
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ud
ya

xi
hi

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
02

5-
11

-0
1 

03
:3

8:
26

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Stable lithium pl
Bidhan Pandit

B
C
F
d
r
V
o
F
h
d
t
M
d
2

appointed as an Assistant Professo
Fellow at Universidad Carlos III de
2024). His previous scientic inte
nanostructures and fabrication
capacitor applications. His curre
synthesis of cathode materials for l
ion batteries, as well as the in situ
terization techniques for the
mechanisms.

Cite this: Sustainable Energy Fuels,
2025, 9, 3693

Received 6th February 2025
Accepted 4th May 2025

DOI: 10.1039/d5se00181a

rsc.li/sustainable-energy

aDepartment of Materials, Imperial Colleg

Exhibition Road, London SW7 2AZ, UK. E

pandit@imperial.ac.uk; a.huang@imperial.
bThe Faraday Institution, Quad One, Becque

0RA, UK

This journal is © The Royal Society o
ating/stripping electrochemistry
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Due to lower redox potential and excellent theoretical capacity, lithiummetal anodes are being explored for

high-energy density next generation rechargeable batteries. The lithium metal anode is dragged out of use

in practical applications because of its high reactivity and considerable volume expansion, which also cause

an unstable solid electrolyte interface, severe side reactions, dendrite growth, electrode degradation, low

coulombic efficiency, and even significant safety concerns. To establish a stable solid electrolyte

interphase (SEI) and avoid dendrite issues, a variety of methods are being investigated. It is also shown

that the initial Li nucleation, which determines the interface and reversibility of future cycles, may be

aided by the deposition of a thin film of MnO2 on the current collector. By lowering the electrode's

nucleation barrier, the lithiophilic properties of MnO2 may successfully promote smooth and

homogeneous plating of Li on the Cu collector surface. Such a MnO2 nanorod structure enables

effective electron conduction between the conductive substrate and lithiophilic layer, improves Li-ion
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transfer kinetics, and significantly minimizes the local current inhomogeneity. The structure effectively

prevents dendritic growth and volume change as evidenced by its ability to retain a constant coulombic

efficiency over an extended period of time of up to 186 h (2 mA cm−2). This technology has made it

possible to demonstrate Li metal anodes with excellent coulombic efficiency, paving the way for steady,

efficient, and long-cycle life Li metal batteries with less Li loading.
1. Introduction

The progress of inexpensive and sustainable energy storage
technology is crucial given the world's insatiable desire for
energy.1–3 Due to their performance in terms of safety during
cyclic charge/discharge operations with intercalation reactions,
lithium-ion batteries (LIBs) are now extensively employed in
numerous applications, including portable devices, electric
vehicles (EVs), and smart grids.4–7 However, consumers' current
preference for and pursuit of mobility causes additional issues
for LIBs with regard to high energy density demand.8–10 Due to
its very low redox potential of −3.04 V versus SHE and high
theoretical capacity (2061 mA h cm−3 and 3860 mA h g−1,
respectively), lithiummetal is the perfect choice as an anode for
rechargeable batteries.11–14 The usage of lithium metal anodes
in rechargeable batteries, such as Li metal batteries,15–17 Li–S
batteries,18–20 and Li–air batteries21–23 has lately gained a lot of
attention due to the urgent requirement for high energy density
batteries.

Li forms dendritic growth because inhomogeneous nuclei
are produced by non-uniform current and Li+ ux.24,25 The
absence of a host is what causes the morphology of the nucleus
to be unstable. Li dendrites are more likely to penetrate through
the separator when dendritic Li develops, resulting in battery
short circuits, even explosion or combustion.26–28 Additionally,
due to the spontaneous interaction of Li metal with Li salt
anions and electrolyte solvents, a solid electrolyte interphase
(SEI) layer develops on the metallic Li surface.29–31 The weak SEI
will ultimately break down because of the frequent Li plating
and stripping, which increases the exposure of Li metal to
electrolyte and results in strong side reactions between elec-
trolyte and Li in addition to poor coulombic efficiency (CE).32

The anode's volume also goes through a totally new process that
results in signicant volume variations throughout charge/
discharge processes.33–35 Internal tension and the solid–liquid
interface alter as a result of this transformation. Thermal
runaway, internal short circuits, or even an explosion might
ensue from the dendritic growth by heterogeneous Li
deposition.36–38 As a result, Li metal batteries (LMBs) have
struggled extremely, which has resulted in low CE, rapid cycle
durations, and even safety issues.39,40 The SEI may continue to
break and form as long as the deposition procedure is
continuing. More dendritic Li is exposed to the electrolyte
because of its increased surface area. It uses a lot of electrolytes
as a result, in addition to working on the rapid development of
Li dendrites and Li inventory. The use of lithium metal anode
for commercial applications is limited by these issues.41,42

So far, lithium alloys,43–45 electrolyte additives,46–48 synthetic
SEI lms,49–51 3D Li hosts,52–54 and solid/gel electrolytes55–57 have
all been used as ways to stop lithium dendrite growth and keep
25, 9, 3693–3701
the electrode/electrolyte interface stable. However, the Li
dendrite development is difficult to control well, and the addi-
tive will be consumed completely. The introduced protective
layer may be damaged and peeled off from the electrode owing
to the volumetric change during a cycle, and solid electrolytes
have low ionic conductivity. It is thus recommended to choose
an electrode with a broad surface area that is rich in channels
and/or porosity in order to lessen volume expansion and scatter
local current intensities for homogeneous Li deposition.
Because of their ability to effectively block the dendrite due to
the spatial impact, metal oxides with a range of structures, such
as ZnO nanorod arrays,58 Cu2O nanoparticles,59 CuO nano-
sheets,60 Co3O4 nanoarrays61 etc., are gaining a lot of attention
as modied current collectors.

In this study, a lithium metal anode is stabilized on MnO2

nanorods that are deposited on a bare Cu current collector
(MnO2@Cu) when using 1 M lithium bis-(triuoromethane)
sulfonimide (LiTFSI) in dioxolane/dimethoxyethane (DOL/
DME) (1 : 1, v/v) with a 2% addition of lithium nitrate (LiNO3)
additive as the electrolyte. The selection of 1 M LiTFSI in DOL/
DME (1 : 1, v/v) with 2% LiNO3 as the electrolyte is based on its
well-documented efficacy in lithium–sulfur (Li–S) battery
systems.62,63 The nature of the solution plays a more crucial role
in Li–S batteries than ordinary Li-ion batteries, since it not only
acts as an ionic conductor for mass transfer but also partici-
pates substantially in the conversion processes of both lithium
and sulfur. The DOL/DME solvent combination assists in
balancing polysulde solubility, decreasing the shuttle effect,
and enhancing cycle life.64,65 LiNO3 facilitates the establishment
of a stable SEI on the lithium metal anode, limiting dendrite
growth and side reactions. LiTFSI enables strong ionic
conductivity while limiting reactivity with lithium metal
compared to other lithium salts.66,67 This electrolyte solution
allows steady long-term cycling, which is crucial for lithium–

sulfur battery applications. The choice of electrolyte remains
signicant owing to its known compatibility with lithium metal
anodes and its efficacy in tackling the primary difficulties of
lithium–sulfur batteries. Moreover, the following benets of the
MnO2@Cu host make it feasible to properly control the Li
deposition properties: (i) a large-surface-area porous conductive
structure that effectively reduces the local current density, (ii)
a porous structure that accommodates quick volume expansion
at high current, (iii) a stable skeleton that buffers compressive
stress in the course of long cycling, (iv) lithiophilic sites that
homogenizes Li deposition and direct the distribution of crystal
nuclei, and (v) the reversible reactions to efficiently remove
nucleation barriers. In fact, the uniformly distributed MnO2

nanorods, aer forming a stable SEI just aer the plating step,
increase the substrate's lithophilic properties, offer a signicant
number of lithium plating sites, direct homogeneous Li+ ux
This journal is © The Royal Society of Chemistry 2025
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scattering, and speed up lithium transportation. This can
control the following plating and stripping steps as well as
dramatically decrease the nucleation barrier of lithium at
a primary phase. As a consequence, MnO2@Cu shows an
average CE of 84% over 100 cycles at a current density of 2 mA
cm−2 with a xed capacity of 2 mA h cm−2, greater than that of
the cell with the Cu anode (35 cycles), demonstrating its
encouraging potential for usage in real-world applications. Even
at high areal capacity deposition, the compositional and
structural advantages allow for a homogeneous and steady
lithium plating on MnO2@Cu. MnO2@Cu performs as pre-
dicted, offering a high CE, dendrite-free lithium plating and
stripping performance across 20 cycles at sequentially
increasing current densities (2–5 mA cm−2). At extremely high
current densities greater than 5 mA cm−2, MnO2@Cu cells
signicantly outperform conventional cells regarding steady
cycling and rate capability performance.

2. Experimental section
2.1. Synthesis of MnO2

Manganese(II) acetate as a manganese precursor was oxidized
with ammonium persulfate for MnO2 preparation (Fig. 1), as
per our previous report.68 For the necessary synthesis, 100 mL of
sodium hydroxide was rst developed and separated into two
beakers; one for the manganese and other for the ammonium
persulfate precursor. Then, they were mixed and placed in
a Teon-coated autoclave. The arrangement was maintained at
180 °C for 14 h. The resulting product was cleaned in water and
ethanol, followed by a drying process for 12 hours at 60 °C. The
nal product was annealed at 350 °C in an oven for 4 h.

Our method for preparing manganese dioxide involves two
synthetic processes. The interaction between sodium hydroxide
Fig. 1 Schematic illustration of MnO2 synthesis.

This journal is © The Royal Society of Chemistry 2025
and the manganese precursor results in the formation of
a manganese hydroxide compound:

(CH3COO)2Mn + 3OH− / Mn(OH)3
− + 2CH3COO− (1)

Taking into account the rst step, the second one is associ-
ated with the reaction process involving persulfate anions and
manganese hydroxide:

Mn(OH)3
− + S2O8

2− + OH− / MnO2 + 2SO4
2− + 2H2O (2)

The details about materials characterizations are as per Note
S1.†
2.2. Electrochemistry measurements

In order to prepare the electrodes, poly(vinylidene uoride)
(PVdF) was used as a binder in the solvent 1-methyl-2-
pyrrolidinone (NMP).69,70 A homogeneously mixed slurry
comprising MnO2 (88%) and binder (12%) was tape cast onto
copper foil, dried at ambient temperature for 12 hours, and
then dried under vacuum at 80 °C for one day.71,72 The total area
of the electrodes was 1.13 cm2.

For the fabrication of 2032 coin-type cells with a Li metal
sheet as reference and counter electrodes, electrochemical
performance was analyzed. Half-cells were prepared by
employing an electrolyte of 1 M LiTFSI in DOL/DME (1 : 1, v/v)
with 2% LiNO3 additive. Note that each cell's electrolyte
content was kept constant at 160 ml. A glovebox containing high-
quality argon with less than 1 ppm oxygen and water was used
to construct all of the coin cells. Glass ber from Whatman was
used as a separator. Then, tests for electrochemical analysis
were conducted at several capacities and current densities with
a xed 0.5 V cutoff voltage.
Sustainable Energy Fuels, 2025, 9, 3693–3701 | 3695
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3. Results and discussion
3.1. Structural and morphological analysis

Detailed structural and morphological analysis has been
already reported in our previous article.73 However, signicant
characterizations and discussions have been emphasised here.
The important XRD pattern associated with Rietveld renement
is shown in Fig. S1a,† utilizing a pseudo-Voigt work function,
conrming the tetragonal structure of MnO2. Various crystal-
lographic planes are identied by the distinct diffraction peaks.
The prole coefficients and cross fragment cutoff were altered
using the Rietveld method. The results show that the experi-
mental pattern (dark circles) and selected model (red line) have
a respectable agreement for the I4/m space group using our
technique. The oxidation states of the synthesizedmaterial were
examined using the XPS spectrum. The core-level standard XPS
spectra of Mn 2p is displayed in Fig. S1b.† The Mn 2p spectrum
is split into a doublet, with peaks at 642.5 and 654 eV and may
be easily distinguished from 2p3/2 and 2p1/2, separately,
according to Fig. S1b.† The manganese in MnO2 is believed to
be in the +4 oxidation state since the limiting energy difference
between the aforementioned Mn 2p doublet is around 11.5 eV.74

The high-resolution transmission electron microscopy
(HRTEM) image in Fig. S1c† demonstrates that the average
diameter of as-prepared MnO2 nanorods is in the range of 10–
30 nm. The selected area electron diffraction (SAED) pattern of
the structure in Fig. S1d† again demonstrates the diffraction
spots that are clearly identiable as originating from the crys-
tallographic planes of the structure.
Fig. 2 (a) Cycling performance, (b) coulombic efficiency, and (c) corr
a current density of 2 mA cm−2 and an areal capacity of 2 mA h cm−2.

3696 | Sustainable Energy Fuels, 2025, 9, 3693–3701
3.2. Electrochemical behavior of Cu and MnO2@Cu current
collectors

To investigate the electrochemical properties, the half cells of
Li//Cu and Li//MnO2@Cu were constructed. The half-cells were
also cycled at 2 mA cm−2 and a constant plating/stripping
capacity of 2 mA h/cm2 for each cycle in order to understand
howMnO2 on Cu affects the cycle stability (Fig. 2 and 3). The Li//
MnO2@Cu battery offers more stable and long-term plating/
stripping cycles than the Li//Cu cell. MnO2@Cu has a short
circuit duration of 186 h, which suggests that 372 mA h cm−2

lithium may be plated on it (Fig. 3a). The voltage of bare Cu, in
contrast, starts to quickly decline aer 65 h, which may indicate
a rapid cell short circuit (Fig. 2a).

The CE, analyzed as the ratio of stripping to plating capacity,
is a critical measure of the viability, applicability, and cyclability
of lithium deposition.75 Fig. 2b and 3b show the ndings as CE
vs. cycle number for cells at 2 mA cm−2 with the same
2mA h cm−2 capacity. MnO2@Cu exhibited extended and stable
cycles with a good CE of 84% up to 100 cycles, in contrast to
pure Cu, which has an unstable CE and declines quickly aer 35
cycles at 2 mA cm−2. An increase in irreversible side reactions,
such as the weak SEI layer deterioration, is linked to the quick
decay of Cu.76,77 More specically, at 2 mA cm−2, the Li//
MnO2@Cu cell displays stable CE for 186 h. Be aware that
certain processes, such as quick Li+ intercalation and Mn–Li
alloying into the MnO2 structure, may occur during the whole
cycle and lower the associated CE of the MnO2@Cu anode,
particularly during the rst few cycles. However, due to the
development of a steady SEI and expansion of Li metal without
dendrites, the CE will continue to be remarkably stable in the
esponding voltage profiles of lithium plating/stripping on bare Cu at

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Cycling performance, (b) coulombic efficiency, and (c) corresponding voltage profiles of lithium plating/stripping on MnO2@Cu at
a current density 2 mA cm−2 and areal capacity of 2 mA h cm−2.
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cycles that follow. Long-term cycling performance and stable CE
on modied current collectors are also explained by the plating
of Li on the MnO2 nanostructure, which remains generally
stable even aer 100 cycles.78 The cyclic performance of the Li//
Cu cell, however, is much shorter, lasting fewer than 65 h and
35 cycles, respectively.

Fig. 2c and 3c show the plating/stripping proles of Cu and
MnO2@Cu, respectively. The change in the sharp voltage tip
and following steady voltage was compared in order to calculate
the nucleation overpotential of lithium plating on bare Cu and
MnO2@Cu current collectors.79,80 A lower polarization value for
the Li//MnO2@Cu cell utilizing the MnO2@Cu electrode than
the bare Cu electrode suggests the low Li+ and e− trans-
portation resistance in the MnO2@Cu electrode during opera-
tion.81,82 The improved lithiophilic properties of the MnO2@Cu
electrode are shown by the fact that its initial nucleation over-
potential is lower than that of the bare Cu substrate.83,84 The
lithiophilic coating, which also makes it easier for uniform Li
deposition and increases the reversibility of lithium plating/
stripping cycles, is what causes the lower Li nucleation over-
potential on MnO2@Cu in comparison to the Cu host.85 The
nucleation overpotential, which temporarily emerges during the
early phases of Li deposition, is a reection of the electrode
surface's lithiophilicity.86 It varies from the mass-transfer over-
potential, which is governed by Li+ ion mobility and current
density and lasts throughout deposition. The nucleation over-
potential is illustrated by the rapid voltage decrease in the rst
cycle, as shown in Fig. 3c.81,82 Aer a few cycles, the potential of
lithium plating and stripping varies according to the number of
cycles performed. They don't change for the next 35 h of testing.
This journal is © The Royal Society of Chemistry 2025
As the nucleation potential increases during this process, the
areal energy for nucleation decreases.87

In Fig. 4, the sequential deposition of Li on MnO2@Cu is
conceptually shown. Metallic Li is used to cover the MnO2

nanorods with a smooth layer of Li, and further Li deposition
lls in the spaces between the nanorods to create a homoge-
neous Li metal anode free of Li dendrites. The deposited MnO2

thin lm on the Cu current collector reacts with lithium in the
rst cycle before the metallic lithium phase is formed,
hindering the formation of Li dendrites, according to a very
insignicant nucleation overpotential value. At normal
temperature, bare Cu has little to no solubility in lithiummetal,
which causes a substantial nucleation overpotential.88

Fig. 5a and 6a show the voltage proles of lithium plating/
stripping in the case of two electrodes at various current
densities (2–5 mA cm−2) and capacities (2–5 mA h cm−2).
MnO2@Cu exhibits a stable discharge plateau between 2 and 5
mA cm−2 (Fig. 6a), but short-circuiting instigated by Li
dendrites causes bare Cu's discharge plateau at 3 mA cm−2 to
uctuate (Fig. 5a). Actually, when the capacity increases from 2
to 5 mA h cm−2, the Li dendrites formation accelerates in the
half-cells with bare Cu electrodes. The MnO2@Cu electrode
nonetheless exhibits a consistent cycling reversibility under
challenging testing conditions (plating capacity of
5 mA h cm−2). The electrode sustains 20 cycles even when
a higher current density is used. However, due to irregular
lithium nucleation and dendrite growth, the bare Cu collector
exhibits signicant uctuations and short circuits as well.

Fig. 5b and 6b show the CE of lithium plating/stripping
cycles associated with Cu and MnO2@Cu at different areal
capacities and current densities. However, the CE of the Cu
Sustainable Energy Fuels, 2025, 9, 3693–3701 | 3697
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Fig. 4 Lithium growth behavior during plating on bare Cu and MnO2-modified Cu current collectors.
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anode uctuates randomly at the relatively higher areal capacity
of 5 mA h cm−2, and the corresponding battery fails at the end
of its cycling. All of the MnO2@Cu collectors show better CE
values and cycling capabilities that last longer and are more
stable at varying current densities. TheMnO2@Cu anode's CE is
capable of supporting Li areal capacities of 2 to 5 mA h cm−2.
Bare Cu collectors could only cycle for a maximum of 20 cycles,
whereas MnO2@C collectors could cycle for more than 20 cycles
with high CE. It is noteworthy that the CE in our experiment
exhibits stability despite a high current density and a high
deposition capacity, indicating the exceptional electrochemical
Fig. 5 (a) Rate performance, (b) coulombic efficiency, and (c) correspon
densities of 2–5 mA cm−2 and areal capacities of 2–5 mA h cm−2.

3698 | Sustainable Energy Fuels, 2025, 9, 3693–3701
qualities of the MnO2@Cu collector. This results from the
MnO2@Cu collector's favorable lithiophilic properties, which
reduce the associated nucleation overpotential, lower the
related deposition barrier, and constrain lithium dendrite
growth throughout plating/stripping cycles. The MnO2@Cu
current collectors, in contrast, also demonstrated clear benets
compared to Cu collectors. For bare Cu electrodes, a short
circuit occurs at the h cycle.

The voltage proles of the Cu and MnO2@Cu anodes are
shown in Fig. 5c and 6c, respectively. MnO2@Cu's discharge
proles are stable during cycling. According to the outcomes of
ding voltage profiles of lithium plating/stripping on bare Cu at current

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Rate performance, (b) coulombic efficiency, and (c) corresponding voltage profiles of lithium plating/stripping onMnO2@Cu at current
densities of 2–5 mA cm−2 and areal capacities of 2–5 mA h cm−2.
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CE proles, the stripping areal capacity of MnO2@Cu exhibits
improved coincidence and doesn't visibly decline as the cycle
number increases. The inability of the Cu electrodes to
discharge at 5 mA cm−2 current density may be attributed to the
rapid formation of lithium dendrites. Due to the large surface
area of the MnO2 nanorods and their lithiophilic coating,
MnO2@Cu has a low Li overpotential, as shown in Fig. 6c. The
detailed rate performances (2–7 mA cm−2) have been added to
the ESI (Fig. S2).†

It is obvious that the lithium plating/stripping properties of
copper foil and MnO2@Cu are different. Since copper foil has
a lower nucleation potential than MnO2@Cu, a large amount of
nucleation capacity is needed before lithium can be plated on
MnO2@Cu. These disparities are thought to be caused by vari-
ations in the surface characteristics of these two current
collectors. Due to MnO2's porous structure, lithium may be
easily plated on it, which results in the development of
condensed lithium on its surface. Given that MnO2@Cu has
a much stronger chemical affinity for metallic lithium, this may
result in a lower nucleation overpotential for MnO2@Cu. In
contrast, when using Cu foil, the solvated lithium ions inevi-
tably plate and undergo exfoliation or pulverization. It is clear
from the discussion above that the MnO2 nanorods on Cu
current collectors made it easier to form an excellent SEI layer,
homogenize ion ux scattering, improve Li+ conductivity, allow
for uniform lithium deposition, and prevent lithium dendrite
growth, which together enable the enhancement of plating/
stripping performance. Table S1† compares the performance
of lithium-ion batteries associated with various Cu-modied
current collectors.
This journal is © The Royal Society of Chemistry 2025
4. Conclusions

Here, we offer a straightforward, scalable technique for modi-
fying the Cu collector using MnO2 nanorods. Strong lith-
iophilicity of MnO2 nanorods may inuence the process of the
lithium plating and prevent growth of Li dendrites, in addition
to lowering the nucleation barrier by acting as nuclei to direct
homogeneous lithium nucleation. MnO2 may provide a large
number of active sites to promote Li nucleation. Strong ionic
conductivity on the MnO2 protective layer and high electron
conductivity inside nanorods may be used to coordinate the
control of Li+ ux and electron distribution, leading to dendrite-
free Li plating/stripping behavior. Additionally, the lithium
metal stored in the space between nanorods can effectively
reduce volume change during repeated charging and dis-
charging. These benets are made possible by MnO2 modied
Cu current collectors, which also provide low overpotential and
high CE. These advantages result in a simple, scalable process
for manufacturing lithium metal anodes for industrial use,
which in turn promotes the fabrication of safe Li-metal
batteries.
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