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Computational and Experimental Insights on the Role of
ZnO Nanoplatelets Coated Separator in Stabilizing Lithium

Metal Anodes

Ankush Kumar Singh, Rashmi Yadav, Madhurja Buragohain, Sooraj Kunnikuruvan,

and Rosy*

Severe interfacial instability, dendritic growth, poor reversibility, and
compromised cycle life of lithium metal anode have limited its application as
a potential anode. Herein, a lithiophilic ZnO-coated separator (ZnO-PP) is
used to mitigate the interfacial instability by creating an artificial solid
electrolyte interface (ASEI) in situ through the spontaneous reaction of ZnO
with the lithium surface. The composite separator exhibited excellent
wettability, high ionic conductivity, improved Lit transference number, and
exchange current density. Ascribed to the formation of Zn-rich ASEI, a
substantially lower nucleation overpotential is observed in the presence of
ZnO-PP with a 55% increase in the cycle life compared to the unmodified
separator. The improved electrochemical performance and prolonged cycle life
are a result of smooth and uniform metal plating due to Zn-based SEI, which
is confirmed by the post-cycling measurements. The density functional

theory and AIMD calculations further showed that the ’by-side’ lithium plating

substantial capacity, stable voltage profile,
and excellent coulombic efficiency.'*) In-
creasing need for electric cars, energy stor-
age, and portable electronics strongly drives
the development of better rechargeable
batteries with high energy density. Nev-
ertheless, the electrochemical capabilities
of conventional LIBs are getting closer
to their theoretical limits.¥] Developing
next-generation high-energy-density batter-
ies is of utmost urgency to meet the grow-
ing energy demand. Considerable efforts
have been dedicated to further increasing
the maximum energy density of commer-
cial lithium—ion Dbatteries. The high spe-
cific capacity (3860 mAh g=!) and low re-
dox potential (—3.040 V vs standard hy-

is preferred in the case of ZnO-PP, resulting in smooth plating, and
suppressed electrolyte degradation. Furthermore, a Li|Cu and full cell with
lithium cobalt oxide showed substantially improved reversibility, rate

performance, and capacity retention with ZnO-PP.

1. Introduction

Lithium—ion batteries (LIBs) have been extensively utilized in
contemporary civilization since 1991, mostly because of their

A. K. Singh, R. Yadav, Rosy
Department of Chemistry

IIT(BHU)

Varanasi 221005, India

E-mail: rosy.chy@iitbhu.ac.in

M. Buragohain, S. Kunnikuruvan
Department of Chemistry

Indian Institute of Technology Madras
Chennai 600036, India

S. Kunnikuruvan

Centre for Atomistic Modelling and Materials Design & Centre for Molecu-
lar Materials and

Functions

Indian Institute of Technology Madras
Chennai 600036, India

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202505175

DOI: 10.1002/smll.202505175

Small 2025, 21, 2505175

2505175 (1 of 16)

drogen electrode) of lithium metal have
made it a highly sought-after anode mate-
rial for next-generation batteries, especially
the solid-state batteries with superior en-
ergy density, exceeding 400 Wh kg='.5¢]
However, the actual use of Li metal has
been impeded by its inherent exceptional
chemical reactivity and interfacial instability. This leads to
dendritic and mossy deposition, resulting in significant vol-
ume expansion, poor reversibility, short circuits, and thermal
runaway.’! During battery cycling, lithium metal reacts with
all known electrolyte solutions, forming an unstable solid elec-
trolyte interphase (SEI) that continuously accumulates by irre-
versibly consuming the electrolyte solution. At the same time,
lithium’s “hostless” property causes a significant change in vol-
ume during Li plating or stripping, causing fractures in SEI and
exposing more active lithium to the electrolyte. The repetitive oc-
currence of SEI fracture and repair process is one of the ma-
jor causes of dendritic proliferation and accumulation of dead
lithium. The dendritic growth and interfacial instability nega-
tively impact the electrochemical performance of metal anode by
increasing the charge-transfer resistance and impeding the dif-
fusion of lithium—ions, ultimately resulting in poor coulombic
efficiency and short cycle life.l'”) Designing and fabricating a sta-
ble electrode/electrolyte interphase to minimize interfacial elec-
trolyte degradation and to control the uniformity of the Li surface
during plating/stripping is crucial for high-performance lithium
metal batteries.!”11:12]
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To date, anode stabilization and dendritic suppression have
been addressed by a number of creative approaches, including
the in situ formation of solid electrolyte interphase (SEI) using
electrolyte additives, the fabrication of 3D hosts,["}] and the an-
ode surface treatment for creating an artificial SEI prior to ex-
posing it to the electrolyte.'*] Engineering artificial SEI film is a
highly effective method to attain optimal Li* flux and enhanced
kinetics.l”1215-18] Nevertheless, considering the unparalleled re-
activity of lithium, it is critical to carry out such a process under a
vacuum or inert atmosphere, making it expensive and practically
less viable. In contrast, the process of modifying porous separa-
tors using lithiophilic materials is seen as more straightforward
and promising due to the simplicity of the pre-treatment step and
their ability to interact with both the electrolyte and the metal
surface.l%22] Apparently, the process of Li deposition is strongly
influenced by the presence of space charge areas caused by Li*
depletion, the uneven diffusion of Li*, and the energy barrier for
nucleation at the electrode/electrolyte interphase. Commercial
separators like polypropylene (PP) and polyethylene (PE) are in-
effective in inhibiting dendrite formation and exhibit inadequate
Li* diffusion, resulting in a significant concentration gradient
that can expedite the uncontrolled development of Li dendrites
and reduce battery lifespan. Furthermore, conventional separa-
tors undergo shrinkage, softening, and even melting when sub-
jected to severe conditions like fast charging, overcharging and
overheating. These situations can lead to internal short circuits,
fires, and deadly explosions.[*?%! In order to address the afore-
mentioned issues, the separators have been coated with either an
organic/polymer coating (ethylene methacrylate, polyvinylidene
fluoride, polyacrylonitrile) or a ceramic coating (Al,O,, SiO,,
TiO,, MgO).[23-2]

Here, we propose modifying the separator by applying a lithio-
philic ZnO coating to achieve uniform Li* plating-stripping be-
havior by mitigating the dendritic growth.[?>3] This modification
aims to counteract dendritic deposition by improving the inter-
facial stability through in situ formation of Zn-rich SEI and by
homogenizing the Li* flux.’!] The inherent lithiophilic proper-
ties of ZnO facilitate the formation of Li,Zn,, which serves as
a buffer layer between the separator and anode and helps uni-
formly distribute Li* flux to the anode surface.['*3?] Furthermore,
the spontaneous reduction of ZnO on the metal surface results in
in situ modulation of SEI composition and formation of a more
robust, inorganic-rich SEI made up of Zn, Li,Zn,, ZnF,, LiOH,
and Li, 0. The modulated SEI is characterized by the lithiophilic
Li,O, LiOH, and ZnF, phases, which allow selective adsorption
and facilitated nucleation of Li, while the electron-conductive Zn
and Li, Zn, phase enables fast electron transport.[?3%33-3¢] All
this synergistically homogenizes the Li* flux, lowers the nucle-
ation overpotential, stabilizes the polarization on higher current
density, and increases the cycle life and coulombic efficiency of
the electrochemical process. Recently, a few research articles have
employed yolk-shell structured ZnO/C spheres, rod-like ZnO,
and AgNWs@ZnO modified separators for mitigating the inter-
facial instability of lithium metal.l’”:3#33] These articles rely on
the use of material composites and a large percentage of PVDF
binders (up to 40%). In contrast, the proposed method uses ZnO-
nanoplatelets synthesized via a single-step hydrothermal process
to modify a commercial separator employing the least PVDF per-
centage (5%). Furthermore, unlike the reported publications, a
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similar scale of improvements has been shown in more aggres-
sive and practical carbonate-based solvents throughout the in-
vestigation. Here in this work, through detailed spectroscopy,
microscopy, electrochemical, and computational tools, the ZnO-
coated separator is shown to be efficient for regulating the Li*
mass transfer, ionic conductivity, and charge-transfer dynamics
due to its high lithiophilicity and its ability to form a Zn-rich ASEI
on the surface of lithium metal.

2. Results and Discussion

2.1. ZnO Engineered Separator

The PP 2500 separator has been modified with ZnO
nanoplatelets using the doctor blade approach. The high-
resolution scanning electron microscopy (HR-SEM) image of
the uncoated separator (Figure 1a) exhibits a porous structure
similar to that portrayed by Celgard. In contrast, the ZnO-coated
separator (ZnO-PP) was found to be well-decorated with ZnO
nanoplatelets as visible in Figure 1b. The Energy Dispersive
X-ray Analysis (EDAX) and elemental mapping unequivocally
illustrated the uniform Zn and O distribution on the measured
area, as shown in Figure S2 (Supporting Information). Using a
micrometer, an average coating thickness of ~15 pm was found
for ZnO-PP. The X-ray diffraction (XRD) pattern of ZnO-PP
(Figure 1c) exhibits peaks corresponding to both ZnO and the
PP separator, further confirming the ZnO surface layer over the
PP separator.

The PP separator has significant mechanical strength and
electrochemical stability; nevertheless, it demonstrates moderate
thermal stability. As the cell temperature approaches the melting
point of the separator material, the porous structure collapses,
leading to the shrinkage of the separator, which results in a short
circuit between the positive and negative electrodes. To ascertain
the thermal stability of the coated separator, the Thermogravi-
metric Analysis (TGA) curve was recorded and is presented in
Figure 1d. The TGA curve distinctly indicates that the bare sep-
arator begins to lose weight at ~270 °C, with a progressive mass
loss exceeding 95% at 450 °C. However, the ZnO-coated separa-
tor exhibits exceptional thermal stability, as it commences mass
loss at 400 °C and continues to lose only up to 65% of its mass.
Subsequently, no mass loss was observed. The initial slight de-
crease in ZnO-PP separator can be ascribed to the evaporation of
the trapped NMP.

Additionally, the thermal shrinkage study was conducted at
three distinct temperatures: 50, 100, and 120 °C. The separa-
tors of identical dimensions were exposed to the corresponding
temperatures for a fixed duration of 1 h. Figure 1le illustrates
that the unmodified separator shrank at 100 °C and crumpled
at 120 °C, but the ZnO-PP exhibited significant thermal shrink-
age stability. At 100 °C, it remains entirely stable, and at 120 °C,
very little shrinkage was observed. The inadequate wettability
of the polypropylene separator is another issue that affects the
electrochemical performance of the cell. Enhancing the wetta-
bility and electrolyte absorption can promote interfacial charge-
transfer, hence improving specific capacity and rate capability.
Therefore, a dynamic contact angle of the electrolyte drop was
monitored to assess the wettability of both modified and unmod-
ified polypropylene separators. Figure 1f illustrates that the bare
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Figure 1. HR-SEM images of a) Bare PP b) ZnO-PP, Comparative c) XRD patterns, d) TGA plots, e) Thermal shrinkage, f) contact angle measurements

of Bare and ZnO-PP separator.

polypropylene (PP) exhibits an initial contact angle of 69°, which
decreases to 62° after 45 s, indicating a notably low electrolyte
wettability of the bare PP separator. Nevertheless, the ZnO-coated
PP separator exhibits exceptional wettability with an initial con-
tact angle of 13°, which decreases to 6° after 45 s, exhibiting
lyophilic characteristics. The contact angle analysis demonstrates
that the ZnO modification significantly enhances the wettabil-
ity of the electrolyte. The electrolyte uptake for both bare and
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modified electrodes was further determined using Equation (1).
Table 1 clearly demonstrates that the ZnO-modified separator ex-
hibits an electrolyte uptake of 467.3%, whereas the bare PP sep-
arator displays an uptake of 434.5%. The enhanced wettability
and electrolyte uptake exhibited by the modified separator are
anticipated to increase the ionic conductivity. The electrochem-
ical impedance spectroscopy (EIS) was thus recorded in the fre-
quency range of 1 Hz to 100 kHz using two separators soaked
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Table 1. The observed electrolyte uptake percentage and ionic conductivity
values of the bare and ZnO-PP separators

Bare PP 434.5 1.60 mS cm~! 36.0 um
ZnO-PP 467.3 3.65 mS cm™! 52.0 um

in the electrolyte for 1 h, sandwiched between two stainless steel
current collectors. The Nyquist plot for both the bare and modi-
fied electrodes is depicted in Figure S3 (Supporting Information).
Using the bulk resistance, the ionic conductivity was calculated
to be 1.6 and 3.65 mS cm™! for the Bare PP and ZnO-PP, re-
spectively. The enhanced wettability and electrolyte uptake dis-
tinctly contribute to the increase in ionic conductivity of the ZnO-
modified separator, which is nearly three times that of the bare PP
separator. All the aforementioned studies suggested the superior
characteristics of the ZnO-PP, therefore its ability to enable uni-
form lithium plating stripping behavior was next investigated.

2.2. Electrochemical Testing

The effect of ZnO-PP on the lithium metal stripping/plating be-
havior was tested by assembling symmetrical cells with modified
and unmodified PP separators. For the symmetrical cell with bare
PP, a sharp dip in potential was observed for the nucleation at
0.2 mA cm™2, showcasing an overpotential of 136 mV. Whereas
in the presence of ZnO, a substantially lower nucleation overpo-
tential of 9 mV was observed (Figure S4, Supporting Informa-
tion). Even at a higher current density of 1 mA cm™2, the cell
with ZnO-PP exhibited a nucleation overpotential of 220 mV in
contrast to 550 mV for bare lithium (Figure 2a). Furthermore,
in the presence of ZnO-PP, the difference between the nucle-
ation and growth overpotential was reduced to 106 mV com-
pared to 421 mV. The lower nucleation and growth overpoten-
tial suggested a facilitated nucleation in the presence of ZnO,
which can be ascribed to its lithiophilic character and better ionic
conductivity.

To have more comprehensive testing of ZnO-PP, the voltage
hysteresis of lithium plating and stripping was monitored in re-
sponse to increasing current densities. At all current densities
ranging from 0.2 to 5 mA cm~2, ZnO-PP exhibited lower voltage
hysteresis than unmodified PP, as shown in Figure 2b-h. The
lower voltage hysteresis in the case of ZnO-PP and the reversible
plating stripping at 5 mA cm™? suggests the ability of ZnO to
delay the dendritic proliferation, allowing prolonged stripping
and platting behavior. After the rate performance, the cycling sta-
bility of the symmetrical cells was evaluated at 1 mA cm~2 and
1 mAh cm™2 capacity. Figure 2i demonstrated that the voltage
hysteresis of the symmetrical cell having bare PP starts growing
just after 100 cycles, and the cell shorted at 310 h. Meanwhile,
cells with ZnO-PP can operate stably for up to 400 h, after which
the voltage hysteresis starts evolving, ultimately leading to cell
shorting at 486 h. This increase in the 176 cycles, which is ~55%
of the total cycle life of lithium in bare PP, confirmed the role
of ZnO in stabilizing the lithium metal anode and its stripping
plating behavior.
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To further analyze the comprehensive performance of the Li|Li
symmetrical cell, a series of experiments were performed, such
as EIS at different temperatures, cyclic voltammetry, linear po-
larization experiment (Tafel), chronoamperometry, and galvano-
static intermittent titration technique (GITT). Generally, the pro-
cess of Li* plating can be categorized into four main categories:
the movement of solvated Li* ions within the bulk electrolyte, the
desolvation of Li* at the boundary between the electrolyte and the
solid electrolyte interphase (SEI), the passage of Li* through the
SEI layer, and the deposition of Li* onto the electrode surface fa-
cilitated by electron uptake. Among these steps, Li* desolvation at
the interface and Li* diffusion through the SEI layer are the two
rate-limiting processes, as they require driving force to overcome
significant energy barriers. To determine the activation energy of
lithium deposition on ZnO-PP and Bare PP, the Li|Li cell was
assembled, and the Nyquist plots were recorded at temperatures
ranging from 25 to 65 °C (Figure S5a,b, Supporting Information).
Arrhenius equation was then used to calculate the activation en-
ergy by using the Li* diffusion resistance (R,) through the SEI
layer observed at high-to-medium frequencies, obtained from the
fitting of the Nyquist plot over the varied temperature range.l?!
Figure 3a shows the E, of bare PP came out to be 57.46 k] mol~!,
while for ZnO-PP, the E, was 37.12 k] mol™', which was much
lower than the bare PP. The low activation energy in the presence
of ZnO-PP indicates the facilitated lithium metal plating, which
can be ascribed to the formation of stable SEI, less accumulation
of dead lithium, and rapid Li* diffusion kinetics in comparison
to the bare PP.[*"]

The catalytic activity of the cells was determined using cyclic
voltammetry (CV) (Figure 3Db). The CV recorded using the coin
cell having ZnO-PP shows a higher current response and lower
onset overpotential of -10 mV compared to —154 mV for bare
PP, indicating improved charge-transfer. Also, the influence of
ZnO-PP modified separator on the antioxidant stability in the
electrolyte was examined by measuring the current response
and onset potential of Li|ZnO-PP|Al and Li|Bare-PP|Al coin cells
through linear sweep voltammetry (LSV) across a potential range
of 3.6-4.6 V at a scan rate of 0.5 mV s7! (Figure S6, Support-
ing Information). The oxidative current response was found to
be much lower with an onset potential that was 0.12 V higher
than bare PP, suggesting an extended electrochemical stability
window for electrolyte decomposition in the case of ZnO-PP. To
study the exchange current density, the Tafel plot was recorded
and is presented in Figure 3¢.*®! The Tafel plot further shows the
fitted exchange current density for ZnO-PP to be 0.48 mA cm~2,
which was 1.55 times the bare PP (0.31 mA cm™2), indicating an
enhanced ion transport across the ZnO-PP interfacial layer.[*!]

Next, the lithium—ion transference number (t;;*) for ZnO-PP
and bare PP was investigated. The t;;* is a crucial criterion for
assessing how effectively lithium—ions move through electrolyte
membranes. An electrode with a high transference number of
lithium—ions is less susceptible to side reactions. The transfer-
ence number for ZnO-PP, as determined by fitting Figure 3d and
Figure S7 (Supporting Information), was 0.69, nearly two times
higher than 0.35 for bare PP, indicating faster Li* mass-transfer
and a uniform Li* flux through ZnO-PP.333%4~#4 The higher
transference number and ionic conductivity of Li* through ZnO-
PP was further validated using Raman spectroscopy. Figure 3e
illustrates the Raman spectra of bare and ZnO-PP soaked in a
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current densities. Comparative i) cycling performance and j) corresponding increase in polarization as a function of cycle number.

1 M LiPF; in 1:1:1 EC:EMC:DMC. The spectra from the two
spectral regions, specifically 690-760 and 875-950 cm™!, were
subjected to deconvolution into their individual peaks utiliz-
ing a Gaussian function. Within the 700-760 cm™' range, the
initial peak observed at 712.9 cm™ is attributed to the ring-

bending modes of free EC. The subsequent peaks at 721.9 and
736.32 cm™! are related to the C=0 bending mode of EC interact-
ing with the lithium cation (EC-Li*) and the vibrational mode of
the PF~ anion, respectively.*>#¢] With ZnO-PP, the EC-Li* peak
was shifted to 723.2 cm™, indicating better coordination of Li*-
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Figure 3. a) Activation energy test (25-65 °C), b) Cyclic voltammetry using Li|Li symmetric cell, c) Tafel plots, d) Li-ion transference number for bare
and ZnO-PP. e) Raman Spectra of bare, and ZnO-PP soaked in a 1 M LiPFg in 1:1:1 ECCEMC: DMC. f) GITT voltage-time profiles of Bare PP and ZnO-PP,
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EC in the presence of ZnO-PP. The ratios of the dissociated PF~
peak area to the total EC (free EC + Li*-EC) were determined
to be 0.45 for ZnO-PP and 0.41 for Bare-PP. Additionally, the
peak area ratio of free PF,~ and free EC rose by 40% and 49.6%
compared to Bare PP.[**8] These values indicate the higher dis-
sociation of PF,~ out of counter ion, which may contribute to-
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ward facilitating the Li* and PF,~ ion transport.*”] The peak
ranging within 875-950 cm™! corresponds to the symmetric ring
breathing of free EC (889.8 cm™!), the interaction of C—O with
the Li* in EC (895.46 cm™'), and a minor C—O interaction with
the Li* in DMC (933 cm™!).[6] Thereafter, the peak area ratios
(Li*-EC/free EC) were determined to be 0.79 for bare and 0.5 for
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ZnO-PP, respectively.*] The reduced ratio of Li*-EC to free EC
in ZnO-PP, suggests a low coordination number (n) for the sol-
vated Li* (i.e., Li*-(EC),). Alower “n” increases the mobility of Li*
cations because of less Li*-solvent anion aggregation, potentially
enhancing the transference number of lithium (t;;*). The lower
“n” for the solvated Li* in the case of ZnO-PP was also indicated
by the AIMD calculations discussed in the later sections of this
paper.

To examine the reaction kinetics of Li|Li symmetric cells, the
galvanostatic intermittent titration method (GITT) was used.
GITT cycles were added after a series of 15 galvanostatic cycles.
The GITT cycle consisted of 20 sets of discharge cycles followed
by 20 sets of charge cycles of a short current pulse period of 15 s
and a long rest period of 180 s, as depicted in Figure S8a,b (Sup-
porting Information). Figure 3f shows that the uninterrupted gal-
vanostatic cycles have higher polarization compared to GITT cy-
cles, indicating mass-transfer limitations arising due to the ac-
cumulation of dead lithium during long operation hours, which
impedes the Li* transport across the electrode.[**=!] Neverthe-
less, the GITT of ZnO-PP has much lower polarization than bare
PP, indicating the smooth plating of lithium in the presence of
ZnO. As the GITT cycle advances from the first to the third cycle
(Figure 3g—i), the polarization of both the cells decreases, but the
ZnO-PP still exhibited lower overpotential as compared to bare
PP, indicating the faster mass transfer kinetics of Li* through
ZnO-PP. The findings of GITT are in agreement with the above-
mentioned studies, showing lower activation energy, improved
ionic conductivity, and higher exchange current density of Li* in
the presence of ZnO-PP.

2.3. Post-Cycling Analysis
To understand the reason behind the improved electrochemical

performance, increased cycle life, and lower voltage hysteresis
for lithium plating stripping in the presence of ZnO, the cycled
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cells were disassembled to investigate the composition of SET and
morphology of lithium anode.

The composition of the SEI was studied by performing X-ray
photoelectron spectroscopy (XPS) analysis on the lithium metal
anode after 50 plating-stripping cycles in the presence and ab-
sence of ZnO-PP. In addition to Li, F, C, P, and O, the lithium
cycled with ZnO-PP (Li-ZnO-PP) exhibited an additional peak
corresponding to Zn (Figure 4; Figure S9, Supporting Informa-
tion). The deconvoluted Zn 3d (Figure 4a) spectra showcased four
peaks at 11.8, 9.9, 9.3, and 7.8 eV, suggesting the presence of
ZnF,, ZnO, Zn, and Li,Zn, respectively, on the lithium surface.
The appearance of Li,Zn, at binding energy lower than that of Zn
metal is ascribed to the electropositive character of Li compared
to Zn. The O 1s spectra of both the cells displayed three peaks at
532.8, 531.5, and 530.8 eV for Li,PO,F,, Li,CO;, and LiOH, re-
sulting from the decomposition of LiPF and carbonate solvent.
The additional peak at 529.9 eV in Li-ZnO-PP further confirmed
the presence of ZnO. The formation of ZnF, at Li-ZnO-PP was
manifested by the additional peak at 684.7 eV in the F 1s of Li-
ZnO-PP, as shown in Figure 4c.>?! The other two peaks centered
at 686.4 and 684.1 eV were found in both cases and are ascribed
to the presence of Li,PF, and LiF, respectively. The Li 1s spec-
tra of both the cells exhibited four peaks at 55.4, 54.7, 54.2, and
53.6 eV, corresponding to LiF, Li,CO;, LiOH, and Li,O.

The quantitative analysis further revealed a significantly lower
C atomic percentage of ~28% for the ZnO-PP compared to 44%
in the absence of ZnO, indicating the formation of SEI with less
organic species in the presence of ZnO. The anion-to-solvent ra-
tios for F/C and P/C have been calculated and represented in
Figure 4e. Table S1 (Supporting Information) represents the areal
concentration of various species associated with the decompo-
sition products of carbonate solvents. The lithium cycled with
ZnO-PP showcased higher F/C and P/C ratios, indicating miti-
gated degradation of carbonate solvents in the presence of ZnO-
PP. It can be ascribed to the formation of a more robust, Zn-
rich SEI composed of ZnF,, ZnO, Zn, and LiF that passivates the
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Figure 5. Post-cycling HR-SEM image of a,b) Li-Bare PP c,d) Li-ZnO-PP.

lithium /electrolyte interphase and suppresses the degradation of
carbonate solvents.

The HR-SEM images of the cycled Li were next investigated
to visually see the morphology of the lithium anode after 50
stripping-plating cycles. The HR-SEM images of the bare lithium
indicated non-uniform lithium plating with preferential growth
and 3 D porous network (Figure 5). In contrast, the lithium cy-
cled in the presence of ZnO-PP demonstrated homogenous and
smooth plating throughout the electrode. The EDX and elemen-
tal mapping further demonstrated the presence of zinc on the
lithium surface, suggesting the Zn-enriched SEI (Figure S10,
Supporting Information). A lower F, P, and C content was fur-
ther observed, confirming the suppressed electrolytic degrada-
tion, supporting the inferences made from the XPS.

2.4. Computational Insights

Density functional theory (DFT) based computations were per-
formed to gain more insights into the experimental findings. The
experimental studies suggested an enhanced lithiophilicity and
smooth Li plating in the presence of ZnO in comparison to Li
metal. The post-cycling XPS analysis also indicated a reduction
of ZnO on the lithium surface, leading to the formation of Zn-
rich SEI. Along the same line, the reduction of ZnO on the Li
surface was also confirmed by the Bader charge analysis (Tables
S5,S6 and S7, Supporting Information). This analysis indicates
a more negatively charged ZnO units in Li/ZnO as compared
to ZnO, which is neutral, irrespective of the Li surfaces studied
here. This can be ascribed to the charge-transfer from the Li metal
surface to ZnO and is supported by the charge density difference
analysis (Figure S12, Supporting Information).

To understand the enhanced lithophilicity of Li/ZnO com-
pared to Li metal, the Li-adsorption energies (E,) of Li
metal and Li/ZnO surfaces were compared (Figure 6a,b; Tables
S2,S3 and Figure S13-S15, Supporting Information). The more
negative E,  values of Li(100)/ZnO (- 2.67 eV) and Li(110)/ZnO
(= 2.91eV) compared to Li metal (— 1.51 eV for (100) and
—1.64 eV for (110)) for the first Li adsorption indicate a higher
lithiophilicity of the former. To gain insights into the experimen-
tally observed uniform Li plating in the presence of ZnO, the Li
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nucleation on both Li metal surface and Li/ZnO was compared.
Previous studies suggest that deposition of one Li on top of the
already deposited Li (on-top) is responsible for the dendrite for-
mation, whereas the deposition of one Li on the side of already
deposited Li (side-by) will suppress the dendrite growth!>*55] and
result in uniform plating. To scrutinize the tendency of Li and
Li/ZnO surface for the dendritic growth and uniform deposition,
herein, two possible Li adsorption modes, “on-top” and “side-by”
were compared. The higher tendency of the system for “on top”
adsorption indicates the tendency for dendritic growth, whereas
the “side-by” or the lateral adsorption indicates the tendency for
a uniform Li deposition on the surface. It was found that for Li
(110) surfaces, the “on-top” adsorption is preferred over the “side-
by” adsorption by ~0.16 eV, whereas for Li (100), the (E,4 =
— 1.54 eV) and “side-by” (E,4s = — 1.59 eV) adsorption energies
are comparable (Figure 6¢c—f; Table S8, Supporting Information).
Whereas, in the case of Li(100)/ZnO, the “side-by” adsorption
(Eus = — 2.60 eV) was found to be preferred by ~0.61 eV over
“on-top” adsorption (E 4, = — 1.99 eV). Interestingly, in the pres-
ence of ZnO, the Li adsorption studies on Li (110) surface sug-
gested substantially higher preference (by ~1.39 eV) for the “side-
by” adsorption over the “on-top” adsorption (Table S8, Supporting
Information). The higher preference for the “side-by” adsorption
in the presence of ZnO suggests that Li/ZnO surface prefers a
uniform Li deposition as compared to the bare Li surface, where
either “on-top” adsorption is preferred or “on-top” and “side-by”
adsorption energies are comparable. The preferential “side-by” Li
adsorption on Li/ZnO is in agreement with the experimentally
observed uniform Li plating in the presence of ZnO. The greater
preference for the uniform Li deposition in the presence of ZnO
could be responsible for the observed reduction in dendrite for-
mation in our studies.

To scrutinize the difference in reactivity of Li and Li/ZnO
surfaces toward the electrolyte, ab initio molecular dynamics
(AIMD) simulations involving EC-based electrolyte (Li(EC),PF)
on these surfaces were carried out. In this study, the starting
structures for the AIMD simulations were the optimized con-
figurations of Li(EC),PF, adsorbed on the Li(100)/Li(100)/ZnO
surfaces (Figures S16 and S17, Supporting Information). More
details on the model used are provided in the “Computational
Details, Experimental Section.”

The analysis of AIMD trajectory indicates a more pronounced
electrolyte decomposition on Li (100) surface as compared to
Li(100)/ZnO (Figure 7a,b). On the Li surface, one of the EC sol-
vent molecules was found to start dissociating in ~0.27 ps, and
the dissociation of about 75% of the solvent molecules was found
to occur in ~0.42 ps (Figure 7¢). Here, the EC decomposition was
found to begin by the cleavage of one of the ring C—O bonds
(Figure S16, Supporting Information), consistent with the mech-
anism suggested in previous studies.**%”] The decomposition
products, CO and [(CH,0),]*-, were found to be adsorbed on the
Li surface. As can be seen from Figure 7d, about 18% of the Li
surface atoms were found to be covered/bound by these decom-
position products. Further decomposition of the solvent or the
salt molecules was not observed till 3 ps, and this can be ascribed
to the passivation of the surface Li atoms by the decomposition
products and thereby reduction in the availability of the free sur-
face Li atoms. We noted in passing that the products observed
in our simulations are consistent with the previous studies that
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Figure 6. Optimized structures of a) Li (100) and d) Li(100)/ZnO after the adsorption of the first Li atom. Optimized structures of b,c) Li(100) and
e,f) Li(100)/ZnO after the “on-top” (b,e) and (c,f) “side-by” adsorption of the second Li atom. Crucial distances (in A) between the adsorbed Li atom((s)

and surface atoms are shown.

explore the composition of the solid electrolyte interface in Li
metal batteries.>%>7]

For the Li/ZnO surface, the extent of electrolyte decomposi-
tion was found to be less than that compared to the Li metal sur-
face, though the initial decomposition happens around 0.2 ps.
However, further decomposition of the electrolyte was not ob-
served here, and only 25% of the solvent molecules were found
to undergo decomposition in spite of extending the AIMD sim-
ulation till 3 ps. Unlike Li surface, here the decomposition in-
volves the simultaneous cleavage of both the ring C—O bond to
form C,H, and CO,%~, where CO,?~ was found to get adsorbed
on the surface Zn atoms and C,H, was found to leave the sur-
face (Figure S17, Supporting Information). We noted in passing
that such a single-step mechanism was also suggested in the
literature.’’] Here, the decomposition products were found to
cover only 2% of the Li/ZnO surface. The comparatively faster
decomposition of the first EC molecule in the case of Li/ZnO as
compared to that on the Li surface can be ascribed to the spe-
cific orientation of one of the solvent molecules due to the spe-
cific geometry of the Li(EC),PF; complex, where Li prefers to
have a coordination number of four. This geometric constraint
results in the interaction of both the carbonyl oxygen and the
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ring oxygen of one of the EC molecules with Zn atoms on the
Li/ZnO surface, which results in the weakening of Li*-O and
faster decomposition of EC on the surface. Since the CO;%~ ions
formed were found to bind with both Li* ion and surface Zn
ions, the remaining EC molecules could not reorient and ap-
proach the Li/ZnO surface, which in turn prevents their decom-
position on the Li/ZnO surface. In addition, only the surface
Zn atoms, which are half of the total number of surface atoms,
are responsible for the decomposition in the case of Li/ZnO,
whereas for the Li surface, all the surface atoms are active. Thus,
the higher number of reactive surface atoms in the case of the
Li surface as compared to Li/ZnO could also contribute to the
higher electrolyte decomposition on the former as compared to
the latter. It is to be mentioned here that the difference in decom-
position behavior and release of C,H, in Li/ZnO as compared
to Li (100) was further affirmed by an independent AIMD sim-
ulation where a smaller time step (0.3 fs) is employed (Figure
S18, Supporting Information). Thus, the AIMD simulations sug-
gest that the stability of electrolytes on Li/ZnO is higher as com-
pared to that on the Li surface. The suppressed degradation of
carbonate solvents on Li/ZnO is in line with the XPS studies
(Figure 4).
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Figure 7. Snapshots from the AIMD trajectories for the electrolyte decomposition on a) Li (100) and b) Li(100)/ZnO, c) percentage of solvent molecules
decomposed on the surface as a function of time, here, a solvent molecule is considered to be decomposed only when the C—O bond distance of the
solvent is greater than 1.9 A and Li/Zn (surface)-C/O distance is less than 2.4 A, and d) percentage of surface atoms on which the decomposition
products are adsorbed as a function of time. The atoms in the first two layers of Li (100) and Li(100)/ZnO are considered as surface atoms for this
analysis. Here, a surface Li atom is considered to be covered by the decomposition product if the Li/Zn(surface)-C/O (EC) distance is less than 2.4 A.

Atom color codes: yellow (F), green (surface Li), blue (adsorbed Li), red (O), white (H), black (C), purple (P), grey (Zn).

2.5. Li Vs Cu: Anode-Free Metal Batteries

Next, the efficacy of ZnO-PP modified separators was employed
in anode-free metal batteries. Anode-free metal batteries suf-
fer from limited reversibility, low coulombic efficiency, and
large polarization. Therefore, we investigated the reversibility of
5.0 mAh cm~? equivalent lithium plated on Cu current collec-
tor with and without ZnO-PP separator. The lithium plating on
Cu in the presence of bare PP demonstrated a nucleation over-
potential of 271 mV (Figure 8b). Whereas, with ZnO-PP, an al-
loying overpotential is first observed, corresponding to the for-
mation of Li,Zn, followed by smooth lithium plating. The high
lithiophilicity of Li,Zn, is known to guide Li*, resulting in uni-
form plating with the substantially lower growth overpotential
of 33 mV compared to 191 mV observed for bare PP. After
plating, ten stripping-plating cycles were carried out at a cur-
rent density of 1 mA cm™2. Both the cells exhibited stable po-
larization for ten stripping-plating cycles. After ten cycles, the
plated lithium was allowed to fully dissolve at a current density
of 0.15 mA cm~2. (Figure 8a). It was observed that ~87% of the
lithium was dissolved after ten stripping plating cycles in the
presence of ZnO-PP, which was much higher compared to the
bare PP (52%). This study demonstrated the role of ZnO-PP in
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facilitating uniform lithium plating, which contributes to supe-
rior reversibility. The poor reversibility of lithium is considered
to stem from the non-uniform lithium plating and dendritic pro-
liferation, which results in the accumulation of dead lithium on
copper current collectors. Consequently, the Cu current collector
(Cu CC) after complete lithium dissolution was characterized us-
ing HR-SEM to investigate the morphological evolution of the
Cu surface. As shown in Figure 8c, the Cu CC with bare PP
showed highly porous, heightened structures of lithium. All the
investigated area were found to be non-uniformly covered with
lithium, explaining the severe loss of lithium during dissolution.
Whereas, the Cu CC with ZnO-PP (Figure 8d) showed a smooth
surface. The EDX and elemental mapping confirm the presence
of Zn on the Cu CC cycled with ZnO-PP (Figure S20, Supporting
Information).

2.6. Lithium Vs LCO

After the comprehensive electrochemical investigations and con-
firming the beneficial role of ZnO in stabilizing Li metal plating
stripping behavior, the superiority of ZnO-PP was next tested in
full lithium metal cells using Lithium cobalt oxide (LCO) as the
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cathode. To do so, the coin cells with Lithium and LCO as anode
and cathode, respectively, were assembled using bare and ZnO-
PP. To have a robust comparative analysis, the cells were cycled
to investigate the rate performance, followed by cycling stability
at C/3 and at a fast rate of 1C, as shown in Figure 8e,f. The rate
performance of LCO|Bare PP|Li and a LCO|ZnO-PP|Li at vari-
ous C-rates ranging from C/15 to 3C is presented in Figure 8e.
As the C-rate increases from C/15 to 3C, the discharge capacity
of both the cells decreases, which can be attributed to the ad-
ditional energy loss required to counteract increased resistance
and the inhibited charge-transfer at higher C-rates. However, the
LCO|ZnO-PP|Li showed better discharge capacity in comparison
to LCO|Bare PP|Li at all rates. The average loading of LCO was
~4 mg cm~. The discharge capacities of 164.8 161.2, 151.08,
142.49, 127.77, 108.23, and 95.1 mAh g~! were demonstrated
by LCO|ZnO-PP|Li while 144.86, 136.98, 124.09, 117.15, 104.78,
89.85 and 79.36 mAh g~! was demonstrated by LCO|Bare PP|Li at
rates C/15, C/10, C/3, C/2, 1C, 2C, and 3C exhibiting upto 19.1%
superiority in the rate performance of LCO|ZnO-PP|Li even at
high rates. Moreover, the LCO|ZnO-PP|Li cells were able to re-
gain ~98% of capacity after the rate performance compared to
95% of LCO|Bare PP|Li cells. Even after rate performance, the
LCO|ZnO-PP|Li exhibited ~19% higher capacity at a rate of C/3
after 100 cycles. Furthermore, the LCO|ZnO-PP|Li cells demon-
strated ~17% higher capacity (120.6 mAh g=!) in comparison to
LCO|Bare PP|Li cells (103.2 mAh g™') after 50 cycles at a fast
rate of 1C. The significantly improved rate performance and en-
hanced capacity further demonstrated the ability of the ZnO-
PP separator to promote Li* mass transfer, improve the charge-
transfer kinetics, and stabilize the electrode/electrolyte interface.

Figure S20b,c (Supporting Information) represents the
Nyquist plot of the bare LCO|Bare|Li and LCO|ZnO-PP|Li mea-
sured at 25 °C after the 1%, 25™, and 50™ cycles at C/3. After the
1% cycle, both the cells showed similar values of total resistance
(~20 Q). However, after the 25" cycle, the total resistance for
the cell having bare PP nearly doubled, which further increased
after the 50% cycle. The gradual increase of total resistance with
cycling indicates the uncontrolled growth of both SEI and CEI,
which leads to impeded charge-transfer. In contrast, the cells
with ZnO-PP demonstrated stable total resistance with less than
a 5 Q increase after the 25" cycle. Furthermore, Figure 8f dis-
plays the findings of the GITT analysis, showing that the voltage
difference of the Li|ZnO-PP|LCO electrode is significantly lower
than that of the Li|Bare PP|LCO during the resting phase of
constant-current titration, suggesting that the Li|ZnO-PP|LCO
electrode experiences decreased polarization, which can be
attributed to lower ohmic resistance and faster transport of Li*.
This was also confirmed by lower total resistance in the case
of Li|ZnO-PP|LCO than Lilbare PP|LCO. From the GITT, the
average lithium diffusion coefficient for the Li|ZnO-PP|LCO
during the charging and discharging phase was calculated to be
8.91 x 107! and 7.65 x 107! cm? s7!, respectively. In contrast,
the average diffusion coefficient for the Li|Bare PP|LCO during
the charging and discharging phase was much lower, with values
of 2.09 x 107" and 1.54 x 107" cm? s7!, respectively (Figure
S21, Supporting Information).*®% The diffusion coefficient of
Li|ZnO-PP|LCO was approximately four times higher than that
of Li|Bare PP|LCO. These findings suggest that the ZnO-PP
enhances the electrochemical reaction kinetics and speeds up
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the diffusion rate of Li* within the electrode material, leading to
improved rate performance.

3. Conclusion

Modifying the separator with lithiophilic ZnO is presented as a
feasible approach to inhibit dendritic proliferation and improve
the interfacial instability of the lithium metal anode. The pro-
posed strategy was proven to be efficient for regulating the Li*
mass transfer, ionic conductivity, and charge-transfer dynam-
ics through the ZnO-PP due to the high lithiophilicity of ZnO
and its ability to form a Zn-rich ASEI on the surface of lithium
metal. Through comprehensive electrochemical studies, it has
been shown that in the presence of ZnO-PP, a substantially
lower nucleation overpotential, less pronounced voltage polar-
ization, and improved reversibility even at a high current den-
sity of 5 mA cm~? was observed. The Li|Li symmetrical cell with
ZnO-PP could cycle reversibly until 480 cycles, ~55% higher than
the cell cycled with unmodified PP. The cell with ZnO-PP man-
ifested a low activation barrier, high exchange current density,
and improved mass and charge-transfer. Through post-cycling
HR-SEM and XPS analysis of cycled lithium, it was found that
the main reason for the lower voltage polarization and improved
reversibility is the dendrite-free plating in the presence of ZnO-
PP. The lithium cycled in the presence of ZnO-PP demonstrated
a surface layer with Zn, ZnO, ZnF,, and Li,O with substantially
lower carbon content, confirming the in situ formation of Zn-rich
SEI through spontaneous reaction of ZnO and lithium metal.
The formation of SEI resulted in lower electrolyte degradation
at the electrode/electrolyte interphase, resulting in mitigated in-
terfacial instability, which was also suggested by AIMD analysis.
Furthermore, the high lithiophilicity of Li/ZnO as compared to
Li metal resulted in guided lithium plating, which was demon-
strated by the DFT calculation. The DFT analyses showed that
in Li/ZnO, the “side-by” adsorption (E 4 = -2.60 eV) was pre-
ferred over “on-top” adsorption (E,; = -1.99 eV), resulting in
smooth, uniform plating. The efficiency of ZnO-PP in stabilizing
the lithium metal anode and regulating the Li* mass and charge-
transfer was further shown using the full cells with lithium cobalt
oxide as a cathode. The full cell manifested ~17% higher capac-
ity than the cell with bare PP at a high rate of 3C. Also, the cell
showed that the improvement was retained during cycling perfor-
mance at C/3 and 1C rates. Considering the benefits of the ZnO-
coated separator and ease of modification procedure, the pro-
posed strategy has the potential to carve a feasible path for large-
scale development and application in stabilizing lithium metal
anodes for next-generation high-energy batteries like solid-state
batteries and Li-S batteries.

4. Experimental Section

Materials: Battery-grade salts, chemicals, and solvents used in this
work were purchased from Sigma—Aldrich. 0.5 mm thick, battery-
grade, lithium foil was procured from Matlabs Technologies, India. Cel-
gard Polypropylene (PP 2500) separators were used. EC: EMC: DMC:
1:1:1 vol.% solution containing 1 M LiPFg was purchased from Matlabs
Technologies.

Synthesis of ZnO Nanoplatelets: ZnO nanoplatelets were synthesized
using the hydrothermal technique. A 0.2 M solution of Zn(NO;),.6H,0
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was dissolved in 25 mL of 0.2 M NaOH. After aggressively stirring the
solution for 30 min, it was transferred to a 100 mL hydrothermal autoclave.
The autoclave was maintained at a temperature of 180 °C for a duration
of 4 h at a ramp rate of 2 °C min~! in the muffle furnace.[®?] Following
filtration, the sample was rinsed with deionized water and dried at 75 °C
in hot-air oven.

The characterization results of the prepared ZnO nanoplatelets are pre-
sented in Figure S1 (Supporting Information).

Separator Modification:  The slurry was prepared by combining 190 mg
ZnO and 10 mg PVDF in NMP in a Thinky planetary mixer at 2000 rpm for
6 min. In order to achieve a flowy consistency, additional NMP was in-
corporated into the composition. The slurry was subsequently cast onto
PP 2500 using a coating block set to 50 um wet-thickness, and then
coated separator was dried overnight on a heating plate at 50 °C. The PP
separators were subsequently punched (18 mm) and vacuum desiccated
overnight prior to use.

Characterization Details—Electrolyte Uptake Studies: For the elec-
trolyte uptake (U) test, the weight (W,) of 18 mm diameter separators,
both modified and unmodified, was measured before and after submerg-
ing the separator in a liquid electrolyte (1 M LiPFg in EC: EMC: DMC: 1:1:1
vol.%) for 1 h. The electrolyte uptake was calculated using the subsequent
equation.[®1]

o= (4 v 0

where, W, is the weight of a separator following 1 h of immersion in the
electrolyte; W, is the weight of the separator prior to immersion in elec-
trolyte.

Characterization Details—Calculation of lonic Conductivity (6): The
jonic conductivities (o) of the ZnO coated and uncoated separators were
calculated using the electrochemical impedance spectroscopy method
with the following formula:[33-3%]

o=t @)
Rb X A

where “A” is the effective area of the separator and “d” is the distance be-
tween the two electrodes, therefore representing the total thickness of the
separator utilized. Using a CHI 660B electrochemical workstation, “R,,”
the bulk resistance was determined from the Nyquist plot recorded in a
frequency range of 1 Hz to 100 kHz. Two electrolyte-soaked separators
were placed between the two stainless steel (SS) electrodes for the mea-
surement.

Characterization Details—Calculation of Lithium Transference Number
(t,+):  The lithium—ion transference number (¢,;+) was measured by the
following equation:[42:43]

I, (AV — IgRo)

lo (AV — IsRs) C)

bis =

The initial polarization current (/y) and steady polarization current (/)
of the Li|Li symmetrical coin cells were recorded by the chronoamperome-
try with a perturbation potential (AV) of 30 mV for 7200 s. Meanwhile, the
interfacial resistances before and after the polarization (R, and R;) were
examined by electrochemical impedance spectroscopy (EIS).

Characterization Details—Calculation of Lithium Diffusion Coefficient
(Dy+):  The diffusion coefficient of Li* (D,;+) for Li|LCO was determined
through the Galvanostatic intermittent titration technique (GITT) by em-
ploying the equation below:[6%63]

4 [ mg Vy, \2( AE\?

Dijp=—\ 7 —< (4)
nt \ Mg S AE,;

where 7 represents the duration of the current pulse, mg refers to the active

electrode mass, V,, indicates the molar volume of LCO (19.38 cm?® mol™T),
S denotes the area of the electrode-electrolyte interface (1.13 cm?), My
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stands for the molar mass of LCO (97.87 g mol™"), AE, signifies the
steady-state voltage variation observed during the GITT test, and AE, rep-
resents the voltage change during the constant current charging and dis-
charging phases of the GITT test. In the GITT test, a current pulse of 0.05 C
was introduced for 600 s, followed by a relaxation period of 1800 s, within
a voltage range of 2.8 to 4.4 V.

Characterization Details—Instrumentation: The synthesised ZnO,
modified separators, and post-cycling analysis were extensively stud-
ied using X-ray diffraction (XRD), high-resolution scanning electron
microscopy (HR-SEM), and X-ray photoelectron spectroscopy (XPS)
to determine their structural and morphological properties. The XRD
investigations were performed utilizing a Rigaku miniflex 600 X-ray
Diffractometer equipped with a Cu-Ka radiation source. The analysis was
carried out within the range of 26 = 10-80°, with a scan rate of 4° min~1.
HR-SEM images and elemental mapping were performed utilizing the FEI
Nova Nano SEM 450 equipped with Team Pegasus Integrated EDS-EBSD
with Octane Plus and Hikari Pro scanners. The XPS examination was con-
ducted using a K-Alpha X-ray photoelectron spectrometer manufactured
by ThermoFisher Scientific. The TGA analysis was conducted using the
TGA-4000 instrument from PerkinElmer. Raman analysis was conducted
using the HORIBA LabRAM HR Evolution (Evol) raman spectrometer
within the range 100-1499 cm~'.

Electrochemical Testing:  Using a @ 8 mm Li disc, two Celgard PP 2500
(2 18 mm; bought and modified with ZnO) separators, and 20 uL of elec-
trolyte solution (1 M LiPFg in EC: EMC: DMC: 1:1:1 vol.%), 2032 type LilLi
coin cell was assembled in an Ar-filled glovebox. The coated side of the
modified separator was oriented toward the working electrode.

The cells were subjected to successive cycles at a constant current, with
a cut-off voltage of +1.0 and -1.0 V, at various areal current densities rang-
ing from 0.2 to 5 mA cm™2 using the NEWARE battery testing system. The
charging and discharging duration was maintained constant at 60 min for
all current densities.

The cycled cells were de-crimped to remove the separators and elec-
trodes within the Ar-filled glovebox for post-cycling characterization. Fol-
lowing the de-crimping process, the electrodes and separators were rinsed
with dimethyl carbonate and then dried overnight in the antechamber. HR-
SEM and XPS analysis were conducted using the desiccated separators
and metal electrodes, ensuring minimum environmental exposure.

For the Li|Cu cells, 2032-type coin cells were assembled using g 12 mm
Cu disc and g 8 mm Li disc with two separators in between. The coated
side of the separator was faced toward the Cu disc. 20 pL of electrolyte
solution (1M LiPFg in EC: EMC: DMC: 1:1:1vol.%) was used. 5 mAh cm—2
equivalent of lithium was plated on the Cu disk at a current density of
0.5 mA cm~2 for 10 h. The current density was calculated in reference to
the area of the Cu electrode. After plating, 10% of the plated lithium was
subjected to ten stripping-plating cycles at a current density of TmA cm=2,
with a cut-off voltage of +1.0 and —1.0 V, followed by complete dissolution
at a constant current of 0.15 mA cm~2 without any time limitation. The
reversibility was compared by taking the ratio of lithium stripped after ten
reversible cycles to the initial lithium plated (5 mAh cm™2).

For the LCO|Li cells, LCO electrodes were prepared by mixing LCO, Car-
bon Black P and PVDF Binder (10 wt.% solution in NMP) in 80:10:10 pro-
portions using ARE-310 Thinky planetary mixer. The slurry was cast on the
battery-grade Aluminum foil using a coating block set to a thickness of
100 um followed by drying for 12 h at 80 °C. The electrodes of @ 12 mm were
punched and vacuum dried before assembling the 2032-type coin cell us-
ing LCO as cathode, Li as anode, 2 PP/ZnO-PP separators, and 20 uL of the
1M LiPFg in EC: EMC: DMC: 1:1:1 vol.% electrolyte solution. The coated
side of the separator was faced toward the lithium. An average loading of
~4 mg cm~2 was achieved. A specific capacity of 250 mAh g~! was used
for the C-rate calculations. The cells were rested at open circuit voltage
(OCV) for 5 h, followed by galvanostatic charging and discharging within
the voltage range of 2.8 to 4.4 V.

Computational Details: All the calculations were performed using the
Vienna Ab initio Simulation Package (VASP).[648] The Perdew—Burke—
Ernzerhof (PBE)[%¢] density functional and the plane wave basis set within
the projector augmented wave (PAW)[67:88] formalism was employed here.
The dispersion corrections were incorporated in all the calculations using
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Grimme’s DFT-D3 method with zero damping function.[%] The sampling
of the Brillouin zone was performed using a 2 X 2 x 2 Monkhorst-Pack k-
mesh schemel”?! for the geometry optimization of bulk materials, whereas
the calculations involving the surface-slab models were performed at the
I"-point. A kinetic energy cutoff of 520 eV was used in all the calculations.
The convergence criteria were set to be 107> eV and 0.01eV A~" for energy
and force, respectively.

The (100) and (110) surface-slab models of Li metal were prepared from
its bulk geometry. Previous studies indicate that Li(100) and Li(110) are
among the most stable lithium surface planes.l”73] The surface energies
(rs) of Li (100) and Li(110) surfaces were calculated using the equation
below:74]

Egap — (EpN
= slab (212 atoms) )

Here, E,, represents the total energy of the surfaces under considera-
tion, while E, denotes the energy per atom, calculated by dividing the total
energy of the Li supercell by the total number of atoms in the supercell,
N toms is the number of atoms in the surface slab model, and A refers to
the surface area.

Li metal with artificial SEI (Li/ZnO), which was formed in the presence
of ZnO, was prepared from the optimized structures of the components
using VASPKIT.[”] Avacuum of 15 Awas applied along the Z-axis for all the
surface-slab calculations to avoid interactions with the periodic images. In
addition, the bottom four (three) layers were fixed for Li/ZnO (Li and ZnO)
to mimic the bulk. The Li adsorption energies per Li atom adsorbed (E,4; )
on the different surfaces considered in this work were computed using the
equation given below:

Es_ij — (n,E; + E)

Ege = —m8M8mm— 6
ads n ( )

Here, Eg _ ; is the total electronic energy after Li adsorption on the sur-
face. E; and Eg are the total electronic energies of the isolated Li atom and
the surface-slab model, respectively, and n; is the number of Li atoms ad-
sorbed (Tables S2 and S3, Supporting Information). It is to be mentioned
here that the adsorption energies for the adsorption of Li* ion on the sur-
faces were found to have the same trend as that of Li atom adsorption
(Table S3 and Figures S13 and S14, Supporting Information). Here, the
adsorption energies were calculated using an equation similar to that of
Equation (6), where Es _;, Ei;, and n; were replaced by Es_;+, E;+ and
n;+. Considering that Lit ions are subjected to reduction on the surface
during the battery operation, the results obtained from the Li atom adsorp-
tion studies are discussed in this manuscript, unless otherwise specified.

The charge-transfer between Li and the ZnO surface in Li(100)/ZnO
and Li(110)/ZnO was examined by analysing the Bader chargel’®! and the
charge density difference plot. The charge density difference, Ap, at any
point r was calculated using the following equation.

Ap () = pLiszno (r) = (pLi (1) + pzno (1)) ()

where pyjzq0 is the charge density of Li(100)/ZnO or Li(110)/Zn0O. py;
and pz,o are the charge densities of the Li surface and the ZnO surface,
respectively.

The reactivity of electrolytes on the Li and Li/ZnO surfaces was analysed
by performing Born—Oppenheimer ab initio molecular dynamics (AIMD)
simulations.[”’] The Li (100) surface and the Li(100)/ZnO surfaces were
considered for these simulations, as Li (100) was found to be the most sta-
ble Li surface (Table S3, Supporting Information). Herein, the electrolyte
composed of LiPFg salt and ethylene carbonate (EC) solvent was consid-
ered. A model system for the electrolyte is build based on the previously
reported Li* ion solvation shell structures for EC-based electrolytes, where
the first coordination shell of Li-ion was reported to be composed of four
EC molecules, and the anion was found to be located outside the first sol-
vation shell.[787°] A bigger surface-slab model was used for these simula-
tions than that employed for the Li adsorption studies. Simulation boxes
of dimensions 24 A x24 A x25 A and 20 A x17 A x25 A were used for
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Li (100) and Li(100)/ZnO, respectively. The lower three layers of the sur-
faces were kept fixed in all these simulations. Considering the significant
increase in computational cost with system size, a lower kinetic energy cut-
off of 400 eV was used for the AIMD simulations, compared to the values
used for the Li adsorption studies. The convergence criteria for energy and
the time step for AIMD were set to be 107> eV and 0.5 fs, respectively. Sim-
ilar parameters were used in previous studies also.[8-82] The simulations
were conducted within the NVT ensemble, utilizing the Nosé—Hoover ther-
mostat [8384] to maintain an average temperature of 300 K (Figure S11,
Supporting Information).

Supporting Information

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