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In Situ Electrochemical Interfacial Manipulation Enabling
Lithiophilic Li Metal Anode with Inorganic-Rich Solid
Electrolyte Interphases for Stable Li Metal Batteries

Subin Kim, Ki-Yeop Cho, JunHwa Kwon, Kiyeon Sim, KwangSup Eom,*

and Thomas F. Fuller

Lithium-metal anodes (LMAs) are the ultimate choice for realizing high-energy-
density batteries; however, its use is hindered by problematic Li growth in the
form of dendrites. To alleviate dendritic Li growth, the preparation of LMAs with a
lithiophilic current collector (CC) is effective; however, applying a lithiophilic CC
to LMA:s is still challenging due to the manufacturing complexity involved in the
separate lithiophilic treatment and lithiation processes. Herein, a facile one-pot
LMA fabrication method by utilizing thiourea (TU) as a precursor is proposed.
A lithiophilic Cu,S layer is formed on Cu foam (CF) by the in situ electrochemical
oxidation of TU (Cu,SCF), and the lithiation of CC is performed via subsequent
Li electrodeposition (Li@Cu,SCF). The Cu,S on Cu,SCF can lead to uniform

Li deposition by providing lithiophilic sites, and it is converted to form ionic-

conductive Li,S-rich solid electrolyte interphase layer. Resultantly, Cu,SCF sig-

nificantly enhances the cycling performance of LMAs compared to CF. Specifically,
a LiFePO,4/Li@Cu,SCF full-cell lithium-metal battery (LMB) with a low n/p ratio
(1.6) exhibits capacity retention of 95.6% at 0.5 C (220 cycles) and can maintain
85.0% of initial capacity (425 cycles, n/p = 4) at 2.0 C. LMBs with LiNig ¢C0o,Mng ;

candidate to achieve high-energy density
owing to the exceptional capacity
(3860 mAh g ') and low working potential
(—3.04V vs standard hydrogen electrode
potential, of the lithium-metal anode
(LMA).*"%1 However, hostless Li metal
undergoes infinite volume changes during
cycling.”® This leads to persistent cracking
and reconstruction of the fragile solid elec-
trolyte interphase (SEI) and the formation
of electrically isolated Li covered by the
SEI layer, forming so-called “dead
Li”.®1% These side reactions result in the
accelerated consumption of electrolyte
and depletion of active Li, which shortens
the lifespan and lowers the Coulombic effi-
ciency (CE) of LMBs.'"'¥ Furthermore,
nonuniform Li nucleation and subsequent
deposition  induces  dendritic Li
growth.'>!'* These filament-like Li den-

and LiNig gCop1Mng; also exhibit improved electrochemical performance.

1. Introduction

The increasing demand for high-energy-density batteries has
triggered exploration of battery systems that are more advanced
than conventional lithium (Li) ion batteries.'*! Among the vari-
ous alternatives, a lithium-metal battery (LMB) is an ideal
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drites can penetrate the separator and
cause short-circuiting, raising substantial
safety concerns.">'®! These challenging
issues associated with LM As have hindered the practical applica-
tion of LMBs; hence, some innovative strategies are needed to
alleviate extreme volume changes in Li and suppress Li dendrite
formation.

To date, tremendous efforts have been devoted to developing
stable LMAs. These include electrolyte modification,'” ! the
construction of artificial solid electrolyte interphase films,2%*!!
and the application of functional separators.”>?*! These strate-
gies successfully enhance the interface stability of LMAs and sup-
press Li dendrite formation to some extent, but they have limited
effects on alleviating volume changes and improving the dimen-
sional stability of LMAs due to their hostless structure. In this
context, the utilization of a porous 3D current collector (3D
CC) for Li hosts has been widely investigated because it can
reduce effective current density by providing a large surface area
to mitigate Li dendritic growth and accommodate Li deposits to
alleviate volumetric changes, which have great potential for prac-
tical applications due to their low cost and large Li deposition
capacity derived from their large porous structures. However,
the lithiophobic property of these bare 3D CCs results in hetero-
geneous Li deposition, and the SEI on the bare 3D CC has slug-
gish Li* conductivity and weak mechanical strength and hence
cannot effectively mitigate Li dendritic growth.”* In addition,

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH


mailto:keom@gist.ac.kr
https://doi.org/10.1002/sstr.202400254
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

mall

structures

www.advancedsciencenews.com

severe side reactions occur between Li and the electrolyte during
the repair of the fractured SEI layer since the 3D CCs have a large
surface area and accelerate electrolyte decomposition, signifi-
cantly shortening the lifetime of the battery. Thus, methods to
simultaneously endow 3D CCs with good lithiophilicity and rein-
force the SEI layer with excellent ionic conductivity and mechan-
ical strength should be considered to achieve stable LMAs.

To date, various lithiophilic materials have been utilized for
the surface modification of 3D CCs, such as Ag/®! Au,?®
Zn*! and Sn,*® to inhibit Li dendrite growth by inducing
homogenous Li deposition. Such a lithiophilic metal layer on
3D CCs could homogenize Li* flux effectively and lead to uni-
form Li nucleation and deposition; however, it has a limited
effect on stabilizing the SEI layer. In this context, the application
of conversion-type materials, such as metallic oxides (CuO,”*”
ZnOP%), nitrides (M, NPY), and sulfides (Ni;S,,2? Cu,SP***),
as coating layers for 3D CCs has emerged as a promising
approach. These conversion-type materials have good lithiophi-
licity owing to their high Li" affinity, and they can generate a
stable SEI layer via conversion reactions. Specifically, a metal sul-
fide (MS,) coating is highly effective for stabilizing LMAs owing
to the lithiophilic behavior of MS, and for the formation of a
Li,S-rich SEI layer.P?4 1) L1i,S facilitates fast Li* transport
and homogeneous Li growth with its high ionic conductivity
(%10 °Scm™') and low Li" diffusion energy barrier.”"*"!
2) Li,S mitigates electrolyte decomposition through its high
mechanical strength and electrical insulating properties.*®>)

In contrast, since lithium insertion (lithiation) must be
performed to utilize the prepared CCs as a full-cell anode, this
process is also considered important in the fabrication of LMAs.
In general, the fabrication of LMA with surface-modified CC
requires a two-step process, exsitu surface treatment of CC
and further lithiation of CC. Since metallic Li is highly sensitive
toward various chemicals, moisture, and oxygen, this two-step
process of LMA fabrication introduces difficulties in handling
and extra costs.?4*% For instance, precursors such as NaOH
or hydrazine hydrate employed for the surface treatment of
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CC can have adverse effects on the subsequent lithiation process
and battery operation, necessitating washing/drying processes
prior to use.?*] Moreover, the exsitu surface treatment of CCs
requires multiple procedural steps, the use of various toxic
solutions, and considerable treatment time to obtain the final
products. In this context, integrating the surface treatment of
CC and lithiation into a one-pot process for the construction
of LMAs could be an efficient method that can reduce time, cost,
and the effect of detrimental conditions on LMB operation;
however, studies on this method are limited.

Hence, we propose a facile one-pot method to fabricate highly
stable LMA, by which the in situ formation of a lithiophilic Cu,S
layer and subsequent electroplating of Li (lithiation) can be con-
ducted in one electrochemical cell. In particular, thiourea (TU)
could be employed as an electrolyte additive as a precursor for
Cu,S, which is known as lithiophilic material. The reasons to
employ TU as an additive are as follows: 1) TU can be electro-
chemically oxidized to form Cu,S by reacting with Cu foam even
at a low concentration*!*l (<20 mM); and 2) TU is compatible
with a conventional battery electrolyte system!*>**! (1 M LiTFST in
1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) + LiNOjs); thus,
Cu,S formation and electroplating of Li can occur in the same
electrolyte. In this work, the effects of TU on the oxidation behav-
ior of Cu CCs and the corresponding formation of LMAs as deter-
mined by oxidation conditions (voltage hold) were extensively
studied via surface-chemical/morphological and electrochemical
analyses. Moreover, the optimized LMAs were used to construct
full-cell lithium metal batteries using LiFePO,, LiNiy¢Cop,Mny ,
and LiNipgCog 1Mny ; cathodes and analyzed using various elec-
trochemical performance tests to study feasibility.

2. Anodic Formation of Cu,S on Cu Foam and
One-Pot Fabrication of Li@Cu,SCF

Figure 1 illustrates our proposed electrochemical one-pot LMA
fabrication method. By utilizing the oxidation reaction of TU,
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Figure 1. Schematic of the electrochemical one-pot fabrication method of lithiophilic LMA (Li@Cu,SCF) and Li deposition behavior on different current

collectors.
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a Cu,S layer could be constructed directly on the Cu foam
(denoted as Cu,SCF) in the Li/Cu cell by applying a constant
oxidation potential (V-hold). In addition, subsequent electrodepo-
sition of Li is also possible in the same electrolyte; thus, one-pot
fabrication of a Li composite anode along with surface treatment
(Li@Cu,SCF) is possible through an electrochemical method.
Note that the Cu,S layer can provide lithiophilic sites due to
its good Li* affinity, leading to homogeneous Li deposition.
Moreover, Cu,S can be converted into Li,S and Cu, as shown
in Equation (1).%

Cu,S + 2LitT +2e~ — 2Cu + Li,S (1)

The conversion reaction of Cu,S leads to the formation of a
Li,S-rich SEI layer, enabling smooth and dendrite-free lithium
growth due to the good ionic conductivity and mechanical
strength of Li,S. Thus, Cu,SCF can effectively suppress Li
dendrite growth, enabling stable Li cycling. Hence, we could
expect that this one-pot fabricated LMA, Li@Cu,SCF can serve
as a stable LMA to improve the cycling performance of LMBs, in
contrast to Li@CF in which severe Li dendrite growth is induced
by a lithiophobic CC surface and a weak naturally formed
SEI layer.

To verify our suggested method, we investigated the oxidation
reactions occurring on the Cu electrode in the presence of TU. As
shown in the linear sweep voltammetry (LSV) curve (Figure 2a),
the Li/Cu cell without the TU additive does not show an apparent
peak other than the Cu dissolution peak denoted as Ej, at 3.4 V.
However, the Li/Cu cell with the TU additive shows several
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anodic peaks labeled Ejp,, E,p,, and Ejp, which appear at 2.1,
2.6, and 2.9V, respectively. According to a previous study, the
oxidation reaction of TU on the Cu electrode could occur in
sequential steps: 1) formation of a soluble film composed of
the Cu(I)-TU complex (film 1) along with mild Cu*" dissolution;
2) oxidation of film 1 and TU into an insoluble film (film 2) con-
sisting of S and Cu,S; and 3) severe dissolution of the Cu elec-
trode.*"*?! From the CV curves obtained from the Cu electrode
and stainless steel (SS) electrode with electrolyte with and with-
out TU (Figure 2b), we could observe negligible oxidation peaks
on the SS electrode in contrast to the Cu electrode (shown as
inset arrows in Figure 2b). This confirms that the investigated
oxidation reactions shown in Figure 2a are indeed Cu-involved
reactions with TU. Thus, it can be inferred that the formation
of soluble TU-Cu complexes along with Cu®* dissolution
(Ep1, 2.1V), formation of S-Cu-Cu,S films (Ey,, 2.6V), and
severe dissolution of Cu electrodes (Ey3, 2.9 V) occurs sequen-
tially during LSV measurements. In addition, the reduction
peaks appearing at ~1.3 and 0.6 V in Figure 2b could be associ-
ated with the decomposition of LiTFSI and DME,*"! and the
reduction current increases when TU is added to the electrolyte.
This could be ascribed to the catalytic role of TU in the reduction
of electrolyte components.**

Next, we conducted electrochemical surface treatment of Cu
foam by using the oxidation reaction of TU. For oxidative surface
treatment, we applied constant potential on Cu foam (denoted as
“V-hold” in this study) to avoid unwanted side reactions such as
severe dissolution of Cu foam. Based on the aforementioned
assumption, we chose 2.6 V as a potential for the formation of
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Figure 2. a) LSV measurement on a Cu electrode with different electrolytes. b) Cyclic voltammetry (CV) curve in the Li/Cu cells with different electrolytes
and electrodes (Cu and stainless steel (SS) electrodes). c) Time—current curve during V-hold at 2.6 V. d) Cyclic voltammetry (CV) curve in the base
electrolyte in the Li/Cu cells after applying V-hold with different electrolytes (with TU and without TU).
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Cu,S films on Cu foam without severe dissolution of Cu
in this study. From the time—current curve measured during
V-hold at 2.6 V in the presence of TU (Figure 2c), we could clearly
observe the anodic reaction. When the anodic reaction starts, the
oxidation current flows rapidly, which is due to nucleation
during film formation; then, the current saturates to ~10 pA.
Impressively, after applying V-hold at 2.6 V in the presence of
TU, an insoluble black film appears on the Cu foam, and the
amount of material deposited correlates with the duration of
the V-hold period, confirming that the black film is a byproduct
of TU oxidation (Figure S1, Supporting Information). During
V-hold at 2.3 and 2.9V (Figure S2, Supporting Information),
lower and higher anodic current flows compared to that of V-hold
at 2.6V, which is consistent with the LSV curves shown in
Figure 2a.

To investigate the electrochemical redox behavior of the
as-formed layer, CV measurements were conducted using the
electrodes after applying V-hold with TU and without TU
(Figure 2d). Although the same electrolyte was used
(1M LiTFSI in DOL/DME + 2wt% LiNO;, without TU), the
two electrodes show apparently different redox behaviors. Cu
electrode after V-hold without TU exhibits typical ether-based
electrolyte reduction peaks at 1.8, 1.3, and 0.6V, which are
assigned to the reduction of LiNO;, LiTFSI and DME, respec-
tively,?"*) and shows negligible oxidation peaks. In contrast,
Cu electrode after V-holding with TU shows a large reduction
peak at 1.67V and three oxidation peaks at 1.91, 2.20, and
2.85V. These redox peaks could be assigned to the conversion
reaction of Cu,S, as reported in several studies.***®! In addition,
redox peaks remain after several CV cycles, further confirming
the electrochemical stability of the as-formed layer during con-
tinuous cycling (Figure S3, Supporting Information).

For accurate characterization of the film that appeared on the
Cu foam during V-hold, X-ray photoelectron spectroscopy (XPS)
profiles were obtained after applying V-hold at 2.6 V for 4 h with
TU (Figure 3a,b). As shown in Figure 3a, signals for SO,2~
(170.7€V), SOs*~ (167.4eV), and sulfone (169.4eV) were
detected, which are related to the decomposition of LiTFSI.*®!
Notably, signals for Cu,S 2p;;, (163.1eV) and Cu,S 2ps);
(161.9 eV) appeared after V-hold was applied in the presence
of TU.*7*8 Moreover, the relative amount of Cu,S increased
with V-hold time, which can be deduced by comparing the
Cu,S peak area after V-hold was applied for 1h (Figure S4,
Supporting Information) and 4h. Moreover, the Sg peak
(164.7 eV) appeared after V-hold, which supports the aforemen-
tioned assumption. The XPS spectra of Cu,, (Figure S5,
Supporting Information) and Cuyyny (Figure 3b) further confirm
that the assigned peaks in the S,, profiles are mainly Cu,S
rather than Cu metal or CuS; this is inferred from the absence
of satellite peaks in the Cu,, XPS spectra and the degree of
peak shift in the Cupym XPS spectra (Cu—-Cu=568.5¢€V,
Cu-S =569.5eV)."”*® In contrast, when V-hold was applied
at 2.6V for 4h without TU in the electrolyte, no signal for
Cu,S and S appeared, confirming that Cu,S formation occurs
due to the oxidation reaction of TU (Figure S6, Supporting
Information). For further characterization of Cu,SCF, the
Raman spectra of CF and Cu,SCF were also collected
(Figure 3c). As shown in the graph, CF shows negligible peaks,
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and Cu does not show a specific Raman peak in that region. In
contrast, Cu,SCF shows several peaks, including ones at 404 and
471 cm™!, which are the peaks for a-Cu, S and Cu,S, verifying the
formation of Cu,S and S species on Cu,SCF.[*)) Moreover,
peaks appear at 283, 330, and 621 cm™* for Cu,SCF, indicating
the formation of CuO,”® which is ascribed to the oxidation reac-
tion of Cu.

To better understand the SEI structure of Cu,SCF during
Li cycling, XPS depth profiles of Li, S, and Cu of Cu,SCF after
the SEI formation cycle were obtained (Figure 3d-f). As shown
in Figure 3d (outer SEI film of Cu,SCF), Cu,S and Sg
on the Cu,SCF were converted into Li,S (160.4eV)/Li,S,
(161.7 eV)?**! and polysulfides (163.2 and 164.4 eV)P*? during
the formation cycles. In addition, the amount of Li,SO; on
the Cu,SCF increased compared to that on the CF after the for-
mation of the SEI layer (Figure S7, Supporting Information),
which was due to the electrochemical reaction of Li,S/Li,S, with
the LiNO; additive."*** Impressively, the Cu,$ signal appeared
after etching for 600 s, and its relative amount increased as the
etching time increased to 1200s (Figure 3e,f). Thus, it can be
inferred that Cu,SCF acted as a “lithiophilic” CC due to the
Cu,S that remained beneath the surface film even after the con-
version reaction. As shown in the atomic percentage shown in
depth profile, Li and S components tend to decrease and Cu com-
ponents tend to increase toward the inner layer, which is mainly
attributed to the abundance of Cu,S and metallic Cu near the
Cu foam (Figure S8 and S9, Supporting Information). Moreover,
the decomposition product of LiTFSI (sulfone, SO4%~, SO;27) is
the major S component in the case of 0s etching; however, its
relative ratio decreased, and Cu,S/Li,S/Li,S, became the major
component in the inner layer (Figure 3d—f). This result is con-
sistent with the Li;; XPS depth profile, which shows abundant
LiF at the surface of the film and an increased Li,S ratio toward
the inner layer (Figure S10, Supporting Information).® These
results indicate that the SEI on the Cu,SCF is composed of
LiF/Li,S-rich outer SEI film and an inner layer consisting of
Cu,S. For further compositional comparison, the Ny, Fyg, and
045 XPS spectra of CF and Cu,SCF after the formation cycle were
also obtained (Figure S11, Supporting Information). From the
Ny and Fy spectra, we can conclude that film formation during
V-hold did not affect the N and F components, including
LisN (397.5€V), NSO, (399.4eV),P® —CF, (688.8eV), and
LiF (684.8eV).>* However, a signal for Li,O (528.4¢eV)P”
appeared in the SEI of Cu,SCF, meaning that the anodic film
during V-hold might include an oxidized form of Cu, such as
CuO. It is generally known that Li,S/Li,S, is a beneficial compo-
nent for stable Li cycling due to its high ionic conductivity
(%10~> S cm™ ") and insulating properties, which can improve
Li" transport kinetics and suppress side reactions with electro-
lytes, respectively. Moreover, Li,S and Li,O could suppress Li
dendrite formation due to their good mechanical strength
(82.6 and 169 GPa).*"*®! Furthermore, a high content of high-
valence sulfur species such as Li,SO; can improve the uniformity
of the SEI and induce homogenous Li deposition.*

Transmission electron eicroscopy (TEM) analysis was further
conducted after Li electrodeposition onto the Cu TEM grid
(Li@CF and Li@Cu,SCF) (Figure 3g-i and S12, Supporting
Information). As shown in low-magnification TEM images,
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Figure 3. a) S;, and b) Cu Auger LMM XPS spectra after applying V-hold at 2.6 V for 4 h with TU (Cu,SCF). c) Raman spectra of bare Cu foam (CF) and
Cu,SCF. d—f) S,, XPS depth profiles of Cu,SCF after the formation cycle. HRTEM images of g) Li@CF and h) Li@Cu,SCF after Li deposition
(0.5 mAh cm™2 at a current density of 0.5 mAcm™2). i) FFT patterns of selected area shown in (h).

Li@CF and Li@Cu,SCF showed whisker-like and planar mor-
phology, respectively (Figure S12, Supporting Information).
This could be ascribed to the ionically conductive Li,S-rich
SEI layer on Cu,SCF, leading to planar growth of Li with sup-
pressed Li dendrite. As shown in high-resolution transmission
electron microscopy (HRTEM) images and fast fourier transform
(FFT) patterns of Li@CF (Figure 3g), Li,CO3 (130) (0.16 nm) and
Li,O (311) (0.14 nm) were dominantly found in the outer layer
and Li,O (111) (0.26 nm) was found in the inner layer. In con-
trast, SEI on Li@Cu,SCF is composed of Li,S (111) (0.33 nm)
and LiF (200) embedded outer layer, and Cu,S-rich (106)
(0.19 nm) inner layer (Figure 3h,i). This result is consistent with
the XPS depth profile of Cu,SCF, indicating Li,S-rich outer layer
and Cu,S embedded inner layer (Figure 3d-f).

Meanwhile, subsequent electroplating of Li is also possible in
the same electrolyte since the TU additive is compatible with a
conventional ether electrolyte. In this manner, we conducted
one-pot fabrication of an LMA (Li@Cu,SCF) through an
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electrochemical method: 1) surface treatment of CF with Cu,S
layer by applying V-hold and 2) subsequent lithiation by electro-
deposition, which is clearly different from other ex situ methods
with novel experimental design (Figure S13, Supporting
Information). Before V-hold conditions are applied, CF exhibits
its original brown color (inset of Figure 4) in the absence of a film
(CF, Figure 4a). After 4 h of applying V-hold at 2.6 V (denoted as
Cu,SCF, inset of Figure 4), CF turned blackish, which was due to
the formation of a film derived from the oxidation reaction of TU
(Figure 4b) mainly composed of Cu,S and S (Figure 3a). In con-
trast, we could not observe any residue on the Cu foam in the
scanning electron microscope (SEM) image collected after
V-hold without TU; hence, we could confirm that the black film
is a byproduct of TU oxidation (Figure S14, Supporting
Information). During the following formation cycle, the Cu,S
on Cu,SCF underwent a conversion reaction (removal of black
residue, Figure 4c) at 1.7V in the initial formation cycle and
formed a Li,S-rich SEI layer on the surface. Afterward, Li

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH

85U8017 SUOWILIOD BA1ERID 3|l [dde 8y} Aq peusenob a1 S9|o1Le YO 85N J0 S9N 104 ARIG1T8UIUO AB]IA UO (SUONIPUOD-PUB-SLLBIALIOD A8 I Ale.q 1 jUI [UO//:SHNY) SUORIPUOD pue SLie | 841 89S *[20z/2T/E2] Uo ARiqiauliuo A|im ‘(1S 19) ABojouyoe | pue 8ousios Jo aimiisu| niBuemo Aq ¥5z00v202 11SS/200T 0T/10p/LI0Y A8 | 1M Akeiqjpuluo//sdny woly papeojumod ‘TT ‘7202 ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

www.small-structures.com

3
— l(b) ! Electrochemical one-pot fabrication of LMA (Li@Cu,SCF)
=25 N |
= 1. Cu,S formatio 2. Conversion of Cu,S 3. Subsequent Li deposition
=l 5 1 TUoxidation Li,S-rich SEI formation | LMA construction
g (V-hold 2.6 V) | 1
21 1
Q
(=)
@
=
g .
(d) (e)
L] T L] T L] L] T L] T L]

A -

24 26 28 3 32 34
Current density : 0.5 mA cm

"’Fi>

Figure 4. Voltage-time curve measured during electrochemical one-pot fabrication of LMA (Li@Cu,SCF, 10@0.5 mAcm™2 as an example) (digital
images of electrodes shown in graph inset), a—f) SEM images taken during electrochemical one-pot fabrication of Li@Cu,SCF. g-i) Li electrodeposited
on a bare CF (Li@CF). Scale bar: 300 pm for low-magnification SEM images, 50 pm for inset images.

deposition occurred sequentially to yield Li@Cu,SCF
(Figure 4d—f). The Li deposit on Cu,SCF shows a planar mor-
phology with fewer dendrites on the surface after deposition
of 1.0 mAh cm™2 (Figure 4d). Even when the capacity of depos-
ited Li increases to 5.0 and 10.0 mAh cm™2, the Li deposited on
Cu,.SCF shows a smooth surface with less dendritic Li formation,
confirming the beneficial effects of Cu,SCF in suppressing
Li dendrite growth (Figure 4e,f). In contrast, Li grew on CF
in dendritic form with severe whiskers and showed inhomoge-
neous deposition compared to Li@Cu,SCF. As the capacity of
deposited Li increases, the compactness of Li also increases in
the case of bare CF; however, dendritic forms of Li still exist
(Figure 4g-i). The difference in Li morphology is clearly revealed
in the high-magnification SEM images of Li@CF and
Li@Cu,SCF, showing beneficial effects of Cu,SCF for Li den-
drite suppression (Figure S15, Supporting Information). Even
at higher current densities (2 and 5mAcm ?), Li@Cu,SCF
showed suppressed Li dendrite growth than Li@CF, demonstrat-
ing superior Li deposition behavior (Figure S16, Supporting
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Information). The improved homogeneity of Li deposits and sup-
pression of Li dendrites in Li@Cu,SCF could be ascribed to the
lithiophilic Cu,S layer and Li,S-rich SEI layer of the Cu,SCF
substrate.

2.1. Electrochemical Performances in LMAs and LMBs

To verify the feasibility of our proposed method for electrochem-
ical surface treatment to yield stable LMAs, the reversibility of Li
deposition/stripping on bare CF and Cu,SCF was investigated by
measuring CE in a Li/Cu half-cell (Figure 5a and S17). First, opti-
mization of the V-hold condition was performed (Figure S17),
and we chose 2.6V for 4h as the V-hold condition for further
LMA fabrication (the details of the optimization are provided
in Figure S17). In Figure 5a, Li/Cu,SCF shows a 1.6 times longer
cycle life (CF: 130 cycles, Cu,SCF: 220 cycles) and a better aver-
age CE of 97.0% compared to 92.9% in Li/CF when measured at
1.0mA cm ™2 with a capacity of 1.0mAh cm™2, demonstrating
the improved reversibility of Li deposition/stripping upon

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH

85UB017 SUOUILLIOD SA11E8.10 3(qedtidde 8y Aq pausenoB 8.2 sajoiie YO '8sN JO'Sa|nJ 10y Akeiq18UIIUO /8|1 UO (SUONIPUOD-PUE-SWISILI0O" A8 | M Ateld 1 |Butjuo//Sdiy) SUOIPUOD pue swi L 8y} 88S *[202/2T/ez] Uo Ateiqi auiuo A8 Im ‘(1S 19) ABojouyos 1 pue 8oueIos Jo ainiisul nibuems Aq 5200202 15S/200T 0T/I0p/W00™A8 | Ale.q Ul juo//Sdny woly pepeojumoq 'TT ‘v20e ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

(@)
S
>
2]
c
2
S 60+
£
w
L 40+
Ko
5 5] o Li/CF
S @ Li/Cu,SCF
S 1.0 mAh cm? @ 1.0 mA cm
0 T T T T T T T T T

T
0 20 40 60 80 100 120 140 160 180 200 220
Cycle Number

—~
g
~

www.small-structures.com

®) 4
" | 5.0 mAh cm?2 @ 1.0 mA cm?
=5
ED.OS-
-
g) [
> 0
)
§-0.05-
° —— Li@CF / LI@CF
> L Li@Cu,SCF / Li@Cu,SCF
VT T T T T

0 100 200 300 400 500 600 700 800 900
Time (hr)

100 - -
804 Capacity : 1.0 mAh cm 0.5
60+
40+
204 [

04

-404

'60'—Li@cr= | LI@CF
801 | i@Cu,SCF/ Li@Cu,SCF

Voltage (mV vs Li*/Li)

1.0 20 ! 3.0,50 10

-100 — — r — T
0 10 20 30 40

f.
Al

50 60 70 80 90
Unit : mA cm?

Time (hr)

——Li/CF
~——Li/ Cu,SCF 25

125 mV

246 mV

(\"
S
s
-Z" (Ohm cm?)
b
1

1.0 mAh cm? @ 1.0 mA cm?

After 10 cycles

[ J
54 @ Li/CF 404
o Li/Cu,SCF

o, : 14543

e Li/CF
e Li/Cu,SCF

s
»

0 500 1000 1500 0 10
Time (s)

20 30 _ 40
Z' (Ohm cm?)

T T T 20 T T T T
50 0.1 0.2 0.3 0.4

w-1/2 (5112)

Figure 5. a) Coulombic efficiency measured in the Li/Cu cells in Cu foam and Cu,SCF. b) Cyclic performance and c) rate performance of Li@CF and
Li@Cu,SCF symmetric cells. d) Voltage profile of the Tst Li deposition on Cu foam and Cu,SCF. €) Nyquist plot of Li/CF and Li/Cu,SCF after the 10th
stripping and f) Li@CF/Li@CF and Li@Cu,SCF/Li@Cu,SCF symmetric cells.

surface treatment. Additionally, at a higher current density of
2.0mA cm™2, Li/Cu,SCF also showed better CE than Li/CF,
showing its better performance at a high rate (Figure S18).
Moreover, Li/Cu,SCF showed smaller polarization than Li/CF
during Li cycling, which could be attributed to a reduction in side
reactions such as electrolyte consumption and dead Li formation
(Figure S19 and S20).

The electrochemical performances of Li@CF and
Li@Cu,SCF were also compared by assembling Li@Cu symmet-
ric cells to perform long-term cycling tests (Figure 5b) and rate
capability tests (Figure 5c). When cycled at 1.0 mA cm™* with a
large capacity of 5.0mAhcm™?, the Li@Cu,SCF symmetrical
cell showed stable cycling for 900 h without failure; however,
Li@CF exhibited a severe asymmetrical polarization curve after
550 h, which is associated with uncontrolled Li dendrite growth
on Li@CF (Figure 5b and S21). Li@Cu,SCF symmetrical cells

Small Struct. 2024, 5, 2400254 2400254 (7 of 11)

also showed enhanced cyclability at different conditions
(1.0mAh cm™? at current densities of 1 and 2mA cm™?) than
Li@CF, confirming their superior electrochemical stability
(Figure S22). Moreover, the utilization of Li@Cu,SCF in a sym-
metrical cell resulted in lower polarization than Li@CF, and even
at high current densities of 5 mA cm ™2, the cell maintained sym-
metrical polarization, demonstrating the superior Li deposition/
stripping kinetics and electrochemical stability of Li@Cu,SCF
(Figure 5c). Additionally, under ultimately high current densities
(from 0.5 to 15 mA cm ™, Figure $23), Li@Cu,SCF could main-
tain lower polarization than Li@CF.

The enhanced electrochemical performance of Cu,SCF com-
pared to bare CF in the Li/Cu cell indicates that our proposed
method has considerable effects on the stabilization of Li strip-
ping/deposition behavior, which can be attributed to the pres-
ence of the Cu,S layer on Cu,SCF. It is notable that the Cu,S
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layer is beneficial for LMA cycling from two aspects: 1) it endows
CC with lithiophilicity; and 2) provides a Li,S-rich SEI layer with
high ionic conductivity and good mechanical strength. Hence,
we further investigated the properties of Cu,SCF with respect
to these factors. First, the nucleation overpotential was measured
during the 1st deposition of Li at a current density of 1 mA cm 2
(Figure 5d) in Li/Cu half cells. The nucleation overpotential is
regarded as an energy barrier for the nucleation of metal on a
specific substrate, and a low nucleation overpotential is
known to indicate enhanced lithiophilicity of the substrate.”!
As shown in the voltage profile, the nucleation overpotential
of Cu,SCF is 125mV, which is lower than that of CF at
246 mV, showing the lithiophilic property of Cu,SCF. This is
due to the lithiophilic property of Cu,S on the Cu,SCF substrate,
which has good Li* affinity that is beneficial for the uniform dis-
persion of Li* and subsequent uniform Li nucleation. Next, we
collected EIS data for the Li/Cu cells after the 10th stripping of Li
to compare the film resistance of the SEI layer after activation
cycles. Equivalent circuit of Li/Cu cells and fitting results of
Nyquist plot is shown in Figure S24 (Ry: solution resistance,
Reont: resistance between CC and coin cell bottom, Rggr:
resistance of Li* ion migration in the SEI layer).**®! As shown
in Figure 5e, Li/Cu,SCF shows a smaller semicircle in the
Nyquist plot in the high-frequency region, confirming that
the lower SEI resistance in Cu,SCF leads to better Li
deposition/stripping behavior with reduced overpotential.
This likely occurred because less dead Li is formed and a
Li,S-rich SEI layer is present on the Cu,SCF. As shown in the
postmortem SEM images, Cu,SCF shows greatly reduced
amounts of dead Li compared to bare CF after the 10th
stripping in Li/Cu cells due to smoothened Li growth and low
dendritic growth (Figure S25 and S26). Even after 50 cycles,
Li/Cu,SCF also shows a smaller semicircle compared to
Li/CF, further confirming its long-term cycling stability
(Figure S27). Additionally, the Li* diffusion coefficient (Dy;™)
of the SEI on CF and Cu,SCF was calculated by utilizing the fol-
lowing equation.*
R?T?

Du” = S m e @
w

In Equation (2), R is the gas constant, T is the absolute tem-
perature, A is the electrode area, n is the number of electrons
involved in the reaction, F is Faraday’s constant, C is the Li* con-
centration in the electrolyte, and o, is the Warburg coefficient,
which can be calculated by fitting a linear curve as shown in the
graph and obtaining the slope value (Figure 5f). Note that other
than oy, the components are nearly the same for the two electro-
des; hence, the relative D;* can be calculated by using the fol-
lowing equation.

D 2
32 - (ﬁ) 3)
1 02
By using Equation (3), it was calculated that the Dyt of
Cu,SCF was ~2.5 times higher than that of bare CF. The better
diffusion coefficient of Li* and lower resistance of the SEI on

Cu,SCF are due to the presence of abundant Li,S/Li,S,/
Li,SO;5 species in the SEI layer. We further conducted EIS
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measurements in a Li@CF symmetrical cell after configuration
to investigate the interfacial resistance of the constructed LMAs
(Figure S28). Equivalent circuit of Li@Cu symmetric cells and
fitting results of Nyquist plot is shown in Figure S29 (Ry: solution
resistance, Re.ne: resistance between CC and coin cell bottom,
Rion: migration of Li* in the pore of Li metal, Rggy: resistance
of Li* ion migration in the SEI layer, R.: charge-transfer resis-
tance of Li* between Li—-SEI and Ry: SEI—electrolyte).[6°’6”
As shown in the Nyquist plot, smaller resistances for each elec-
trochemical reaction were observed at Li@Cu,SCF compared to
Li@CF in symmetrical cells, indicating lower SEI film resistance
and more facilitated Li deposition/stripping kinetics in the
Li@Cu,SCF anode. In the Tafel curves of Li symmetrical cells
(Figure S30), Li@Cu,SCF shows 2.3 times higher exchange
current density (ig) of 0.140 mA than Li@CF (0.061 mA). This
result shows high charge-transfer rate of Li@Cu,SCF than
Li@CF. This could be ascribed to the synergetic effect of the
Lit-conducive Li,S-rich SEI layer and lithiophilic CC, which
effectively facilitate Li* transport while homogenizing Li* flux
via lithiophilic sites.

To further verify the feasibility of our proposed LMA fabrica-
tion method for practical applications of LMBs, full-cell tests of
LFP/Li@Cu cells were performed (Figure 6). As shown in
Figure 6a, LFP/Li@Cu,SCF could maintain a high capacity
retention of 95.6% even after 220 cycles (142.8 mAhg™ ') and
exhibited a high average CE of 99.74% when cycled at 0.5C
(1C=170mA g ') with a low n/p ratio of 1.6. This result is com-
parable to other reported works, showing feasibility of our work
in full cell systems with a low n/p ratio (Figure S31). In contrast,
LFP/Li@CF showed rapid capacity losses after only 68 cycles
(below 80%, 119.2mAhg ') and exhibited a low average CE
of 99.24%. Moreover, LFP/Li@Cu,SCF showed higher specific
capacities of 158.2, 156.0, 148.9, 138.0, 111.8, and 83.0 mAh g™*
than LFP/Li@CF (152.8, 150.9, 143.3, 128.3, 89.6, and
53.7mAhg™") at current densities of 0.1, 0.2, 0.5, 1.0, 2.0,
and 3.0 C, respectively (Figure 6b). After the rate capability test,
LFP/Li@CF could not recover its specific capacity at 0.5 C, which
could be ascribed to the severe deterioration of Li@CF at high
current densities. Specifically, when cycled at a high rate of
2.0 C (Figure 6¢), LFP/Li@Cu,SCF showed longer cycle life of
425 cycles (capacity retention: 85%, 100.3 mAh g™?), which is
about three times longer than LFP/Li@CF (147 cycles). As seen
from the charge/discharge curves shown in Figure S32-S34,
Supporting Information, LFP/Li@Cu,SCF cells showed lower
polarization than the LFP/Li@CF cells at various cycling rates.
To demonstrate the compatibility of our method in various sys-
tems, NCM622/Li@Cu full cells were also tested (Figure 6d).
NCM622/Li@Cu,SCF shows higher specific capacities of
149.3, 141.6, 125.5, 107.5, 81.3, and 56.7rnAhg_1 compared
to LFP/Li@CF (148.6, 136.8, 116.1, 92.7, 61.6, and
38.1mAhg™) at current densities of 0.1, 0.2, 0.5, 1.0, 2.0,
and 3.0C, respectively. In addition, NCM622/Li@Cu,SCF
exhibits a much higher cycling retention of 93.1%
(117.1mAhg™") compared to 62.1% (69.8mAhg™') for
NCM622/Li@CF after 140 cycles and shows smaller polarization
than NCM622/Li@CF (Figure S35, Supporting Information).
This improved electrochemical performance in NCM622/Li
demonstrates the compatibility of our method in ether and ester
electrolyte systems. Additionally, NCM811/Li was tested, and
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Figure 6. a) Cycling performance test at 0.5 C and b) rate capability test of LFP/Li@CF and LFP/Li@Cu,SCF full cells. c) Cycling performance test at 2.0 C

in LFP full cells. d) Rate capability test of the NCM622/Li@CF and NCM622/Li@Cu,SCF full cells and further cyclic test.

NCM811/Li@Cu,SCF exhibited enhanced cycling performance
and better rate capability than NCM811/Li@CF with lower cell
polarization (Figure S36-S39, Supporting Information). This
improvement in LMB is ascribed to a better Li deposition/strip-
ping efficiency due to the lithiophilicity of Cu,S and the Li,S-rich
SEI layer of Li@Cu,SCF, which improved the electrochemical
performance of LMA.

3. Conclusions

In summary, we constructed a stable LMA using an electrochem-
ical one-pot fabrication method. By in situ formation of a lithio-
philic Cu,S layer through taking a constant potential (V-hold) to
oxidize the TU additive followed by Li electrodeposition, LMA
with a lithiophilic CC could be obtained by utilizing an electro-
chemical method and no complex manufacturing processes. TU
underwent an oxidation reaction to form an insoluble layer at

Small Struct. 2024, 5, 2400254 2400254 (9 of 11)

2.6V, which was primarily composed of Cu,S and S.
Afterward, the as-formed Cu,S layer underwent a conversion
reaction during SEI formation, resulting in nanometrically
formed Li,S-rich SEI layer, which had lower film resistance than
that of bare CF. As a result, Li@Cu,SCF showed a planar mor-
phology and no severe dendrite formation and showed improved
cycling stability and a higher CE in the Li/Cu half cells and
Li@Cu symmetrical cells. Notably, LFP/Li@Cu,SCF showed
~16.5 times lower capacity losses per cycle (0.02%) compared
to LFP/Li@CF (0.33%), even at a relatively low n/p ratio of
1.6, and moreover, exhibited an ~3.2 times longer lifespan
(based on 80% retention) when cycled at 0.5 C. Additionally,
when cycled at 2.0 C, LFP/Li@Cu,SCF showed capacity reten-
tion of 85.0% even after 425 cycles (n/p = 4), showing about three
times longer cycle life compared to LFP/Li@CF. Moreover, in
LMB cells with both types of NCM of Li@Cu,SCF/NCM622
and Li@Cu,SCF/NCM811, greatly enhanced cycling performan-
ces were observed.
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