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Molecular Insights into the Interfacial Phenomena at the Li
Metal | Polymer Solid-State Electrolyte in Anode-Free
Configuration During Li Plating-Stripping via Advanced
Operando ATR-FTIR Spectroscopy

Jian-Fen Wang, Matthias Weiling, Felix Pfeiffer, Kun-Ling Liu, and Masoud Baghernejad*

Solid-state batteries are regarded as safe and high-energy-density candidates
for next-generation energy storage. However, gaining a mechanistic
understanding of the interfacial phenomena under real electrochemically
working conditions remains a major challenge for cells containing
solid-state electrolytes. This work presents an in-house built attenuated total
reflection fourier-transform infrared (ATR-FTIR) spectroscopy cell equipped
with an internal temperature-control unit. This cell is used for operando char-
acterization of interfacial processes between plated Li and polymer during Li
plating/stripping. As a proof of concept, a polymer electrolyte (cr-PEO10LiTFSI)
containing poly(ethylene oxide), Li bis-(trifluoromethanesulfonyl)imide
and crosslink-initiator benzophenone (BP) is introduced on a copper mesh
as current collector at 60 °C. The developed ATR-FTIR spectroscopy setup
provides detailed insights into the electrolyte degradation and reveals the
crystallinity transformation of PEO at the interface during plating. Moreover,
for the first time, the degradation of BP is observed. This compound,
often overlooked in electrolyte systems due to its low concentration, is found
to play a significant role in the interfacial electrochemistry process. Overall,
this study provides a comprehensive overview of the characterization on
the PEO electrolyte-lithium metal interface and introduces a novel perspective
on the reaction of BP as a crosslinking initiator in the solid-state batteries.

1. Introduction

With the latest developments, state-of-the-art lithium-ion batter-
ies (LIBs) are rapidly approaching the limit of their theoretical
energy density. To meet the increasing demand for higher power
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and energy density, extensive research
has been conducted on various bat-
tery materials and configurations in re-
cent years.[1,2] Among different next-
generation cell chemistries, Li metal bat-
teries (LMBs) are considered promising
due to Li metal exceptionally high the-
oretical capacity (3860 mAh g−1) and
the lowest standard redox potential of
all metallic anode materials (−3.04 V
vs SHE).[3,4] Moreover, anode-free Li
metal batteries (AFLMBs) are regarded
as promising battery configurations due
to their potential for achieving even
higher energy densities, thanks to the
reduced anode volume.[5] In addition,
AFLMBs can lower both the cost and
energy consumption associated with an-
ode preparation.[6,7] However, AFLMBs
suffer from low Coulombic efficien-
cies (CE), primarily due to the par-
asitic reactions associated with elec-
trolyte degradation during electrodeposi-
tion (“plating”) of Li. This degradation
leads to the formation of an interphase
at the Li metal|electrolyte boundary,

resulting in the loss of active Li and increased interfa-
cial impedance during the electrodissolution/-deposition (strip-
ping/plating) processes.[8–11] Moreover, the accumulation of un-
constrained plated Li can lead to the formation of dendrites,
which pose significant safety risks, especially in the presence of
state-of-the-art carbonate-based liquid electrolytes. These needle-
like dendrites can cause short circuits, leading to thermal run-
away and potential explosion of the cell.[12–14] As a result, great at-
tention is being directed toward the use of solid-state electrolytes
(SSEs). SSEs offer a promising prospect due to their increased
mechanical and chemical stability against Li metal, and effec-
tively enhance safety by suppressing dendrite growth.[13–15] Addi-
tionally, compared to liquid electrolytes, SSEs are leakproof and
exhibit low volatility, reducing the risk of gas production and the
leakage of toxic gases.[16] Given the energy density and safety fea-
ture, anode-free solid-state batteries (AFSSB) are considered the
ultimate configuration, offering the highest energy density along
with enhanced safety.[17]

Among SSEs, solid polymer electrolytes (SPEs) have gener-
ated notable attention due to their exceptional flexibility and
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adaptability compared to inorganic solid electrolytes. These prop-
erties allow for better interfacial contact between the electrolyte
and electrode, leading to lower internal resistance compared to
inorganic solid electrolytes.[16,18] Since 1970s, various structural
designs and modifications of the polyether-based SPEs, such
as polyethylene oxide (PEO), have been extensively studied in
LMBs.[19,20] PEO-based SPEs are particularly favored because of
their simple structure and the strong donor character of the oxy-
gen atoms in the ether chains, which effectively coordinate Li
ions, making them an ideal benchmark candidate for fundamen-
tal studies of SPE-based LMBs.[21,22]

Li bis-(trifluoromethanesulfonyl)imide (LiTFSI) has become
the most commonly used Li salt in PEO-based SPEs, owing
to its excellent chemical, electrochemical, and thermal stabil-
ity. The high degree of charge delocalization in LiTFSI facili-
tates ionic dissociation within the PEO matrix, enhancing ionic
conductivity.[23] Furthermore, some efforts have been made to
improve the relatively weak mechanical strength of SPEs com-
pared to inorganic solid electrolytes (ISEs). These efforts include
enhancing the mechanical strength of the polymer backbone
through side-chain modifications and incorporating crosslink-
ers or crosslink-initiators, such as benzophenone (BP)-like com-
pounds. The addition of BP and the process of UV irradia-
tion in polymer electrolyte increase the amorphicity and there-
fore induce the formation of smaller crystal structures at ele-
vated temperatures, such as 60 °C.[24] This change in crystallinity
can enhance the flexibility and toughness of PEO. Therefore,
the crosslinked electrolytes not only present higher mechanical
strength but also reduce the crystallinity of the polymers to fur-
ther enhance the ionic conductivity of the electrolytes.[20,24–29]

Despite SPEs offering greater chemical and electrochemical
stability compared to liquid electrolytes, electrolyte degradation,
and interfacial reactions remain prevalent and inevitable.[2,13]

Due to the critical impact of these interfacial reactions on bat-
tery capacity retention and lifespan, the formation of the solid
electrolyte interface (SEI) has been extensively studied in liquid
electrolyte systems.[30–34] Hence, as SPEs gained more attention,
researchers have increasingly focused on the interfacial reactions
of SPEs and electrodes, because of their crucial role in the perfor-
mance of SSBs.[12,32,35–37]

To achieve a deeper understanding of the interfacial phenom-
ena in SSBs and address the challenges arising from interfa-
cial reactions, an emphasis on interfacial investigation by de-
veloping advanced characterization methodologies is essential.
Typically, these characterizations are conducted post-mortem,
but this approach can introduce artificial contamination to the
samples.[38–41] To avoid this, in situ/operando characterization is
considered a more effective approach to investigate the evolving
interphases in real-time without the risk of contamination.[42–46]

Moreover, it allows for the observation and detection of interfacial
species under real-working conditions, providing dynamic in-
sights into reaction mechanisms that post-mortem analyses can-
not capture. However, successful conducting of operando inves-
tigations requires the development of specially designedmethod-
ologies compatible with the representative analytical technique.
In the case of AFSSBs, this need arises due to the highly reac-
tive nature of plated Li metal, the opacity of battery materials,
and the challenges of integrating the analytical instruments in
use.[42–45,47–49]

Among the various in situ/operando techniques for inves-
tigating the Li metal|polymer interface, in-situ/operando in-
frared spectroscopy has generated great attention due to its rel-
atively straightforward combination with electrochemical tech-
niques and its ability for fast data acquisition for dynamic
investigations.[49] Chusid et al. studied the interface chemistry
between Li metal and polymeric electrolytes using in-situ FTIR
spectroscopy. They developed a spectro-cell setup equipped with
a heater, allowing to acquired spectra of poly[ethylene oxide-2-
(2-methoxyethoxy)ethyl glycidyl ether] (P(EO/MEEGE)) at OCV
and after Li plating at 50 °C.[50] He et al. employed near-field in-
frared nano-spectroscopy, aided by atomic force microscopy to
characterize graphene|Li|PEO electrolyte interfaces. The spectra
were collected in different states of the cell (before/after heating
and before/after plating), revealing that nonuniformLi plating on
the surface of graphene would lead to variations in the SEI layer
chemical composition. Besides, the intrinsic heterogeneities of
pristine SPE affect Li ion local transport, resulting in inhomo-
geneous Li deposition and SEI formation.[51] In another study,
Yamada et al. used operando attenuated total reflection infrared
(ATR-IR) spectroscopy to investigate the interface of PEO elec-
trolyte with sputtered Cu electrode at room temperature. By em-
ploying cyclic voltammetry, they investigated the reduction steps
from OCV to 0 V. They reported that LiTFSI is first reduced at
2.00 V forming an inorganic SEI, and the C─O bond of PEO
broke at 1.90 V to form a C═C─containing species. Consisting of
these decomposition products, the most resistive SEI-like layer
was found to be formed at 0.80 V. However, the C═C species was
further reduced to alkyl-related species below 0.80 V, which fur-
ther reduced the interfacial resistance.[52]

These studies highlight the powerful applicability of Fourier
Transform Infrared (FTIR) spectroscopy for in-situ/operando
interphase characterization. Nevertheless, the integration
of operando measurements to monitor during the Li plat-
ing/stripping processes under elevated temperatures has yet
to be implemented, leaving the investigation of SPE batteries
under real-working conditions unexplored.
In this study, we present a comprehensive investigation of

a polymer electrolyte interface with Li metal using advanced
operando Attenuated Total Reflection Fourier Transform In-
frared (ATR-FTIR) spectroscopy through an in-house designed
spectro-electrochemical cell. This cell, a prototype of which was
successfully employed in liquid electrolyte system in a previous
study of our group, includes a high-precision heating unit to
maintain a constant cell temperature of 60 °C, ensuring com-
parability with prior electrochemical studies utilizing PEO elec-
trolytes for the purpose of higher ion conductivity.[20,53–55] Li
plating/stripping processes were conducted in an anode-free
configuration on a copper mesh electrode, allowing for real-
time detailed dynamic investigation of the interfacial reactions
between Li metal and both crosslinked (cr-PEO10LiTFSI) and
non-crosslinked (PEO10LiTFSI) PEO electrolytes. The investiga-
tion methodology of the PEO-based model system in this work
provides unique molecular-level insights into the degradation
mechanism of electrolyte components, including BP crosslink-
initiators, PEO polymer, and TFSI-anion surface excess, all dur-
ing Li plating/stripping. This experiment provides innovative
perspectives on the interfacial reactions between solid polymer
electrolytes and Li metal. It also offers a perspective on the
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Figure 1. a) Schematic drawing of the spectro-electrochemical cell setup, with the integrated heating unit and the inner pressure regulating spring,
enabling investigation under real-working conditions. b) Schematic drawing of the cell stack in the anode-free configuration.

application of a crosslink-initiator (BP) in polymer electrolyte,
serving as a useful reference for future studies on the selection
and utilization of materials for solid-state electrolytes.

2. Results and Discussion

2.1. Spectro-Electrochemical Cell Design and Configuration and
Electrochemical Comparability of Copper Mesh as Current
Collector

A scheme of our in-house 3D printed spectro-electrochemical
cell, equipped with a high-precision internal heating unit is de-
picted in Figure 1a. Figure 1b illustrates the electrode configu-
rations within the ATR-FTIR cell. In this configuration, an SSE,
specifically a PEO-based polymer in this study, is brought into di-
rect contact with the copper mesh, where Li plating/stripping oc-
curs. Notably, a Si-wafer, chosen for its transparency of IR waves,
is employed to protect the ATR crystal from reactions with Li
species. Further details of the cell design can be found in the Ex-
perimental Section.
The use of coppermesh as a current collector instead of copper

foil is necessary to ensure effective penetration of the IR beam,
reaching the interface between plated Li and the polymer elec-
trolyte. Although the surface area of this copper mesh differs by
≈80% from that of the copper foil, it is not the most conventional
current collector for an anode-free configuration. Therefore, it is
essential to evaluate its comparability with copper foil and opti-
mize the current density accordingly.
To assess the feasibility of substituting copper foil with copper

mesh as the current collector, the electrochemical performance
of the cell with anode-free configuration using copper mesh is
compared to that with copper foil in coin cell form. An elec-
trochemical response of symmetric Li||Li coin cell was used as
a benchmark for this comparison. Figure 2 displays the corre-
sponding voltage response in regard to the current densities of
0.01, 0.02, 0.05, 0.10, and 0.20 mA cm−2 for 2 h of both Li plat-
ing and stripping in the coin cells with the electrolyte consist of
PEO polymer, LiTFSI salts, and BP (the crosslinked electrolyte,
cr-PEO10LiTFSI) at 60 °C.
The range of overvoltage values of the plating/striping is

shown in Table S1 (Supporting Information). The Li|Li coin cell

(blue diagram in Figure 2b), benefitting from the huge Li reser-
voir on both electrodes, exhibits a stable Li plating/stripping be-
havior with the lowest overvoltage compared to the cells with the
anode-free configuration. Moreover, it scarcely shows a distinct
voltage difference between plating and stripping overvoltage. The
overvoltage values of the Li|Li cell increase linearly with the in-
creased current density are depicted in Figure S1 (Supporting
Information).
Nevertheless, coin cells with Li|Cu foil and Li|Cu mesh show

notably higher overvoltage. Upon application of a 0.02 mA cm−2

current density, the Li|Cu mesh cell shows a plating plateau at
−39.60 mV, and the Li|Cu foil cell shows a similar plating over-
voltage plateau. However, they barely show a stripping plateau
due to the short duration of the plating process. This indicates
that only a small amount of Li metal was deposited with a small
current density. In addition, most of the plated Li metal was con-
sumed irreversibly. When applying a current of 0.05 mA cm−2

to the cells, a longer duration of the plating/stripping plateau
is observed and the overvoltage plateaus of Li|Cu foil and Li|Cu
mesh cells show a very slight difference. At this current den-
sity, the Li|Cu foil cell shows a higher plating overvoltage plateau
at −83.40 mV compared to −60.20 mV of the Li|Cu mesh cell.
Notably, when a current density of 0.10 mA cm−2 is applied,
the plating overvoltage plateaus of both cells are prolonged.
The Li|Cu mesh cell shows a plating plateau in the range from
−82.90 to −227.60 mV, while the Li|Cu foil-based cell shows a
relatively higher overvoltage plateau in the range from −117.10
to −302.20 mV. Although the duration of the plating/stripping
plateaus is longer when applied 0.10 mA cm−2 to the cells, the
distinct overvoltage difference between the Li|Cu mesh cell and
the Li|Cu foil cell cannot be ignored. This becomes more evi-
dent when a current density of 0.20 mA cm−2 is applied, leading
to severe polarization, increased overvoltage, and noise. These
might stem from the different surface areas of copper foil and
copper mesh. Therefore, the optimization of the current density
is necessary when replacing copper foil with different types of
current collectors.
The comparative results of the voltage profiles at various

current densities indicate overvoltage differences between the
use of the copper mesh and copper foil as a current collec-
tor. From these results, the current density of 0.05 mA cm−2 is
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Figure 2. Voltage versus time profiles of copper foil and copper mesh current collector and Li metal applying j = 0.01, 0.02, 0.05, 0.10, and 0.20 mA cm−2

with cr-PEO10LiTFSI as the electrolyte in the anode-free configuration coin cells at 60 °C.

identified as optimal for Li plating/stripping when using the
copper mesh as a substitute for copper foil. At this current
density, both Li|Cu foil and Li|Cu mesh cells exhibit similar
plating overvoltage plateaus, and the copper mesh allows for
sufficient plateau during plating, leading to a longer stripping
plateau. Overall, these findings confirm the feasibility of us-
ing copper mesh as a current collector, and this configura-
tion will be employed in further mechanistic investigation of
the interfacial process during Li plating/stripping via ATR-FTIR
spectroscopy.

2.2. ATR-FTIR Spectroscopy of Li Metal and PEO-Based
Electrolyte

First, a systematic investigation of IR spectra and relevant
band assignments for the different electrolyte components —
PEO polymer, LiTFSI salt, and BP crosslink initiator — and
their mixed composition was conducted to ensure accurate band
assignment during operando measurements and serve as ref-
erences. Detailed IR characteristics and corresponding assign-
ments, supported by computational IR vibration modes, can be
found in Tables S2–S5 (Supporting Information). Briefly, Figure
S2 (Supporting Information) shows the full spectra and some
extracted spectra areas with observable band changes of pure
materials to combined materials. Notably, the band ≈1652 cm−1

of the cr-PEO10LiTFSI electrolyte is discussed and concluded as
a combination of two bands. To support this assignment, the
spectrum of PEO10LiTFSI is subtracted from the spectrum of cr-
PEO10LiTFSI, as shown in Figure S3 (Supporting Information).
The subtraction also indicates that the band≈1652 cm−1 is a com-
bination of two bands: one from the 𝜈(C═O) band ≈1658 cm−1

of BP, and another from ≈1647 cm−1 of the PEO10LiTFSI com-
plex. As discussed later in this study, the evolution of these bands

provides detailed insights into the interfacial processes during Li
plating.

2.3. Knowledge Transfer to Spectro-Electrochemical
Cell/Operando Characterization of cr-PEO10LiTFSI Electrolyte

Before conducting the operando ATR-FTIR spectroscopy inves-
tigation, it is crucial to achieve reliable and reproducible Li plat-
ing/stripping processes in the spectro-electrochemical cell. The
resulting voltage profile, which contains the crosslinked PEO
electrolyte (cr-PEO10LiTFSI), is shown in Figure 3.
The first plating step exhibits a stable overvoltage plateau

within the range from −0.06 to −0.20 V after initiation for
2 h. The subsequent stripping exhibits a higher overvoltage
plateau of 0.21 to 0.43 V. Notably, the stripping plateau is main-
tained for only one-quarter of the plating plateau, resulting in
a CE of just 22%. The low CEs observed in the anode-free con-
figuration are likely due to the existing of minor defects or
irregularities on copper surface that act as nucleation points
for Li deposition, causing uneven plating and promoting the
growth of dendritic structures. The interphase between the de-
posited Li metal and the solid electrolyte may not be stable,
resulting in side reactions at the interface, and contributing
to the irreversible Li loss.[56] During the plating/stripping pro-
cess, the interfacial ATR-FTIR spectra of the cr-PEO10LiTFSI
electrolyte are recorded at the corresponding potentials, and
the resulting full spectra are shown in Figure S4 (Supporting
Information).
The full operando spectra collected at 25 and 60 °C dur-

ing the first plating/stripping cycle under 60 °C are shown
in Figure S4a (Supporting Information). As depicted in this
figure, no distinct band variations can be observed, however,
the overall band intensity slightly decreased, which may stem
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Figure 3. Voltage versus time profile of Li plating/ stripping at current density of 0.05 mA cm−2 in the spectro-electrochemical cell with copper mesh
current collector containing cr-PEO10LiTFSI electrolyte at 60 °C.

from the degradation of electrolytes or the deposition of Li
metal.
The extracted characteristic regions from the obtained

operando ATR-FTIR full spectra are shown in Figure 4a–c.
Bands are highlighted with their corresponding wavenum-
bers and vibrational modes, and different colors of the bands
represent different band origins. Green, red, purple, and
yellow region represent the bands corresponding to PEO,
LiTFSI, benzophenone, and new decomposition products,
respectively.
When comparing the spectra obtained at 25 and 60 °C, the

band ≈843 cm−1 in Figure 4c, attributed to 𝛿(CH2) from the crys-
talline PEO, is visible at 25 °C, however, this band diminishes at
60 °C and a broad band≈847 cm−1 appears. This change suggests
a decrease in the level of PEO crystallinity due to the higher tem-

perature and better incorporation of LiTFSI and BP in the PEO
matrix.
As shown in Figure 3, the overvoltage increases from −0.28

to ≈−2.00 V with increasing plating time in the second plating
cycle. The second plating time lasts almost 3 h before reaching
an overvoltage of −2.00 V, followed by a stripping period, which
is less than a quarter of the plating time, corresponding to CE of
just 14%. In addition, the voltage profile exhibits increasing noise
after surpassing an overvoltage of −1.11 V, indicating severe oc-
currence of side reactions.
Full spectra of the second plating/stripping cycle are shown in

Figure S4b (Supporting Information), and the extracted charac-
teristic regions from the obtained operando ATR-FTIR full spec-
tra are shown in Figure 4d–f. Contrary to the first cycle, no-
table changes in the IR bands are observed during the second

Figure 4. Operando ATR-FTIR spectra of the cell containing cr-PEO10LiTFSI electrolyte in contact with copper mesh during Li plating/stripping. The blue
spectra represent the plating process, and the red spectra correspond to the stripping process. Dark to light color relates to the time of the procedure.
a–c) Spectra from the first plating/stripping cycle and d–f) spectra from the second plating/stripping cycle.
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Figure 5. IR absorbance intensity of representative bands (𝜈(C═O) at 1658 cm−1 and 𝜈(C═C) at 1597 and 1577 cm−1) related to benzophenone in
cr-PEO10LiTFSI electrolyte before (25 °C) and during the electrochemical process of plating/stripping with current density of 0.05 mA cm−2 at 60 °C in
the spectrochemical cell (Li|Cu mesh).

plating step shown in Figure 4d–f, especially when the plating
overvoltage exceeds −1.02 V. As shown in Figure 4d, the band
≈1652 cm−1, mentioned earlier to consist of two separate bands,
decreases in intensity and shifts to 1647 cm−1 during the sec-
ond plating. This suggests that one of the peaks, correspond-
ing to 𝜈(C═O) stretch from BP ≈1658 cm−1 is disappearing,
while the band ≈1647 cm−1, associated with the PEO10LiTFSI
complex, remains. To validate our assumption, we performed IR
spectrum subtraction between the OCV spectrum and the spec-
trum obtained during the second plating at -1.68 V, as shown in
Figure S5a (Supporting Information). The resulting subtraction
spectrum reveals a band ≈1658 cm−1, which closely resembles
the spectrum of bulk BP. This indicates that the shift of the band
from 1652 to 1647 cm−1 during second plating is caused by the
disappearance of the band ≈1658 cm−1, indicating a reduction of
𝜈(C═O) bond from BP within the electrolyte at the interface. In
addition to the spectrum subtraction method, an additional ex-
periment was conducted to further confirm the assumption of
BP degradation. In this experiment, an electrolyte composed of
tetraglyme and 5 wt% of BP was prepared and electrochemically
investigated in a coin cell. Tetraglyme resembles PEO structure,
being an ideal benchmark for this comparison, thanks to its liq-
uid composition enabling more direct IR measurement of IR.
Following the same electrochemical procedure used previously
in Figure 3, post-mortemATR-FTIR spectroscopymeasurements
were conducted to examine the changes in the electrolyte compo-
sition. The detailed experiment procedure and discussion of the
results can be found in the paragraph under Figure S5b (Support-
ing Information). The observed decrease in the 𝜈(C═O) bands
of BP in the aged electrolyte containing tetraglyme, further sup-
ports the assumption of BP degradation. Furthermore, the re-
duced intensity of the bands ≈1599 and 1578 cm−1, attributed to
𝜈(C─C) vibration of BP’s phenyl groups, was noted after the elec-
trochemical process. This observation aligns with the operando
IR results shown in Figure 4d, where the bands at 1597 and
1577 cm−1 similarly decrease. Moreover, the band ≈1597 cm−1

in Figure 4d appears to exhibit either a small shift or a new band
≈1594 cm−1. Additionally, bands corresponding to 𝜈(Ph-C-Ph) vi-
bration at ≈708 and 920 cm−1 also decreased as the overvoltage
dropped below −1.00 V. The decomposition process of BP, as a
function of IR absorbance intensity of distinct bands in Figure 4

versus time during the first and second plating/stripping, ismore
clearly illustrated in Figure 5. This Figure shows that BP began
decomposing during the second plating, with more pronounced
decomposition occurring once the overvoltage exceeded −1.00 V.
The reactions of BP crosslink-initiators during the elec-

trochemical processes are rarely discussed due to their rel-
atively low concentration in the electrolyte, typically ranging
from 1 to 8 wt%.[28,57–60] However, in the ATR-FTIR spectra in
Figure 4, the characteristic bands of BP: such as 𝜈(C═O) at
1658 cm−1 and 𝜈(C═C) at 1597 and 1577 cm−1 — are clearly
observed even at a concentration of just 5 wt% in the elec-
trolyte. As shown in Figure 4d, these BP bands decrease and
eventually vanish during the second plating step, indicating the
degradation of BP.
BP-like compounds are commonly used as the crosslinking

initiator in polymer electrolytes, but they can also be used as
indicator for the presence of alkali metals like Li.[61] When BP
interacts with Li metals, Li ions are complexed by BP, as de-
picted in Scheme 1. In this complex, BP exists in a negatively
charged form, where the typical (C═O) double bond is replaced
by a (C─O) single bond. This leads to a color change of the so-
lution from colorless to blue. Furthermore, an excess of alkali
metals can intensify the color change to purple, further increas-
ing the negativity of BP.[62] However, exposure of the complex

Scheme 1. Benzophenone reacts with alkali metals like Limetal and forms
the complex. Excess Li further reduces benzophenone to a complex with
two Li ions, which is a more unstable form that would further lead to de-
composition.

Adv. Energy Mater. 2025, 15, 2404569 2404569 (6 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Absorbance intensity of bands related to crystalline/amorphous PEO and LiTFSI in cr-PEO10LiTFSI electrolyte before (25 °C) and during the
electrochemical process of plating/stripping with current density of 0.05 mA cm−2 at 60 °C in the spectrochemical cell (Li|Cu mesh).

to oxygen and moisture can reverse these changes, restoring the
original state of BP.
It can be hypothesized that during the continuous plating of

Li metal, BP may form a complex with Li, leading to a decrease
in the IR intensity of the band corresponding to the C═O bond,
while the IR intensity of the C═Cbond vibration of phenyl groups
remains relatively stable. However, as Li metal plating progresses
and dendrites form, regarded as excess Li metal for BP at the
interface, the complex may transition to the form of [Ph2CO]

2−.
This transition could lead to increased Li consumption and insta-
bility of the compound.
To summarize, the formation of the Li-coordinated complex

can be inferred from the decreasing intensity of the IR band cor-
responding to the 𝜈(C═O) bond vibration. Besides, the raised in-
stability of BPwhen in contact with excess Li metal, might trigger
the degradation of the compound. This degradation is evidenced
by the shift in the 𝜈(C═C) vibration in the region≈1598 and 1577
to 1594 cm−1.
Regarding other bands shown in Figure 4, the band

≈942 cm−1, assigned to vibration 𝜈s(C─O─C) of PEO, decreases
in intensity over time in the second plating step. In addition,
a new band ≈961 cm─1 arises when the voltage drops below
−1.00 V. As shown in Figure S2 (Supporting Information), pure
PEO exhibits a band ≈961 cm−1, indicating the crystalline PEO.
However, the band becomes broader when LiTFSI and BP are
added, suggesting a decrease in PEO crystallinity and transition
to amorphous PEO.[51] Figure 6 shows the absorbance intensity
profile of the bands related LiTFSI and crystalline/amorphous
PEO. It is evident that the band intensity of the crystalline PEO
decreased as the temperate rises from 25 to 60 °C. Furthermore,
the band intensity of LiTFSI decreased when voltage falls be-
low −1.00 V, exactly correlating with an increase in the crys-
talline PEO band intensity. It is even possible that the degra-
dation processes might have already occurred within the range
from−0.54 to−1.02 V. According to the theoretical calculations of
the electrochemical stability window for PEO, LiTFSI, and their
mixture, presented by Cleber et al., both PEO and LiTFSI in-
dividually exhibit wide stability windows. However, when com-

bined, the mixture results in a reduced electrochemical stability
window.[63] This indicates that PEO with LiTFSI may be less sta-
ble during electrochemical processes than assumed, potentially
leading to side reactions, especially during extensive lithium de-
position where interfacial reactions are likely exacerbated. It can
be observed in the IR results that LiTFSI bands were already sig-
nificantly decreased in intensity when the voltage dropped from
−0.54 to below−1.02 V. Furthermore, the band intensity of amor-
phous PEO gradually decreased during this period, indicating
that, as the components in the electrolyte approach their theoret-
ical electrochemical stability window limit, the degradation oc-
curred and further formed the side reaction products.
The phenomenon is also observed for the 𝛿(CH2) band of PEO

≈847 cm−1, which shifts to 843 cm−1. This implies that the com-
position of the electrolyte composition at the Li|PEO interface
changes during the second plating process, resulting in increased
crystallinity of PEO at the interface. The increase in the crys-
tallinity of PEO also lead to reduced Li ion conductivity (high
impedance) at the interface, which contributes to the severe rise
in the overvoltage, as shown in Figure 3.
Moreover, new bands can be identified in Figure 4d,e ≈1408,

1442, 1487, 1509, and 1618 cm−1. These bands cannot be as-
signed to the pristine electrolyte species and, therefore, likely
originate from the degradation of electrolyte components at the
interface.
To identify the origin of the new bands and solely in-

vestigate the degradation of the PEO polymer and LiTFSI
salt, an additional operando IR investigation is conducted us-
ing PEO10LiTFSI as the electrolyte membrane (without any
crosslink-initiator). Here, the same plating/stripping procedure
and operando IR measurement in Figures 3 and 4 are used. The
voltage profile of the Li plating/stripping is shown in Figure S6
(Supporting Information), and the full and extracted spectra in
Figures S7 and S8 (Supporting Information), respectively, along
with the detailed discussion of band assignments.
Comparing the voltage profiles of the second plating step

of the cells of PEO10LiTFSI (Figure S6, Supporting Informa-
tion) and cr-PEO10LiTFSI (Figure 3) electrolyte, different increase

Adv. Energy Mater. 2025, 15, 2404569 2404569 (7 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Scheme 2. a) Postulated degradation compounds of PEO and TFSI anion: one formed fromHTFSI and PEO fragment, resulting in the degradation com-
pound containing C═N bond as shown in compound 3. The other one formed from PEO fragments, resulting in the degradation compound containing
C═C bond as shown in compound 4. The C═N and C═C bonds are highlighted in orange. b) Postulated degradation compounds of BP: the unstable BP
reacts with PEO fragments (-R), forming the compounds consisting of PEO attached to a benzene ring as shown in compound 1 and 2.

rates of the overvoltage are observed. Whereas the cell with cr-
PEO10LiTFSI reached the overvoltage of −2.00 V after 3 h, the
cell with PEO10LiTFSI reached this overvoltage within 2 h. This
difference may be attributed to the crosslinking sites of the poly-
mer (cr-PEO10LiTFSI) that deferred the decomposition of the
electrolytes, leading to a longer lifetime. The comparison of the
electrochemical stabilities of cr-PEO10LiTFSI and PEO10LiTFSI
electrolytes can also be observed through voltage sweep mea-
surement, shown in Figure S9 (Supporting Information) with
a detailed discussion. A series of voltage sweep measurements
were performed, scanning from OCV to −0.10 V, and then re-
turning to 0.10 V. With each cycle, the upper and lower cut-off
voltages were incrementally increased by 0.10 V to assess the elec-
trochemical stability of the two materials. In the fourth cycle be-
tween 0.40 and −0.40 V (Figure S9d, Supporting Information),
noisy data points were observed for the PEO10LiTFSI electrolyte,
which indicates the instability of the electrolyte. This aligns with
the earlier and more pronounced polarization phenomena ob-
served during the plating stripping process in Figure 3. It is
shown in Figure S8 (Supporting Information) that, except for
bands corresponding to BP, other band changes of PEO10LiTFSI
cell are similar to spectra of cr-PEO10LiTFSI cell in Figure 4.
Some increasing bands ≈1618, 1509, 1487, and 1442 cm−1 are
both observed in the spectra of the cr-PEO10LiTFSI electrolyte
(Figure 4) and PEO10LiTFSI electrolyte (Figure S8, Supporting
Information), suggesting that these bands are more likely related
to PEO or LiTFSI vibrational modes. According to the possible
mechanism of PEO and LiTFSI degradation proposed by Faglioni
et al., HTFSI could be formed by taking the hydrogen from
the carbon on PEO.[64] Therefore, the band ≈1618 cm−1, which
rises during the plating process, may indicate PEO decomposi-
tion and the formation of Li alkoxide species with a C═C bond
component.[52] Another potential degradation products include
shorter PEO chains reacting with HTFSI and forming degrada-
tion products containing C═N groups.[64,65] The calculated vibra-
tional frequency for 𝜈(C═N) bond at 1619 cm−1, as shown in
Table S6 (Supporting Information), corresponds closely to the
experimental wavenumber of the band ≈1618 cm−1. The struc-

tures of the postulated compounds are shown as compound 1
and 2 in Scheme 2. Moreover, the bands ≈1442 and 1487 cm−1

are often assigned to 𝜈(C─O) of lithiated carbonate species, like
Li2CO3 or semi-carbonates.[51] The band ≈1509 cm−1 is often as-
signed to 𝛿(CH2), which can originate from the above-mentioned
PEO degradation.[66,67] This assignment is supported by the ob-
servation that the intensity of the band ≈1464 cm−1, attributed
to PEO, decreases while the bands ≈1509 cm−1 grow. Addition-
ally, no new band arises ≈1400 cm−1 in Figure S8e (Supporting
Information) (spectra of PEO10LiTFSI) in contrast to the spectra
of cr-PEO10LiTFSI in Figure 4e. The absence of this band in the
spectra of the PEO10LiTFSI suggests that this band is attributed
to the BP-related degradation product. Furthermore, a new band
is observed at lower wavelengths≈695, 808, and 821 cm−1. These
bands along with the band ≈1408 cm−1 can correspond to a com-
pound consisting of PEO attached to a benzene ring, as the pro-
posed compound 3 and 4 in Scheme 2. We speculate that the
attachment of an aliphatic group to a benzene ring decreases the
electron density of the ring, shifting the vibrational frequency to
lower wavelengths. To support this claim, the calculated IR spec-
trum of this component (in Tables S7 and S8, Supporting Infor-
mation) exhibits IR active bands at 1400, 808, 821, and 695 cm

−1.
In light of these findings, a scheme illustrating the formation

of putative degradation products at the interface of the electrolyte
and Li metal is proposed in Figure 7. One notable degradation
phenomenon would be corresponding to BP, formed at the inter-
face as through the coordination of benzene with the PEO frag-
ments. Other possible degradation products include the PEO-
TFSI, PEO fragments, -TFSI fragments, or semi-carbonates,
which are derived from the attack or degradation of HTFSI and
degradation of PEO. Overall, during the plating process, Li metal
is continuously and unevenly deposited onto the copper sub-
strate, and reactions occur between the deposited Li metal and
the cr-PEO10LiTFSI electrolyte at the interface. The degradation
mechanism at the interface is proposed and summarized as
follows:
The degradation of BP is attributed to its interaction with

deposited Li metal, forming unstable intermediates, which likely

Adv. Energy Mater. 2025, 15, 2404569 2404569 (8 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 18, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202404569 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [06/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 7. Schematic illustration of the potential degradation products and mechanism formed at the interface between the electrolyte and the deposit Li
metal captured via operando ATR-FTIR spectroscopy. The left scheme illustrates the decomposition of the crosslink-initiator (BP), and the right scheme
illustrates the decomposition corresponding to PEO and LiTFSI, and consequently, the overall decomposition results in increase of crystalline PEO as
shown in the middle scheme.

results in further decomposition, and engages in the formation
of the interphase. Regarding LiTFSI and PEO, the degradation
is driven by exceeding their electrochemical stability windows,
leading to the formation of an interphase, consisting of decom-
position compounds. As BP and LiTFSI degrade at the interface,
the proportions of BP and LiTFSI remaining in the electrolyte
at the interface are greatly reduced. As mentioned previously,
the addition of BP and LiTFSI plays a crucial role in reducing
the crystallinity of PEO. Consequently, their decomposition
results in an increase in PEO crystallinity, due to a reduced
concentration.

3. Conclusion

This study presents the successful application of our developed
operando ATR-FTIR spectroscopy method toward investigating
the interphase between Limetal and polymer electrolytes in solid-
state batteries, employing standard PEO polymer electrolyte as a
proof of concept. The operando IR spectra indicated the degra-
dation of electrolyte components during the plating/stripping
processes, particularly under conditions of high polarization or
overvoltage.
Notably, bands assigned to the crosslink-initiator benzophe-

none (BP) showed distinct changes during the Li plat-
ing/stripping process, indicating the degradation of BP at the in-
terface between the electrolyte and plated Li. This finding is of
great importance, as reactions involving minor electrolyte com-
ponents are often overlooked due to their low concentration in
the electrolyte. Despite the clear evidence of BP degradation,
it cannot be definitively concluded that BP leads to adversely
affects. In fact, BP-containing electrolytes (cr-PEO10LiTFSI)
demonstrated a longer Li plating/stripping plateau, likely due to
the enhanced mechanical strength provided by the crosslinked
sites. The operando IR investigations indicate that BP degrada-

tion predominantly occurs under conditions of excessive Li de-
position. Furthermore, bands corresponding to electrolyte degra-
dation products were identified in the operando ATR-FTIR spec-
tra during Li plating. Furthermore, a transition from amorphous
to crystalline PEO was observed as BP and LiTFSI were con-
sumed. Based on these findings, we proposed potential degra-
dation products and provided insight into the phenomenon
occurring at the interface of Li metal and cr-PEO10LiTFSI
electrolyte.
The successful development and implementation of the

operandoATR-FTIR spectroscopy and the established techniques
validating its developmental promise and its potential application
as a reliablemethod for exploring the interphase formed between
polymer electrolyte and Li metal. Allowing a straightforward, sys-
tematic investigation of interfacial reactions and interphase for-
mation mechanisms in batteries with various types of polymer
electrolytes, offering crucial knowledge-based and advanced in-
sights to support the development of high-performance future
solid-state batteries.

4. Experimental Section
Membranes Preparation: Polyethylene oxide (PEO, MW= 5 m, Sigma–

Aldrich) and benzophenone (BP, 99%, Sigma–Aldrich) were dried under
reduced atmosphere at 40 °C for 48 h. Li bis(trifluoromethanesulfonyl)
imide (LiTFSI, battery grade, E-Lyte Innovation) was dried under reduced
pressure at 100 °C for 48 h.

For the preparation of cr-PEO10LiTFSI membranes, PEO and LiTFSI
with a fixed molar ratio of 10:1 were mixed with 5 wt% of BP, sealed in
a pouch bag under reduced pressure, and heated for 12 h at 100 °C. After
hot pressing with a pressure of 100 bar at 100 °C, the 0.20 mm thick elec-
trolyte membrane was cured for 5 min by UV radiation (UVACUBE 100,
Dr. Hönle AG).

For preparation of PEO10LiTFSI membranes, PEO and LiTFSI were
mixed with a fixed molar ratio of 10:1 and sealed in a pouch bag under

Adv. Energy Mater. 2025, 15, 2404569 2404569 (9 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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reduced pressure, heated for 12 h at 100 °C, and then hot pressed under
100 bar at 100 °C, Afterward, a 0.20 mm thick electrolyte membrane was
obtained.

Spectro-Electrochemical Cell Configuration: The spectro-
electrochemical cell employed in this study is based on a previously
reported cell from the group.[53] For temperature control, the cell was
modified to facilitate its compatibility with a high-precision heating
cartridge (40 W, 24 V, E3D) which supports a maximum temperature
of 300 °C, and temperature sensor (PT-100, E3D), which is connected
to a temperature control system (ESM-4420, EMKO). The applied Li
metal counter electrode has a thickness of 0.50 mm, and the Copper
mesh (AOT ELEC, China) working electrode has a thickness of 12 μm,
pore size of 0.80 mm, and hole spacing of 1.50 mm. The surface
area of a 1 cm diameter copper mesh is roughly 80% of equivalent
copper foil.

Coin Cell Configuration: All coin cells were assembled in a two-
electrode coin cell setup (CR2032) in a dry room (dew point <−50 °C,
0.02%moisture content). For CR2032 coin cells, stainless-steel upper and
bottom caps and spacers of 0.50 and 1.00 mm thickness were employed,
other components were same as in the spectroelectrochemical cell, shown
in Figure 2.

Electrochemical Procedure-Parameters: Electrochemical investigations
of coin cells were performed with the Biologic VMP3 Potentio-
stat/Galvanostat/FRA instrument connected to a 60 °C constant tempera-
ture oven (Memmert), where the cells were placed for testing. Initially, an
OCV step was conducted for 2 h to reach thermal equilibrium, and then Li
plating/stripping processes were conducted for 2 h each at the respective
current densities, with a 15-min rest period between each cycle.

Li plating/stripping processes on spectro-electrochemical cells were
measured on a potentiostat/galvanostat PGSTAT204 (Metrohm) con-
trolled by NOVA .1 software (Metrohm). The inner heated unit was heated
to a constant temperature of 60 °C. Initially, an OCV step was conducted
for 30 min to reach thermal equilibrium, and then a current density of
0.05 mA cm−2 for Li plating/stripping was applied.

ATR-FTIR Instrument: The operando ATR-FTIR spectroscopy mea-
surements were conducted on an Invenio-R (Bruker) with a mercury–
cadmium–telluride (MCT) detector, equipped with the VeeMAX III auto-
matic variable angle specular reflection accessory (PikeTechnologies, US)
located in a N2 flushed glovebox. The cell is attached to a ZnSe ATR crystal
(Bruker) as reflective crystal to the in-house build spectro-electrochemical
cell shown in Figure 1. The spectro-electrochemical cell was designed with
the software Inventor Professional 2022 (Autodesk, US), and 3D-printed
in a Mars 3 3D-printer (Elegoo, US) using Composite-X resin (Liqcreate,
Netherlands).

The ATR-FTIR spectroscopy measurement of reference bulk materi-
als in Figure S2 (Supporting Information) was conducted on the above-
mentioned ATR-FTIR spectrometer using a diamond crystal ATR unit (Plat-
inum ATR, Bruker). The spectra were recorded at 25 °C.

Each spectrum was obtained by accumulating 64 samples and 32 back-
ground scans, and the resolution of the spectrum was 4 cm−1. Besides,
all spectra were processed with extended background correction and H2O
corrections.

The band correlation analysis was conducted by adding the value be-
fore, after and the maximum value of the absorbance of each band, as the
representation of each electrolyte material component.

Computational Details: Density functional theory (DFT) calculations
were carried out using the Gaussian16 package. The molecular struc-
tures were optimized using B3LYP DFT functional and the 6–311++G(3df,
2p) basis set. In order to mimic the effect of a surrounding elec-
trolyte, a solvation model with the parameters for diethyl ether was
used, as it shows a similar dielectric constant ɛ = 4.24, similar
to PEO.[64] After geometry optimization, the calculated IR frequen-
cies and intensities of the molecular structures of the components
(LiTFSI, PEO, Benzophenone, and some possible degradation prod-
ucts) were used to support the band assignment of the ATR-FTIR
spectra. The results with a frequency scaling factor of 1 and 0.98
and full computational results are shown in Supporting Information
with assignments.

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