 eV are at-
tributed to metal oxide and metal hydroxide species, respectively,
present on the SS surface.[14] Figure 1i shows the Cu 2p3/2 spec-
trum for the Cu foil. The deconvolution reveals the presence
of Cu/Cu2O, CuO, and Cu(OH)2 at 932.5, 934, and 935.2 eV,
respectively.[16] The peaks of Cu and Cu2O are indistinguishable
due to their similar Cu 2p3/2 binding energy.[16,17] The surface
morphology of the SS foil and the Cu foil was characterized by
SEM. The SS foil has a smooth surface with small pits found on
the surface (Figure 1j), while the surface of Cu foil is rougher
(Figure 1k). Passivation layers naturally form on SS and Cu cur-
rent collectors, yet their influence on electrolyte–current collector
interfacial reactions in anode-free cells is often overlooked.
The plating and stripping behaviour of Li on commercial-

ized SS and Cu was evaluated using Li metal counter electrode
and Li6PS5Cl SSE. Figure 2a,b depict the typical voltage profile
of Li-SS and Li-Cu cells tested at 0.1 mA cm−2 and 0.5 mAh
cm−2, with a stripping voltage cut-off at 1 V versus Li/Li+. The
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Figure 1. a) The ToF-SIMS depth profile of 304 SS foil. The ToF-SIMS 3D rendering images of b) CrO2
− and c) FeO2

− on 304 SS foil. d) The ToF-SIMS
depth profile of Cu foil. The ToF-SIMS 3D rendering images of e) CuO2

− and f) Cu− on Cu foil. g) The Fe 2p3/2 XPS spectrum of 304 SS foil. h) The
Cr 2p3/2 XPS spectrum of 304 SS foil. i) The Cu 2p3/2 XPS spectrum of Cu foil. The SEM image of j) pristine 304 SS foil surface and k) pristine Cu foil
surface.

electrochemical performance of Li–SS and Li–Cu cells was also
tested at current densities of 0.2 and 0.5mA cm−2, which resulted
in unstable cycling (Figure S2, Supporting Information). Since
the objective of this study is to elucidate the interfacial reactions
between Li6PS5Cl and the surface passivation layers of SS and Cu
at different stages of Li plating/stripping, a lower current density
of 0.1 mA cm−2 was employed to ensure prolonged cycling stabil-
ity. The Li-SS cell delivers an initial CE of 82.2%, while the Li-Cu
cell exhibits a slightly higher initial CE of 87.7% (Figure 2c,d).
The irreversible capacities for both SS and Cu current collectors

are possibly caused by the consumption of Li during the inter-
phase formation at the first cycle. At the 10th cycle, notably unsta-
ble Li stripping behaviour was observed from 0.1 V versus Li/Li+

on SS, while signs of interfacial degradation do not appear un-
til 0.5 V versus Li/Li+ on Cu. To probe the degradation process
of the interface, the effect of different voltage cut-offs on the Li
plating and stripping efficiency on the two current collectors was
further explored. In Figure 2c,d, the plating and stripping effi-
ciency of Li on SS and Cu with varied stripping voltage cut-offs at
0.1, 0.2, 0.5, and 1 Vwere compared. Incomplete stripping of Li at
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Figure 2. a) Voltage profile of Li-SS cell tested at 0.1 mA cm−2 and 0.5 mAh cm−2, with a stripping voltage cut-off at 1 V versus Li/Li+ (top); voltage
profile of Li-Cu cell tested at 0.1 mA cm−2 and 0.5 mAh cm−2, with a stripping voltage cut-off at 1 V versus Li/Li+ (bottom). b) First- and tenth-cycle
plating/stripping voltage profile of Li-SS cell (top); first- and tenth-cycle plating/stripping voltage profile of Li-Cu cell (bottom). c) CE of Li-SS cells with
stripping voltage cut-off at 0.1, 0.2, 0.5, and 1 V. d) CE of Li-Cu cells with stripping voltage cut-off at 0.1, 0.2, 0.5, and 1 V. e) Second- and tenth-cycle CV
of Li-SS cell at a scan rate of 0.2 mV s−1. f) Second- and tenth-cycle CV of Li-Cu cell at a scan rate of 0.2 mV s−1.

low stripping voltage cut-off and degradation of the SSE-current
collector interface at high stripping voltage cut-off both negatively
affect the resulting CE. The CE obtained on SS at different voltage
cut-offs is scattered within 69.9-87.5% and does not present a dis-
cernible trend. The voltage profile of the 10th cycle at each voltage
cut-off is included in Figure S3 (Supporting Information). The Li-
SS cell with a stripping voltage cut-off set at 0.1 V could only last
for 7 cycles and then short afterwards, possibly due to the build-
up of unstripped Li on SS and the growth of Li dendrites. Even
with a low voltage cut-off of 0.2 V, severe interface degradation
was seen at the 10th cycle (Figure S3, Supporting Information),
indicating that the SS current collector could hardly accommo-
date the deep discharge in an anode-free full cell. Unlike the scat-
tered CE obtained on SS, the CE across the first 10 cycles on Cu is
relatively stable. At a stripping voltage cut-off of 1 V, the Li plating
and stripping efficiency on Cu is notably higher compared with
that on SS, likely due to the deferred interfacial degradation in the
high voltage region (Figure 2b). The first 10-cycle CE decreases
with descending stripping voltage-cutoff, and no notable sign of
interfacial degradationwas observed before 0.5 V (Figure S4, Sup-
porting Information), showing that the obtained CE was mainly
dominated by the Li stripping process withoutmajor interference
of the side reactions and interfacial degradationmainly happened
in the high voltage region (>0.5 V). The CV was conducted at
a scan rate of 0.2 mV s−1 to investigate the Li plating/stripping
on SS and Cu. At the second cycle, the SS resulted in a rela-
tively low Li plating/stripping peak current density of 0.53 and

0.65 mA cm−2, respectively (Figure 2e). The peak current density
increases over the cycle, suggesting that the interfacial reactions
change over cycles, which promotes the reaction kinetics of the Li
plating/stripping process. In contrast, Cu enabled amuch higher
Li plating/stripping peak current density of 0.97 and −1.06 mA
cm−2 at the second cycle, likely attributed to the less resistive in-
terface on the Cu current collector (Figure 2f).[18] At the tenth
cycle, the current response beyond 0.2 V versus Li/Li+ is signif-
icantly higher on SS compared to Cu, indicating a more severe
side reaction on the SS current collector. This observation is con-
sistent with the findings from previous galvanostatic testing.
The distinct interphases formed on Cu and SS result in differ-

ent lithium plating and stripping behaviors: the Cu interphase
enhances Li plating/stripping efficiency and maintains greater
stability at high stripping voltages. To examine the interphase
composition and its impact on electrochemical performance,
in situ synchrotron-based X-ray absorption near-edge structure
(XANES) spectroscopy was used to analyze changes in the lo-
cal chemical environments of elements in the system. The ex-
perimental setup is illustrated in Figure 3a. The in situ cell was
placed on the sample holder under a vacuum of 10−7 torr to op-
timize flux for edges with lower energies. The Cu and SS mesh
current collectors were utilized to enable the investigation of in-
terphase evolution during Li plating and stripping. The detailed
in situ cell configuration is illustrated in Figure S5 (Support-
ing Information). The P K-edge, S K-edge and Cl K-edge spectra
were collected using the fluorescence yield (FLY)mode at specific
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plating capacities and stripping voltage cut-offs for both the Li|Cu
and Li|SS systems (Figure 3b). The P K-edge, S K-edge, and Cl K-
edge spectra for Li6PS5Cl were also included for reference. These
spectra show good agreement with literature-reported data[19]

and further demonstrate that the Kapton tape effectively isolates
the sample from the ambient environment, providing sufficient
oxygen barrier properties. All P K-edge measurements were cal-
ibrated against the first derivative maximum of tricalcium phos-
phate (Ca3(PO4)2) at 2152.7 eV.

[20] The white line at 2149.55 eV
corresponds to the electron transition from 1s orbitals to the un-
occupied electronic state of 3p character,[21] which represents the
PS4

3− in pristine Li6PS5Cl structure (Figure 3c).
[19] Upon con-

tact with the Cu current collector, the PS4
3− feature diminished,

further weakening during lithium stripping and eventually dis-
appearing completely (Figure 3c). The peaks at 2154 eV were as-
signed to the formation of P-Sx-P/PO4

3−.[19,22] The P-Sx-P/PO4
3−

formed upon contact with theCu current collectors and remained
on the current collectors throughout the plating and stripping
process. The identification of P-Sx-P is supported by the peak at
≈2474 eV in the S K-edge spectra (Figure 3d), which can be de-
tected on Cu before cycling.[19] No significant change in the P-
Sx-P feature on S K-edge spectra is observed on Cu throughout
cycling. For pristine Li6PS5Cl, the intense peak at 2472.3 eV can
be attributed to the S 1s orbital to unoccupied states of S 3p char-
acter. The notable peak at 2483 eVmay be attributed to the forma-
tion of SO4

2−,[19] which is likely a result of CuSO4 formation.[23]

Since the cell assembly was conducted in an Ar-protected envi-
ronment, the only source of oxygen is the surface passivation
layer on the current collector. This indicates that the reaction oc-
curred between the SSE and the surface oxide passivation layer.
The SO4

2− feature can be detected throughout the Li plating cy-
cle. During Li stripping, the SO4

2− feature at 2483 eV attenuated
while another peak at 2481.5 eV emerges, which can be possibly
assigned to the detection of Li2SO4 formation.[24] The Cl K-edge
is shown in Figure 3e. For the Li|Cu cell, the pre-edge peak ob-
served at≈2822.9 eVmay be attributed to the formation of metal-
induced gap states (MIGS), which have been previously reported
at LiCl/Cu interfaces.[25] These states arise due to the proxim-
ity to the metal rather than any local modification of chemical
bonds.[25] Raman spectroscopy was also employed to analyze the
interfacial chemistry of the Cu current collector (Figure S6, Sup-
porting Information). The peak at ≈425 cm−1 corresponds to the
PS4

3− unit in Li6PS5Cl. Two samples were examined: (i) Li plated
on Cu (1mAh cm−2) and (ii) after Li was fully stripped to a cut-off
voltage of 1 V. In both cases, a peak at ≈417 cm−1 was observed,
indicating local distortion of the PS4

3− tetrahedral induced by oxy-
gen incorporation.[26]

On the SS current collector, the PS4
3− feature weakened dur-

ing Li plating but re-formed during Li stripping, as shown on
the P K-edge spectra (Figure 3f). The P-Sx-P/PO4

3− formed upon
contact with SS and remains on the SS throughout the Li plating

and stripping process. From S K-edge spectra (Figure 3g), the in-
tensity of P-Sx-P increases during Li plating and diminishes dur-
ing stripping, aligning with the variations in the PS4

3− feature
seen in the P K-edge spectra. The SO4

2− formation at 2483 eV
was also observed on the SS before cycling. A peak potentially
associated with Li2SO4 formation emerges after 0.5 mAh cm−2

of Li plating. During the Li stripping, the SO4
2− feature reverted

back to 2483 eV, suggesting the reversible formation of the sulfate
species. From the Cl K-edge spectra in Figure 3h, a much more
prominent pre-edge peak at ≈2823.2 eV emerged during the Li
plating on SS. This pre-edge feature is attributed to the increase
in covalency resulting from themixing of Cl 3p orbitals andmetal
d-orbitals.[27] Similar features were reported in Cl K-edge spectra
of Fe-Ni and Fe-Cr alloys exposed in the Cl-rich environment.[28]

The intensity of the pre-edge peak attenuated during the strip-
ping process, indicating that the formation of the transitionmetal
chloride is reversible.
The normalized Cu K-edge spectra of the Cumesh current col-

lector obtained from the in situ experiment and the Cu foil after
10-cycle Li plating and stripping are presented in Figure 3i. The
edge position shifted to the lower energy after the first-cycle plat-
ing, likely due to an increased Cu2S content on the interface, as
the higher covalency of Cu─S bonds compared to Cu─O bonds
results in a lower edge energy.[29] The edge position reverts back
after the stripping process. After 10-cycle plating/stripping, the
absorption edge shifts to higher energy compared to the pristine
state, possibly due to the increased CuSO4 content.

[30] Although
Fe is the most abundant element in 304 SS, no noticeable peak
shift was observed in the Fe K-edge spectra during the Li plat-
ing and stripping process. This suggests that either Fe has min-
imal involvement in interfacial reactions or any changes in Fe
were obscured by the bulk signal (Figure S7, Supporting Infor-
mation). Negligible differences were also observed in the Ni K-
edge spectra after cycling, indicating minimal alteration in the
Ni environment during the process (Figure S8, Supporting In-
formation). The Cr K-edge spectra were recorded to analyze the
chemical changes on SS current collectors at four stages: before
cycling, after the first discharge, after the first charge, and after
10 plating/stripping cycles (Figure 3j). During Li plating, an edge
feature appeared at ≈6000 eV, which has been previously charac-
terized as CrCl3 (Figure 3k).

[31] After 10 plating/stripping cycles,
the enhanced peak feature at ≈6006 eV may be attributed to the
increased Cr2(SO4)3 at the interface.

[32] These findings demon-
strate that Li6PS5Cl undergoes chemical degradation upon con-
tact with Cu and SS surfaces even before electrochemical cy-
cling, influencing subsequent interfacial reactions. The Cu K-
edge analysis reveals the formation of Cu2S and CuSO4 overmul-
tiple plating/stripping cycles, while SS current collectors exhibit
minimal Fe and Ni involvement in interfacial reactions. How-
ever, Cr undergoes notable changes, with the probable formation
of CrCl3 and Cr2(SO4)3 over cycling. Raman spectroscopy was

Figure 3. In situ and ex situ XAS measurements. a) Schematic illustration of the in situ synchrotron-based XANES study setup of Cu and SS current
collectors. b) Voltage profile of a typical Li plating/stripping process with marked specific capacity and voltage at which the XAS spectra were conducted.
The c) P K-edge, d) S K-edge, and e) Cl K-edge acquired from the Cu mesh current collector. The f) P K-edge, g) S K-edge, and h) Cl K-edge acquired
from the SS mesh current collector. i) The Cu K-edge XAS spectra acquired from the Cu mesh current collector during the in situ experiment at different
stages (before cycling, discharged, and charged) and the Cu foil current collector disassembled after 10 Li plating/stripping cycles. j) The Cr K-edge XAS
spectra acquired from pristine SS foil, Cr metal foil, and SS foil current collector disassembled after resting for 24 h, first discharge, first charge, and 10
plating/stripping cycles. k) A magnified view of the Cr K-edge graph.
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Figure 4. a) Voltage profile of a typical Li plating/stripping process withmarked specific capacity and voltage, at which the in-operando EISmeasurements
were conducted. The EIS Nyquist plots of b) Li plating and c) stripping on Cu current collectors in the first cycle. The EIS Nyquist plots of d) Li plating
and e) stripping on SS current collectors in the first cycle. f) The comparison of EIS Nyquist plots of Li|Cu and Li|SS after 10-cycle plating/stripping.
g) The SEM images of 0.5, 1.0, 1.5, and 2.0 mAh cm−2 of Li deposits on Cu. h) The SEM images of 0.5, 1.0, 1.5, and 2.0 mAh cm−2 of Li deposits on SS.

further employed to investigate the interfacial chemistry of the
SS current collector (Figure S9, Supporting Information). Two
conditions were examined: (i) Li plated on SS (1 mAh cm−2) and
(ii) after Li was fully stripped to a cut-off voltage of 1 V. As with
Cu current collectors, a peak at ≈417 cm−1 was observed, indi-
cating local distortion of the PS4

3− tetrahedral induced by oxygen
incorporation.[26] These results emphasize the pivotal role of the
current collector’s surface passivation layer in interphase evolu-
tion, highlighting its interaction with the sulfide solid-state elec-
trolyte in affecting electrochemical performance.
The in situ electrochemical impedance spectroscopy (EIS) was

conducted to investigate the evolution of the interfacial properties
during the Li plating/stripping. The EIS spectra were collected
after 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mAh cm−2 of Li deposited on
the current collectors, respectively. In the subsequent stripping
cycle, the EIS measurements were carried out at voltage cut-offs

of 0.1, 0.2, 0.5, and 1.0 V, as shown in Figure 4a. Based on the
XAS analysis, the interphase starts to establish when the cur-
rent collector comes into contact with the sulfide SSE, which is
further supported by the EIS spectra measured during the rest-
ing step before the electrodeposition starts (Figure S10, Support-
ing Information). In Figure 4b, the high-frequency loop was at-
tributed to the charge transfer (CPESEI) and the charge transfer
resistance (RSEI) of the interface formed on the Cu, while the
low-frequency loop was assigned to the charge transfer of plated
Li (CPELi) and the charge transfer resistance of Li/Li+ (RLi).

[33]

The large resistance of the assembled cell was largely reduced af-
ter the Li nucleated onto the current collector.[12] The interfacial
charge transfer resistance gradually increases during the strip-
ping process (Figure 4c). The fitting parameters obtained from
the time-resolved EIS of the Cu|Li6PS5Cl|Li cell are presented in
Table S1 (Supporting Information). The interphase formed on

Adv. Mater. 2025, 37, e13090 e13090 (7 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Computed atomistic structures of a) Li6PS5Cl/CuO and b) Li6PS5Cl/Cr2O3 interfaces with two different terminations, obtained through elec-
trostatic analysis and DFT calculations. Radial distribution function for P─O and S─O bonds in Li6PS5Cl/CuO interface is also presented in a).

SS exhibits a higher charge transfer resistance (RSEI) than that on
Cu during both the plating and stripping processes (Figure 4d,e).
The fitting parameters obtained from the time-resolved EIS of the
SS|Li6PS5Cl|Li cell are presented in Table S2 (Supporting Infor-
mation). After 10-cycle plating/stripping, the interphase formed
on Cu still exhibited a lower interfacial resistance than that
formed on SS (768 Ω versus 1252 Ω), suggesting the interphase
of lower charge transfer resistance formed on Cu facilitates the Li
plating/stripping throughout cycling (Figure 4f). The fitting pa-
rameters for both cells after 10 cycles are presented in Table S3
(Supporting Information). The interphase formed prior to elec-
trochemical cycling plays a critical role in governing Li nucle-
ation behavior on different current collectors. Specifically, Cu ex-
hibits a nucleation overpotential of −0.0162 V, whereas SS shows
a slightly higher value of −0.0267 V, indicating that the energy
barrier between nucleation and growth is smaller on Cu, which
favors a more uniform Li deposition compared to SS (Figure
S11, Supporting Information). The variation in interfacial charge
transfer resistance of the interphase results in distinct lithiumde-
position morphologies at different stages, as observed through
scanning electron microscopy (SEM). On Cu, Li deposits tend to
form a single, integrated large structure (Figure 4g), whereas on
SS, the deposits are smaller in size and exhibit a porous mor-
phology at higher capacity (Figure 4h). The lower-magnification
images of the 2mAh cm−2 Li deposit on Cu and SS are presented
in Figure S12 (Supporting Information), providing an overview
of the overall morphology and spatial distribution of the Li de-
posit. The Li deposition on SS became more uneven and tortu-
ous at higher current densities (0.2 and 0.5 mA cm−2), compared
to the relatively smoother morphology on the Cu current collec-
tor (Figure S13, Supporting Information). The porous Li deposit
observed on SS potentially promotes the growth of dendrites and
hinders long-term cycling stability.
To further understand the degradation mechanism of sul-

fide electrolyte on current collectors, first-principles calculations
based on density functional theory (DFT) were performed on
the CuO(001)/Li6PS5Cl(001) and Cr2O3(001)/Li6PS5Cl(001) in-
terfaces. We have applied an extensive Coulomb energy calcula-
tion to identify the minimum energy configurations at the elec-
trolyte/current collector interfaces, followed by DFT optimiza-
tion (a detailed description of the computational methodology

can be found in the Supporting Information). The results from
the Li6PS5Cl/CuO interface (Figure 5a) show that the stability
of the electrolyte is significantly influenced by the presence of
CuO. Strong interactions between the components have been ob-
served, including bond formations between Cu and S, Cu and P,
P and O, S and O, Li and S, Li and O, as well as Li and Cl. Radial
distribution function for Li6PS5Cl/CuO interface shows forma-
tion of P─O and S─O bonds (Figure 5a), whose bond lengths
are consistent with those of experimentally measured in PO4

3-

(P─O bondlength of ≈1.5 Å[34]) and SO4
2− (S─O bondlength

of ≈1.49 Å[35]), indicating the probability of formation of phos-
phate (PO4

3−) and sulfate (SO4
2−) species at the interface, namely

CuSO4 and Li2SO4. Our DFT calculation on the Li6PS5Cl/Cr2O3
interface (Figure 5b), however, indicates a higher stability of
Cr2O3 compared to CuO in contact with Li6PS5Cl, which can be
clearly seen from the corresponding optimized atomistic struc-
ture. The interfacial interactions for the former case suggest a
potential for the formation of Cr─S, Cr─Cl, Li─Cl, and Li─O
bonds. The Cr─S bond can be seen as the initial stage of forma-
tion of chromium sulfate species such as Cr2(SO4)3, while Cr─Cl
bond formation, which could be considered as an initial stage
of formation of CrCl3. Phosphate and sulfate species were ob-
served (Figure 3) to form at both the current collector interfaces,
attributed to reactions between the sulfide electrolyte and surface
oxides.
Since the surface oxides are the sole source of oxygen, they con-

tribute to the irreversible formation of SO4
2− and PO4

3−, thereby
affecting the CE of lithium plating/stripping. To further inves-
tigate the impact of the oxide layer on Li plating/stripping CE,
the Cu foil was pretreated with acetic acid to reduce the sur-
face oxide content and subsequently used to evaluate the Li plat-
ing/stripping behaviour.[36] The top-view SEM image of the acetic
acid-treated Cu is shown in Figure S14 (Supporting Information).
From the ToF-SIMS depth profile in Figure 6a, the intensity of
Cu− and CuO− reaches the maximum at ≈15 s, showing that the
thickness of copper oxide has been significantly reduced. The cor-
responding 3D rendering images of Cu− and CuO− are presented
in Figure 6b,c. The Li plating/stripping CE on acetic-treated Cu
was similar to that on pristine Cu, as shown in Figure 6g, likely
due to the incomplete removal of surface oxide. This interpre-
tation is further supported by the Cu 2p3/2 and Cu L3M4,5M4,5

Adv. Mater. 2025, 37, e13090 e13090 (8 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. a) The ToF-SIMS depth profile of pristine Cu foil and acetic acid-treated Cu foil. The ToF-SIMS 3D rendering images of b) CuO− and c) Cu−

on acetic acid-treated Cu foil. d) The ToF-SIMS depth profile of Li2S-treated Cu foil. The ToF-SIMS 3D rendering images of e) CuS− and f) Cu2S
− on

Li2S-treated Cu foil. g) Li plating/stripping CE on pristine-, acetic acid treated-, ether-based electrolyte treated-, and Li2S treated Cu conducted at 0.1 mA
cm−2 and 0.2 mAh cm−2, with stripping voltage cut-off at 0.5 V versus Li/Li+. h) The S 2p spectrum of Li2S treated Cu foil. i) The Cu 2p3/2 spectrum of
Li2S treated Cu foil. j) The SEM image of 0.2 mAh cm−2 Li deposited on Li2S treated Cu foil at 0.1 mA cm−2.

Auger spectra. In the Cu 2p3/2 spectrum (Figure S15, Support-
ing Information), the peak at ≈932.5 eV is attributed to Cu2O
on the acetic-treated Cu surface,[16] and consistently, the peak at
≈916.99 eV in the Cu L3M4,5M4,5 Auger spectrum (Figure S16,
Supporting Information) is also assigned to Cu2O.

[37]

As a strategy to stabilize the Cu current collector interface, the
native surface oxide was converted to sulfide through S2− treat-
ment, thereby suppressing the formation of SO4

2−- and PO4
3−-

containing species. In addition, Li2O
[38] and LiF[39] generated in

situ by soaking Cu in ether-based electrolyte[40] were utilized to
enhance Li plating/stripping reversibility. To integrate these ef-
fects, Cu was treated with Li2S-saturated ether electrolyte, with
the clear supernatant employed to achieve controlled surface
modification. The Li2S-treated Cu interface was first character-
ized using ToF-SIMS. The depth profiles of Li−, Cu2O

−, CuS−,
and Cu2S

− suggest the coexistence of Cu2O and Cu2S on the
Cu surface and further reveal that the Li-containing sulfide-based
interphase formed is substantially thicker than the native oxide
layer and primarily composed of sulfide species. (Figure 6a,d–f).
This Li2Streated Cu interface facilitates a high initial and sus-
tained plating/stripping CE (>90%), surpassing that of pris-
tine Cu and acetic acid-treated Cu (Figure 6g). The Li plat-
ing/stripping CE on Cu treated with the ether electrolyte alone
is also shown, exhibiting a lower CE compared to that on pristine
Cu. The corresponding top-view SEM images of ether-treated Cu
are presented in Figure S17 (Supporting Information). The ef-

fectiveness of the Li2S treatment was demonstrated using three
repeated cells (Figure S18a, Supporting Information), and the
typical Li plating and stripping voltage profiles are included in
Figure S18b. The CE of the Li|Li6PS5Cl|Li2S treated Cu half cell
over cycling is shown in Figure S19 (Supporting Information).
Although the CE remains high (≥90%) in the first 5 cycles, it
becomes scattered after approximately eight cycles. This obser-
vation suggests that the sulfide interface facilitates improved ini-
tial plating/stripping behavior relative to the native oxide inter-
face. To improve the long-term stability and practical applicabil-
ity, further optimization is necessary, with emphasis on tailoring
the chemical composition of the sulfide interface and developing
three-dimensional architectures to better accommodate the vol-
ume changes associatedwith repeated plating/stripping. The sur-
face composition of Li2S-treated Cu was further analyzed using
XPS. In S 2p spectra (Figure 6h), peaks at 169.3 and 170.2 eV are
the characteristic peaks of sulfone (─SO2) from LiTFSI salt.[41]

The peak at 167.2 eV can be assigned to LiTFSI decomposition
species formed.[42] The peak at 162.1 eV can be assigned to either
Li2S or Cu2S.

[43] The treated surface does not contain Cu(OH)2 or
CuO (Figure 6i), due to the absence of the satellite feature related
to the d9 configuration in the ground state of Cu (Figure S20, Sup-
porting Information).[17b,44] The similar Cu 2p binding energies
of Cu, Cu2O, and Cu2S make it challenging to distinguish these
species in the Cu 2p XPS spectrum (Figure 6i).[45] Ex situ XANES
was conducted to investigate the interfacial chemistry of the

Adv. Mater. 2025, 37, e13090 e13090 (9 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Li2S-treated Cu (Figure S21, Supporting Information). After the
treatment, the edge position shifts to lower energy, which can
be attributed to the increased presence of Cu2S at the interface.
This shift arises because Cu─S bonds are more covalent than
Cu─O bonds, leading to a reduced edge energy.[29] The SEM
image of 0.2 mAh cm−2 Li deposited on Li2S treated Cu foil at
0.1 mA cm−2 is shown in Figure 6j, demonstrating the smooth
and dense Li deposits achieved on the modified Cu foil. The
same surface treatments (acetic acid and Li2S) were applied to
SS; however, these resulted in the formation of an unstable in-
terface, which in turn led to poor CE (Figure S22, Supporting
Information).

3. Conclusion

This study first highlights the neglected role of the native ox-
ide films of the current collector in interfacial chemistry and
lithium deposition behavior for anode-free solid-state batteries.
Although Cu is generally considered an unstable current col-
lector for sulfide-based SSEs, it demonstrates more stable Li
plating/stripping behavior compared to SS. In-operando XAS
and DFT computational modelling identified P-Sx-P/PO4

3− and
SO4

2− species at both interfaces even before electrochemical cy-
cling, suggesting the chemical interactions between the sulfide
SSE and surface oxides. Furthermore, the partial reversible for-
mation of transition metal chlorides on SS was observed during
cycling. The change in Cu K-edge of Cu and Cr K-edge of SS after
10-cycle Li plating/stripping may be attributed to the formation
of CuSO4 and Cr2(SO4)3. To improve the Li plating/stripping CE,
the removal of surface oxides was initially attempted, followed by
the construction of a sulfide interface. This study promotes the
understanding of solid-solid interfaces in anode-free ASSLMBs
and provides critical design strategies to improve interfacial sta-
bility and overall battery performance.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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