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Layer-by-Layer Assembly of Graphene Oxide and Silver
Nanowire Thin Films with Interdigitated Nanostructure in
Dendrite Suppressions of Li-Metal Batteries

Sojeong Won, Arum Jung, Kyeong Yeon Lim, Jinhan Cho, Jeong Gon Son, Hee-Dae Lim,*
and Bongjun Yeom*

Reducing the thickness of the Li-metal anode is key to enhancing the energy
density of batteries. However, poor initial lithium deposition on Cu current
collectors can exacerbate the growth of lithium dendrites and limit
performance. This study explores innovative strategies by fabricating
graphene oxide (GO) and silver nanowire (AgNW) thin films onto Cu-foil
using the layer-by-layer (LbL) assembly method. The homogeneous LbL thin
films are prepared with the assistance of bifunctional cross-linkers, such as
cysteamine, to strengthen the intermolecular interactions between the
nano-building blocks. The GO/AgNW LbL thin films possess a highly
interdigitated nanostructure that combines the synergistic advantages of the
individual building components. The GO layers facilitate the distribution of
Li-ionic flux through the films, which promotes the formation of stable solid
electrolyte interphase layers. In addition, the AgNW layers provide electrical
pathways and serve as nucleation sites for Li─Ag alloy reactions. These
combined effects lead to a flat and stable initial Li-deposition, as well as dense
and compact Li growth, without significant dendrite formation. The full cell
tests show excellent cycle longevity, 430 cycles with an N/P ratio of 3.36 at 1 C
and 250 cycles with an N/P ratio of 1.81 at 3 C.

1. Introduction

Lithium (Li)-metal has attracted significant attention as one
of the most promising next-generation anode materials for
Li-based batteries, owing to its high theoretical capacity
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(3860 mAh g−1).[1–3] However, its low elec-
trochemical potential (−3.04 V vs the stan-
dard hydrogen electrode) presents chal-
lenges, including dendrite growth and poor
cycle stability. The undesirable growth of
Li dendrites and severe volume expansion
during the plating/stripping cycles degrade
the electrochemical performance of batter-
ies and pose significant safety risks. This
has been a major barrier to the widespread
adoption of Li-metal anodes.[4] To fully uti-
lize Li-metal anodes in high-energy-density
batteries, minimizing the amount of Li-
metal used in full cells is crucial. In this
context, the negative/positive electrode ca-
pacity ratio (N/P ratio) should be kept be-
low 2.0.[5,6] However, Li thin-film depo-
sition onto a copper (Cu) foil (the typi-
cal anode current collector) is challenging
due to its lithiophobicity. The initial Li de-
position on Cu foil requires a high nu-
cleation overpotential, mainly because of
the significant thermodynamic mismatch
between Li and Cu.[7–9] In addition, Li
thin-film anodes struggle to compensate

for the loss of fresh Li when it is consumed by the
repetitive formation of solid-electrolyte-interphase (SEI) lay-
ers caused by dendritic growth. This further deteriorates cy-
cling stability and capacity, particularly under high C-rate
conditions.[10–12]
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Figure 1. Schematic illustrating Li growth on bare Cu foil and the GO/AgNW LbL thin film-coated Cu foil. GA9.25 refers to the (GO/MEA/AgNW/MEA)9.25
LbL sample, which is the representative sample used in this study.

In order to address these problems, the surface of Cu foil can
be modified using various approaches that make it possible to
impart lithiophilic properties to the Cu current collectors. Typ-
ical examples include carbon-based materials,[13] metal materi-
als such as Ag,[14] Au,[15] and Zn,[16] or mixtures of two or more
materials.[17] For example, graphene oxide (GO) was utilized to
distribute Li-ion flux and stable SEI formations.[18–20] Silver has
been used frequently among metals, taking advantage of high
electrical conductivity and high Li affinity by forming Li–Ag al-
loy with the solid solution interfaces.[21,22] More specifically, Ag
nanowire (AgNW) coatings on the Cu foils were found to in-
duce electrochemical alloying reactions by lowering the Li nucle-
ation overpotentials.[23] Carbon and metal nanocomposites were
combined for synergistic effects. Notable examples include GO-
covered Zn metal nanoparticles[17] and Au-decorated carbon nan-
otube composites.[24] However, they still require many improve-
ments to control lithiophilicity and address pulverization prob-
lems and low coulombic efficiency (CE).[25–27] In addition, many
previous studies have demonstrated only limited performances
under conditions of high N/P ratios (> 4) and low C-rates (< 1)
(Table S1, Supporting Information).

Layer-by-layer (LbL) assembly methods have been used to pre-
pare functional thin films with intermolecular interactions, such
as electrostatic, hydrogen bonding, van der Waals, and other
physical and chemical interactions.[28–32] These methods enabled
various types of 0D, 1D, and 2D nanomaterials to be deposited
onto the substrates in a controlled manner to impart specific
functionalities for their purpose. Different coating methods can

be used for the LbL assembly, including dip-coating, spin-coating,
spray-coating, and roll-to-roll coating, all of which are suitable
for large-scale production, as reported elsewhere.[33–35] In this
study, we use LbL assembly methods to prepare GO and AgNW
thin films with highly interdigitated nanostructures on Cu foils,
which exhibit dendrite-suppression capabilities for Li-metal bat-
teries (Figure 1). Moreover, GO and AgNW layers were alternat-
ingly deposited onto the Cu foils via the LbL method. Cysteamine
(MEA) layers were inserted between GO and AgNW layers to
serve as bi-functional cross-linkers with short alkyl chains. The
amine group at one end of MEA was bound to GO via covalent
bonding, while the thiol group at the other end of MEA was linked
to AgNW surfaces through coordinate bonding. These strong
bindings at the interfaces help promote the stability and integrity
of the interdigitated nanostructure. The LbL films enhanced Li-
ion distribution, facilitated stable SEI layer formation,[17] and
lowered nucleation energies, thanks to the synergistic advantages
of the GO and AgNW components. This led to stable and flat Li
deposition during the initial stage, while subsequent Li deposi-
tions formed compact and dense forms without dendritic growth.
Symmetric cell tests with the GO and AgNW LbL thin film-coated
Cu foils, pre-deposited with 4 mAh cm−2 of Li, demonstrated sta-
ble Li plating/stripping for over 400 cycles at 1 mA cm−2 and 1
mAh cm−2. Full cell tests of the same samples with LiFePO4 (LFP)
cathodes exhibited significantly improved cycle stability, with 430
cycles at an N/P ratio of 3.36 at 1 C and 250 cycles at an N/P ra-
tio of 1.81 at 3 C. This represents the longest cycle under similar
harsh conditions compared to other studies using lithiophilically
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Figure 2. FE-SEM top-view images. a) Pristine Cu, b) GA1.25, c) GA5.25, and d) GA9.25. The insets are photographs of the samples. e) FE-SEM cross-
sectional image of GA9.25. UV–vis absorbance spectra of f) GAn, g) GO dispersion and h) AgNW dispersion. The inset in f) shows absorbances at 354
nm as the number of quadruple layers for GAn increases.

modified Cu foil anodes—to the best of our knowledge (Table
S1, Supporting Information). The LbL-assembly-based approach
demonstrates great potential for fabricating high-energy-density
Li-metal batteries with fast charging and discharging capabilities
for future energy-storage devices.

2. Results and Discussion

2.1. LbL Assembly of GO/AgNW Thin Films with a Highly
Interdigitated Nanostructure

GO/AgNW LbL thin films were prepared on Cu foil substrates
via LbL assembly, which involved alternating deposits of GO and
AgNW layers with intermediate cross-linker layers of MEA; for
details, see the Experimental Section (Supporting Information).
Briefly, the polyethyleneimine (PEI) pre-layer was deposited on
the substrate to increase the adhesion of the following LbL de-
positions. GO was first deposited (using immersion) for 5 min,
followed by washing off the weakly bound GOs. Then, the GO-
deposited substrates were immersed in MEA solutions for 5 min
to form GO/MEA layers on the substrates. Subsequently, AgNW
and MEA layers were deposited on the substrates in the same
manner to form the (GO/MEA/AgNW/MEA)n = 1 LbL layer on
the substrates (Figure S1, Supporting Information). This will be
referred to as the GA1 sample, where n represents the number
of repetitions of the quadruple layer set. For example, GA9.25
indicates that the LbL process for the quadruple layers was re-
peated nine times, with the final GO layer deposited on top of
the LbL-assembled films. All samples (including the GO layers)
were prepared with a final coating of GO layers to promote the
uniform distribution of Li ions on the electrode surface, leverag-
ing the fast ion-diffusion properties of GO. This will be elaborated

later (details are provided in the Experimental Section, Support-
ing Information). AgNWs synthesized by the polyol reduction
method were used in the LbL depositions (details are provided in
the Experimental Section, Supporting Information). The diame-
ter and length of the synthesized AgNWs were 56 ± 13 nm and
9.8 ± 1.1 μm, respectively (Figure S2, Supporting Information).
GO/AgNW LbL thin films were characterized through increased
repetitions (n) (Figure 2). The field emission scanning electron
microscopy (FE-SEM) images of Figure 2b–d reveal a gradual in-
crease in surface coverage and randomly deposited amounts of
GOs and AgNWs as n increased from 1.25 to 9.25. The photo-
graph of the GA1.25 sample in the inset of Figure 2b shows a dark
gray color across the entire surface, a noticeable change from the
Cu color of the pristine substrate (Figure 2a), indicating a uni-
form and homogeneous coating of the LbL components from
the initial stage of assembly. Subsequent depositions displayed
blackish and shiny colors, corresponding to the GO and AgNWs,
respectively (insets of Figure 2b–d). The cross-sectional FE-SEM
image of GA9.25 shows a thickness of ≈400 nm with bonded in-
stances of GO and AgNW layers (Figure 2e). In addition, the LbL
assembly method is advantageous for preparing homogenous
thin films with GO and AgNW. For example, simple casting of the
mixture of the GO and AgNW dispersions typically leads to non-
uniform coating due to their spontaneous aggregation and floc-
culation in the mixture (Figure S3a, Supporting Information).[36]

In contrast, the bottom-up growth of the LbL assembly method,
which relies on intermolecular interactions between the nano-
building blocks, enabled smooth and homogeneous depositions
for GA films with relatively large-sized samples (Figure S3b,c,
Supporting Information).

UV–vis absorption measurements were performed on GAn,
AgNW dispersion, and GO dispersion to examine the deposition
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Figure 3. XPS spectra of a) Ag 3d and b) S 2p peaks for pristine AgNW and GA9.25. c) N 1s and d) C 1s peaks for pristine GO and GA9.25. The yellow
dashed lines represent the summed spectra of the deconvoluted peaks.

behavior of LbL. The GAn samples were measured after every
two repetitions, with values of n = 1.25, 3.25, 5.25, 7.25, and
9.25. All GAn samples exhibited two notable peaks at 220 and
354 nm, which are attributed to GO and AgNW, respectively
(Figure 2f). The GO peaks attributed to the 𝜋 → 𝜋

* transition
were blue-shifted from the original peak position (229 nm)
because of the reduced electronic conjugation and covalent bond
(Figure 2g).[37,38] In addition, the AgNW peaks, attributed to the
transverse mode of the surface plasmon of AgNWs, were also
blue-shifted from the original peak (377 nm) due to coordination
bonding and arrangement (Figure 2h).[39,40] The shoulder peaks
at 300 nm in the GO dispersion, corresponding to the n → 𝜋

*

transition, and at 349 nm in AgNW dispersion, attributed to
the bulk silver plasmon, were difficult to discern in Figure 2f,
possibly due to their weak intensities. The absorbance intensi-
ties of the GAn samples gradually increased with the number of
repetitions. The inset in Figure 2f shows a monotonic increase in
the AgNW peak intensities for the GAn samples, which indicates
successful alternating depositions via the LbL assembly methods.

X-ray photoelectron spectroscopy (XPS) was performed to in-
vestigate the interaction between GO, AgNW, and MEA of the
GA9.25 (Figure 3). The Ag 3d peaks in GA9.25 were at 368.2 and
374.2 eV for 3d5/2 and 3d3/2, respectively. These shifted to higher
binding energies than the same peaks for pristine AgNW at 367.6
and 373.6 eV, respectively (Figure 3a). Furthermore, GA9.25 had a
prominent S 2p peak near 162 eV and a minor peak at 167.6 eV
from oxidized sulfur (Figure 3b). Note that the pristine AgNW
did not show any S content. The prominent S 2p peak can be de-
convoluted into three peaks at 162.0, 163.2, and 163.7 eV with
relative peak areas of 55.6%, 19.4%, and 25.0%, respectively. The
first deconvoluted peak can be attributed to the formation of co-
ordination bonding between Ag and S via electron transfer after
the LbL assembly between AgNW and MEA.[41] These results are
consistent with the observed Ag 3d peak shifts. The remaining
small peaks can be assigned to S─H and C─S bonds from the
unreacted C─SH groups in MEA.[42] For the N 1s spectra, GA9.25
depicts a merged peak from two deconvoluted peaks at 399.2 and
401.3 eV (Figure 3c). These can be attributed to C─N bonds from
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Figure 4. FE-SEM top-view images of a) G9.5, b) A9.5, and c) GA9.25. The insets are optical photographs of each sample. d) Voltage-capacity profiles of
Cu, G9.5, A9.5, and GA9.25 in 1 M LiTFSI in DOL/DME (1:1) electrolyte with 1 wt% LiNO3 additives at 0.5 mA cm−2.

MEA and ─NH3
+ moieties from the protonated amino groups of

MEA, respectively, which indicates MEA bonding to GO.[43] The
pristine GO showed a slight hump in the same region that can be
ignored. For the C 1s spectra, the pristine GO exhibited six decon-
voluted peaks corresponding to C═C, C─C, C─O, C─O─C, C═O,
and O─C═O (Figure 3d; Table S2, Supporting Information).[44]

In the case of GA9.25, additional peaks for C─N and C─S were
observed with small peak areas due to binding with MEA cross-
linkers,[45] which were not present in the pristine GO. In addi-
tion, for GA9.25, the peak area ratio of C─O to C─O─C increased
1.6 times compared to the pristine GO (Table S2, Supporting In-
formation). These changes can be attributed to ring-opening re-
actions of epoxide groups in GO caused by nucleophilic attack
from the MEA amine groups.[46] To summarize the above results,
it was confirmed that MEA, the bi-functional short cross-linker
with thiol and amine groups at each end, was successfully bound
to both the Ag and GO surfaces, respectively.

2.2. Li-Deposition Behavior of GO/AgNW LbL Film-Deposited Cu
Foils for Li-Metal Anodes

To investigate the role of each LbL component and their com-
bined effects in GA9.25, the control samples comprised of only GO
or AgNW were prepared separately on Cu foils. GO was paired
with tris(2-aminoethyl)amine (TREN) to create the (GO/TREN)n
LbL sample denoted as Gn. In addition, AgNWs were com-
bined with ethane-1,2-dithiol (EDT) to obtain the (AgNW/EDT)n
LbL sample denoted as An. For paired cross-linkers, short alkyl

chain molecules with the same multifunctional moieties of either
amines or thiols were selected for TREN or EDT, respectively. The
number of repetitions for Gn or An was fixed at n = 9.5 to match
the number of active layers in GA9.25. FE-SEM images of G9.5,
A9.5, and GA9.25 are shown in Figure 4a–c. A smooth surface was
obtained through homogeneous depositions of GO layers for the
black G9.5 sample in the inset photograph (Figure 4a). Random
depositions of AgNWs were found for the A9.5, which shows full
coverage and appears dark gray in the inset of Figure 4b. GA9.25
showed mixed depositions of GO and AgNW layers (Figure 4c).
UV–vis absorption spectra of these samples during LbL assembly
are shown in Figure S4 (Supporting Information). As the num-
ber of repetitions increased, the absorption of both Gn and An
gradually increased, which indicates successful build-up for the
LbL assembly.

Furthermore, the Li-deposition was investigated by observing
the nucleation overpotentials for initial Li depositions and the
morphologies after deposition in a half-cell set-up (Figure 4d;
Figure S5, Supporting Information). Cu, G9.5, A9.5, and GA9.25
were tested and compared using 1 M mLiTFSI in DOL/DME (1:1)
with 1 wt% LiNO3 additives at current densities of 0.5 mA cm−2

and 1 mA cm−2 via voltage-capacity profiles. Cu and the only GO-
coated Cu of G9.5 exhibited the highest nucleation overpotentials
of 65.1 and 138.4 mV, respectively. The high overpotential for Cu
is due to lithiophobicity and is consistent with other values from
the literature that were tested under similar conditions.[14,47] For
G9.5, this is possibly caused by its low electrical conductivity.[48]

In contrast, A9.5 and GA9.25 displayed lower overpotential values
of 26.6 and 45.7 mV, respectively. The same order was observed
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Figure 5. FE-SEM top-view images of a–d) Cu, e–h) G9.5, i–l) A9.5, and m–p) GA9.25 after Li plating with different capacities at 0.5 mA cm−2, (a,e,i,m)
0.2 mAh cm−2, (b,f,j,n) 0.5 mAh cm−2, (c,g,k,o) 1 mAh cm−2, and (d,h,l,p) 4 mAh cm−2. The insets are low-magnification images for the corresponding
samples.

for a current density of 1 mA cm−2 (Figure S5, Supporting Infor-
mation). This indicates that the AgNW layers in the LbL films
exhibited a lower energy barrier for Li nucleation due to their
lithiophilic characteristics. For GA9.25, even with the alternating
build-up of insulating GO layers, the sheet resistance was 2.16 ×
10−1 Ohm sq−1, which is six orders of magnitude lower in sheet
resistance compared to G9.5 with a sheet resistance of 1.55 × 105

Ohm sq−1 (Table S3, Supporting Information). This can be at-
tributed to the formation of a conductive network pathway with
highly anisotropic AgNWs in the interdigitated nanostructures.
As a result, GA9.25 exhibited a low energy barrier for Li nucle-
ation, which can synergize with the formation of a uniform and
stable SEI, as explained in the following section.

FE-SEM analysis was performed to study the Li-deposition
morphology for Cu, G9.5, A9.5, and GA9.25 for different depo-
sition amounts at a fixed current density of 0.5 mA cm−2

(Figure 5). For Cu, Li dendrites were already observed in spe-
cific areas, even with a very small amount of Li deposition (0.2
mAh cm−2). Due to the poor affinity for Li, dendritic growth was
observed locally, leaving other areas without significant Li de-
posits (insets of Figure 5a–c). As the Li deposition capacity in-
creased to 2 and 4 mAh cm−2, the dendrites grew significantly

and covered the whole surface (Figure S6a, Supporting Informa-
tion; Figure 5d). For G9.5 (Figure 5e–g), the initial Li depositions
show flat morphologies for 0.2, 0.5, and 1 mAh cm−2, possibly
due to in-plane ionic migration on the GO surfaces.[18] However,
when Li deposition was increased to 2 and 4 mAh cm−2, dendritic
growth appeared across the flat Li surfaces, and a severe degree of
dendritic formation can be observed over the entire area (Figure
S6b, Supporting Information; Figure 5h). For A9.5 (Figure 5i–j),
Li–Ag alloy formation began on the AgNWs during the initial de-
positions of 0.2 and 0.5 mAh cm−2. The pristine AgNW diameter
of 57 nm increased to 185 nm due to the formation of the Li─Ag
alloy. When Li was deposited at 1 mAh cm−2 (Figure 5k), Li be-
gan to deposit on top of the alloy nanowires. As the Li deposi-
tion increased to 2 and 4 mAh cm−2, excess Li accumulated on
the surfaces, forming uneven dendritic growths in much smaller
sizes than those observed on Cu (Figure S6c, Supporting Infor-
mation; Figure 5l).[41] In GA9.25, initial Li deposition was uniform
around the AgNWs at 0.2 mAh cm−2 (Figure 5m). As the capac-
ity was further increased, Li–Ag alloy formations became more
prominent, filling the inner spaces of the highly interdigitated
nanostructure of GA9.25 (Figure 5n–o). Notably, Figure 5n shows
a flat and smooth surface attributed to stable SEI formations and
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Figure 6. FE-SEM images of the Cu and GA9.25 samples after Li plating at 0.5 mA cm−2 and 4 mAh cm−2. a) Cu and c) GA9.25 cross-section, and b) Cu
and d) GA9.25 at a tilt angle of 10°.

the even spreading of Li deposits throughout the interdigitated
nanostructure facilitated by the GO layers. At higher Li deposi-
tions of 2 and 4 mAh cm−2, Li grew uniformly in dense and com-
pact forms without dendrite formation, in stark contrast to other
control samples that exhibited dendritic morphologies (Figure
S6d, Supporting Information; Figure 5p).

The Li-deposition morphologies of the cross-section and the
10°-tilted images of Cu and GA9.25 were compared after Li de-
position with a capacity of 4 mAh cm−2. Cu shows Li den-
drites growing from localized nucleation spots (Figure 6a,b).
In contrast, GA9.25 exhibited relatively uniform and compact Li
growth without dendrite formation (Figure 6c,d). The GA9.25 lay-
ers were almost embedded in the Li deposits, which makes them
difficult to observe except for partial areas, as indicated by the ar-
row (Figure 6c). GA9.25 demonstrated dendrite-free growth in the
Li depositions, benefiting from both the GO and AgNW layers
and their interdigitated nanostructure.

2.3. Electrochemical Performance of GO/AgNW LbL Thin-Films
for Li-Plating and Stripping

The Li plating and stripping behavior of Cu, G9.5, A9.5, and GA9.25
were examined in half-cell tests with Li/Cu or Li/LbL-coated-Cu
using 1M LiTFSI in DOL/DME (1:1) electrolytes, without LiNO3
additives, at a current density of 1 mA cm−2 and a capacity of
1 mAh cm−2 (Figure 7a). In order to remove surface contamina-
tion and stabilize the initial SEI formation, the Li/Cu and Li/LbL-
coated-Cu half cells were pre-cycled five times from 0 to 1 V at a
current density of 0.05 mA cm−2 before the cycling proceeded.
Cu and G9.5 exhibited low cycle stabilities with early drops of
CEs from ≈20 cycles due to lithiophobicity and low electrical con-

ductivity, respectively. A9.5 and GA9.25, which have high Li affin-
ity, exhibit higher CE values and prolonged cycles compared to
the two previous samples. However, the CE values of the A9.5
sample decreased after 120 cycles, possibly due to pulverizations
caused by repetitive alloying and dealloying during cycling.[49]

The charge/discharge profiles showed relatively stable stripping
behavior for GA9.25 during the 1st and 30th cycles in comparison
to the other samples (Figure S7, Supporting Information).

CV of the half cells was performed using 1 M LiTFSI in
DOL/DME (1:1) with 1 wt% LiNO3 additives at a scan rate of
0.1 mV s−1. For GA9.25 (Figure 7b), a Li–Ag alloy formation peak
appeared near 0 V during the first Li plating, and dealloying
peaks appeared below 0.5 V during stripping. Repetitive cycles
for GA9.25 demonstrated stable alloying and dealloying reactions,
with no notable changes in the related peaks.[50,51] Conversely, the
broad SEI formation peaks above 0.5 V disappeared after the first
cycle, which indicates stable SEI formations during the first cycle
(Figure 7b; Figure S8a, Supporting Information).[52,53] XPS anal-
ysis for the GA9.25 suggests the SEI layer comprised a mixed in-
terphase with Li─F and C─F components (Figure S9d, Support-
ing Information).[54] Each component of the LbL samples, G9.5
and A9.5, showed a dominant presence of Li─F and C─F phases,
respectively (Figure S9a,b, Supporting Information).[55] There-
fore, the presence of GO layers can be attributed to the more
stable Li─F phases in GA9.25. This is consistent with the CV re-
sults of G9.5 (Figure S8c, Supporting Information), which showed
the same SEI formation peaks as those in G9.25. In contrast, A9.5
featured only CV peaks from the alloying-dealloying reactions
without a notable presence of SEI-formation peaks (Figure S8d,
Supporting Information). Cu exhibited very weak SEI-formation
peaks without alloy peaks (Figure S8b, Supporting Information).
These results indicate that GA9.25 benefits from the combined
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Figure 7. a) CE of Cu, G9.5, A9.5, and GA9.25 at 1 mA cm−2, 1 mAh cm−2 without LiNO3 additive in DOL/DME (1:1) electrolyte. b) Cyclic voltammetry
(CV) curves of half cells of GA9.25 measured at a scan rate of 0.1 mV s−1 (inset: enlarged view of CV curves). Electrochemical impedance spectroscopy
(EIS) of half cells of the samples c) before cycling and d) after 50 cycles (inset: equivalent circuit utilized for data analyses). Cycle-voltage profiles of
symmetric cells with different capacities of Li pre-deposited on samples e) 2 mAh cm−2 (test at 1 mA cm−2, 0.5 mAh cm−2) and f) 4 mAh cm−2 (test at
1 mA cm−2, 1 mAh cm−2). Except for (a), all tests were conducted in 1 M LiTFSI in DOL/DME (1:1) electrolyte with 1 wt% LiNO3 additives.

Small 2025, 2412784 © 2025 The Author(s). Small published by Wiley-VCH GmbH2412784 (8 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202412784 by K
orea U

niversity M
edical, W

iley O
nline L

ibrary on [11/03/2025]. 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.small-journal.com


www.advancedsciencenews.com www.small-journal.com

effects of both GO and AgNW, stable SEI formation, and re-
versible Li–Ag alloy reactions.

EIS was performed in half-cell configurations using an elec-
trolyte of 1 M LiTFSI in DOL/DME (1:1) with 1 wt% LiNO3 addi-
tives (Figure 7c,d; Figure S10, Supporting Information). The re-
sults were fitted using a simplified equivalent-circuit model (inset
in Figure 7c; Figure S10, Supporting Information), where Rb, Rint,
CPE, and Zw represent bulk resistance, interfacial resistance, ca-
pacitance, and Warburg impedance, respectively (Table S4, Sup-
porting Information). Before cycling, Rint for Cu, A9.5, and GA9.25
showed similar magnitudes of ≈200Ω, except for G9.5 (Figure 7c).
This is possibly due to relatively thick insulating GO layers
(Table S3, Supporting Information). Upon increasing the cycle
numbers to 10 and 50 cycles, GA9.25 showed the lowest Rint (≈10
Ω) among the samples (Figure 7d; Figure S10, Supporting In-
formation). In comparison, other samples showed Rint of ≈35 Ω
after 50 cycles. This indicates that the SEI layers in GA9.25 are
the least resistant to charge transfers and remain stable during
cycling compared to the other tested samples.[56,57]

In addition, the rate capabilities of the Li/Cu and Li/LbL-
coated-Cu half cells were further tested to investigate the resis-
tance to Li-ion transport (Figure S11, Supporting Information).
For pre-cycling, Li was plated at 0.5 mA cm−2, with a capacity of
4 mAh cm−2, and stripped at a cut-off voltage of 1 V to investi-
gate the Li-ion transport behavior of the LbL samples.[18,58] The
current densities were varied in the sequence 0.5-1-2-3-5-0.5 mA
cm−2. At each current density, a fixed amount of Li, with a capac-
ity of 0.5 mAh cm−2, was plated onto the Cu sides and stripped
for 10 cycles, with the voltage cut off at 1 V. G9.5 showed the low-
est overpotentials at every current density, indicating least resis-
tance to Li-ion transport among the LbL samples. Note that A9.5
showed high overpotentials, presumably due to dendrite growth
from excessive pre-cycling. In addition, the overpotentials of G9.5
and GA9.25 at the initial and final stages at 0.5 mA cm−2 were
almost identical. The discharge capacity of G9.5 and GA9.25 was
higher than the other two samples. These results confirm that
GO layers contributed to fast Li-ion transport and stable SEI layer
formation for G9.5 and GA9.25, which is also consistent with the
previous EIS results. Additionally, the contact angles of Cu and
GA9.25 were measured by dropping liquid electrolytes onto the
surfaces to investigate electrolyte wettability (Figure S12, Sup-
porting Information). The electrolyte wettability of GA9.25 was en-
hanced by the various functional groups of GO coated on the top
layer, which reduced the contact angle by more than three times
compared to Cu.[59]

The galvanostatic cycling performance of the Li symmet-
ric cells was examined with respect to long-term cyclability
(Figure 7e,f). Pre-deposition samples were utilized in the follow-
ing symmetric and full-cell tests to avoid the deteriorating effects
associated with the consumption of the initial Li deposition.[14]

The same samples were used for both electrodes and tested with 1
M LiTFSI in DOL/DME (1:1) electrolyte with 1 wt% LiNO3. First,
the electrodes with pre-depositions of 2 mAh cm−2 were tested at
1 mA cm−2 and 0.5 mAh cm−2 (Figure 7e). The Li@Cu symmet-
ric cell exhibited instability, with gradual overpotential increases,
followed by a short circuit at ≈100 cycles. The Li@G9.5 symmetric
cell showed relatively stable voltage profiles, with an overpotential
value of ≈35 mV, in comparison to the Li@Cu symmetric cells,
but shorted at a similar cycle count. The Li@A9.5 symmetric cell

demonstrated relatively low overpotentials of ≈20 mV, with cycle
longevity extending up to 135 cycles before a sharp increase in
overpotential. In contrast, the Li@GA9.25 symmetric cell demon-
strated stable cycling for ≈400 cycles with an overpotential of ≈10
mV. In particular, the Li@GA9.25 symmetric cell exhibited a stable
long-term cycle by maintaining an overpotential of ≈10 mV in a
square shape in all early, middle, and late cycle sections (Figure
S13a, Supporting Information). Other samples exhibited higher
overpotentials with more significant fluctuations (Figure S13b,
Supporting Information). Li@Cu and Li@GA9.25 symmetric cells
with higher Li-pre-depositions of 4 mAh cm−2 were further tested
at 1 mA cm−2 and 1 mAh cm−2 (Figure 7f). The Li@Cu symmet-
ric cell exhibited unstable cycling performance from the begin-
ning of the cycle. In contrast, the Li@GA9.25 symmetric cell main-
tained a stable square-shaped overpotential profile for up to 450
cycles with a low overpotential of ≈10 mV for all cycles (Figure
S14, Supporting Information). The Li@GA9.25 symmetric cell ex-
hibited excellent cycling stability during the Li-plating/stripping
process.

2.4. Battery Performance of the LFP/Li@GA Full Cells

The Li@GA9.25, with pre-deposition of 2 mAh cm−2 and 4 mAh
cm−2, were tested with LFP cathodes having a mass-loading of
6–7 mg cm−2 for full cell tests. All full cells were tested with 1 M
LiTFSI in DOL/DME (1:1) with 1 wt% LiNO3. The control sample
of LFP/Li@Cu full cells was also tested, excluding A9.5 and G9.5
due to their low stabilities. LFP/Li@Cu and LFP/Li@GA9.25 full
cells were subjected to step cycle tests at various current densi-
ties (0.1-0.5-1-2-5-0.1 C) (Figure 8a; Figure S15a, Supporting In-
formation). The LFP/Li@Cu and LFP/Li@GA9.25 full cells, with
a pre-deposition of 2 mAh cm−2, exhibited increased capacity dif-
ferences as the C-rate increased (Figure 8a). At 5 C, the specific
capacity of the LFP/Li@GA9.25 full cell was 89.2 mAh g−1, with
a capacity retention rate of ≈58.2%, which is 18.9% greater than
the 75.0 mAh g−1 observed for the LFP/Li@Cu full cell. In addi-
tion, the charge-discharge curves of the LFP/Li@GA9.25 full cell
showed slight increases in polarization voltages as current densi-
ties increased (Figure 8b; Figure S15b, Supporting Information).
The full cells with higher Li pre-depositions of 4 mAh cm−2 exhib-
ited a similar trend in the step cycle tests but with smaller gaps in
capacity differences compared to the tests with Li pre-depositions
of 2 mAh cm−2 (Figure S15a, Supporting Information).

Long-term cycling tests of full cells with Li pre-depositions of 4
mAh cm−2 (N/P ratio = 3.36) were performed at 1 C (Figure 8c).
The number of stable cycles was counted when the capacity re-
tention fell below 80%. LFP/Li@GA9.25 full cells operated sta-
bly up to 430 cycles with an average CE of 99.7%. In contrast,
the LFP/Li@Cu full cells showed a significant decrease in dis-
charge capacity at ≈220 cycles, which is accompanied by the on-
set of large fluctuations in CE. Furthermore, the full cells as-
sembled from different GAn.25 samples with n = 1, 5, and 15
were tested for comparison (Figure S16, Supporting Informa-
tion). As the number of quadruple layers increased from 1 to 9,
cycle longevities increased to 270, 322, and 430 cycles. However,
for n = 15 with excessive deposition, the LFP/Li@GA15.25 full cell
showed reduced cycle stability, which is possibly due to increased
resistance associated with the thicker GA layers (Table S5,
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Figure 8. a) Rate performances of a full cell after Li plating with 2 mAh cm−2 at different current rates, ranging from 0.1 to 5 C, compared to LFP/Li@Cu
and LFP/Li@GA9.25. b) Charge/discharge curves of LFP/Li@GA9.25 full cell at various current rates. c) Cycle performance and Coulombic efficiency of
LFP/Li@Cu and LFP/Li@GA9.25 full cells after Li plating with capacities of 4 mAh cm−2 at 1 C and 2 mAh cm−2 at 3 C. FE-SEM images of the anode
surfaces from the disassembly of d) LFP/Li@GA9.25 and e) LFP/Li@Cu full cells after 100 cycles at 1 C. The pre-deposition of Li in the samples was 4
mAh cm−2.

Supporting Information).[60,61] LFP/Li@GA9.25 full cells were also
tested under high C-rate conditions of 3 C (Figure S15c, Support-
ing Information). These cells maintained 80% capacity up to 240
cycles, whereas LFP/Li@Cu full cells exhibited unstable capacity
retention, with degradation starting ≈50 cycles and rapid failure
before reaching 200 cycles. In addition, the LFP/Li@GA9.25 full
cells demonstrated the lowest irreversible capacities during the
first charging cycles, which were attributed to the SEI formation,
among the tested samples at both 1 C (Figure S17a,b, Support-
ing Information) and 3 C (Figure S17c, Supporting Information)
rates.[62,63]

Li@GA9.25 and Li@Cu full cells with Li pre-depositions of 2
mAh cm−2 (N/P ratio = 1.81) were also tested at 1 and 3 C-rates
(Figure S18, Supporting Information; Figure 8c). The Li@GA9.25

full cells could run up to 255 and 250 cycles for 1 C and 3 C-
rates, respectively, before capacity retention fell below 80%. Both
results were extended by ≈50 and 100 cycles compared to the
Li@Cu full cells. For the very low N/P ratio of 1.18, with a high
cathode-mass-loading of LFP (10 mg cm−2), cycle stability was
improved to 125 cycles compared to 95 cycles for the Li@Cu full
cells (Figure S19, Supporting Information). The FE-SEM image
of the anode surface from LFP/Li@GA9.25 full cells after 100 cy-
cles at 1 C showed a surprisingly flat and compact morphology
(Figure 8d). This is in stark contrast to the image from the Cu
anode surface disassembled from LFP/Li@Cu full cells after 100
cycles, which displayed dendritic Li deposits with accumulations
of dead Li (Figure 8e). A summary of recent papers on lithio-
philic current collector modification for Li-metal anodes is given

Small 2025, 2412784 © 2025 The Author(s). Small published by Wiley-VCH GmbH2412784 (10 of 12)
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in Table S1 (Supporting Information). Particularly at the low N/P
ratio of 1.81, the GA9.25 full cells demonstrated remarkable per-
formance, with a lifespan of 255 cycles at a rate of 1 C. Even at a
high 3 C-rate, which was rarely tested in other studies, it showed
remarkable performance and achieved a lifespan of 250 cycles at
the same N/P ratio of 1.81.

3. Conclusion

We successfully fabricated GO and AgNW thin films on Cu foils
with a highly interdigitated nanostructure using an LbL assembly
method. Homogeneous and stable film deposition was achieved
by incorporating a bi-functional cross-linker (MEA) between each
layer to promote specific bonding interaction. The GO layers fa-
cilitated the distribution of Li ionic flux, which led to smoother Li
deposits and stable SEI layer formation. The AgNW layers acted
as nucleation sites for the initial Li deposition and enabled Li–
Ag alloy and lowering of the nucleation overpotentials. GA9.25
exhibited a dense morphology for Li deposits without dendrite
formations at different Li-deposition capacities (from 0.2 to 4
mAh cm−2) due to the benefits of both GO and AgNW layers
and their interdigitated nanostructure. As a result, the Li@GA9.25
symmetric cell tests reveal stable Li-plating and stripping for 400
cycles. The LFP/Li@GA9.25 full cell, pre-deposited with Li at 4
mAh cm−2, demonstrated high stability (430 cycles) with an aver-
age CE of 99.7% at 1 C. Even with a low N/P ratio of 1.81, which
reduced the Li pre-deposited capacity by half, the cell achieved
255 cycles with an average CE of 99.5%. In addition, it demon-
strated excellent cycling performance, reaching 250 cycles even
at a high charge/discharge rate of 3 C. The flat morphology of
the Li deposit after 100 cycles confirms the benefits of the GA9.25
film coating on Cu foils. Therefore, the GA9.25 film, which was
prepared using LbL methods, offers a simple and effective ap-
proach for fabricating highly interdigitated thin film electrodes
for high-energy Li-metal batteries.

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