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Ting Xiong,‡a Deqiang Zhang,‡abc Jing Ying Yeo,bc Yufeng Zhan,b Yong Kang Ong, c

Carlos Maria Alava Limpo,b Lu Shi,b Yifan Rao,b Yanhui Pu,b Wenhui Lai,b

Jonghak Lee,c Wee Siang Vincent Leeb and Barbaros Özyilmaz *abc

Zinc metal-free zinc-ion batteries hold promise for achieving higher energy densities by eliminating the

need for dense zinc foil as the anode. However, the direct use of substrates like copper foil in these

batteries results in poor cyclic stability due to dendrite growth. Herein, we propose a strategy to

modulate the nucleation sites and growth dynamics of Zn. This is achieved by introducing a graphene

coating on the copper substrate, which directs the initial nucleation of Zn to form hexagonal plates.

Subsequently, the incorporation of positively polarized poly(vinylidene fluoride-trifluoroethylene)

promotes growth along these hexagonal plates, resulting in uniform crystalline plates. As a result, the

half-cell demonstrated a significant improvement in the cyclic life of 3000 cycles at a high current

density of 10 mA cm−2 and capacity of 1 mA h cm−2. When paired with Zn-inserted MnO2 cathode, the

full cell exhibited high cyclic stability (retaining 83% capacity after 500 cycles at 1 mA cm−2) and energy

density of 378 W h kg−1 at 0.5 mA cm−2. This is notably higher than the conventional Zn ion battery

based on a Zn anode (136 W h kg−1). To showcase its potential, we prepared a pouch cell that

successfully powered the electric fan and LED lights, suggesting its promising application in high-

performance Zn ion batteries.
Introduction

Batteries are a cornerstone of modern life that fuel our daily
activities, drive technological advancement, and promote
sustainable energy practices and catalytic processes across
a plethora of domains.1–3 As such, the demand for batteries with
high energy density has grown notably in recent years. To meet
such demands, anode-less batteries have emerged as a prom-
ising battery technology that could offer enhanced energy
densities.4,5 The uniqueness of these anode-less metal battery
technologies lies in structure design, where non-active elements
like copper (Cu) foil are used to substitute anode materials such
as lithium (Li), sodium (Na), or zinc (Zn) that are conventionally
used in the battery technologies.6–8 Hence, due to this innova-
tive architecture, both the battery volume and mass could be
signicantly reduced, and this would consequently lead to an
elevated energy density.
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Within the realm of anode-less batteries, aqueous Zn metal-
free Zn ion batteries (AZMZIBs) have garnered signicant
attention. This is primarily attributed to the high natural
abundancy of zinc, widespread availability, and cost-
effectiveness when compared to other battery materials.9,10

Nonetheless, without a fresh Zn metal reservoir for replenish-
ment during cycling, battery performance becomes critically
dependent on coulombic efficiency and dendrite formation.11–13

According to the studies, zinc deposition has greater affinity to
the lower surface energy sites, which unfortunately leads to the
emergence of needle-like dendritic structures aer repeated
cycling. Even though various strategies, such as surface modi-
cation and electrolyte regulation, have been proposed to curb
the growth of Zn dendrites, achieving optimal cycle stability
(which is a prerequisite for practical applications) remains
elusive.14–16 A major bottleneck for those strategies is the inef-
cient regulation of Zn nucleation sites and their growth
dynamics, which requires the presence of uniform nucleation
sites to dictate the Zn nucleation process. For instance, gra-
phene can serve as a suitable substrate for Zn nucleation due to
its unique two-dimensional lattice. Since both graphene and Zn
possess hexagonal lattice structures with a minimal lattice
mismatch of approximately 8%, this would ensure good
compatibility.17 Aer realizing uniform nucleation by providing
suitable nucleation sites, the subsequent step would be to
ensure homogeneous growth to curb dendrite formation.
J. Mater. Chem. A, 2024, 12, 5499–5507 | 5499
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Notably, ferroelectric materials such as b-phase poly(vinylidene
uoride-triuoroethylene) (P(VDF-TrFE)) exhibit intrinsic elec-
tric polarization that can be modulated or even reversed when
exposed to an external electric eld. Consequently, this could
potentially offer a method to regulate Zn deposition and the
ow of Zn2+ ions.18 To investigate the inuence of P(VDF-TrFE)
coatings on copper substrates, we performed simulation studies
on the electrostatic eld distributions on the surface of the
material. According to the preliminary results, Zn2+ ions are
more uniformly distributed around the Zn plate aer coated
with positively polarized P(VDF-TrFE), which ultimately leads to
a more even and horizontal deposition when compared to those
under negative or non-polarized conditions. Such ndings may
underscore the potential of using positively polarized P(VDF-
Fig. 1 Schematic illustration showing the zinc-deposition behaviours on
the coated and annealed P(VDF-TrFE)@graphene@Cu. (e) AFM and (f)
sponding KPFM surface potential profiles and (h) KPFM images of the an

5500 | J. Mater. Chem. A, 2024, 12, 5499–5507
TrFE) as an effective tool to control the Zn growth dynamics
and circumvent dendrite formation.

Herein, we report a facile strategy that involves using posi-
tively polarized P(VDF-TrFE) and graphene to enhance the Zn
deposition compatibility of Cu foil, denoted as PPG-Cu. Such
a strategy is essential as standard Cu foils can easily facilitate
the growth of Zn dendrites, which inevitably leads to battery
failure (as shown in Fig. 1a). In contrast, the PPG-Cu ensures
a uniform deposition of Zn, whereby the graphene coating plays
a pivotal role in directing the initial Zn nucleation to form
hexagonal plates. Aer which, the positively polarized P(VDF-
TrFE) helps to supress the Zn dendrite growth by realizing
uniform and lateral Zn deposition (depicted in Fig. 1b). Owing
to these enhancements, the half-cell test based on PPG-Cu
(a) bare Cu and (b) PPG-Cu. (c) Raman spectra and (d) XRD spectra of
SEM image of the annealed P(VDF-TrFE)@graphene@Cu. (g) Corre-
nealed P(VDF-TrFE) at different polarization states.

This journal is © The Royal Society of Chemistry 2024
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demonstrated superior cyclic longevity and remarkable
coulombic efficiency. The half-cell was able to cycle for
a commendable 3000 times under 10 mA cm−2 and a capacity of
1 mA h cm−2, whereas the standard Cu cell ceased functioning
aer just 20 hours under similar conditions. More impressively,
the half-cell could last for over 200 hours at a higher capacity of
5 mA h cm−2, while maintaining a smooth surface morphology
– a stark contrast to the dendrite-dense morphology observed in
the standard Cu cell. Furthermore, when combined with Zn-
inserted MnO2 cathode, the PPG-Cu foil-based full cell exhibi-
ted a specic capacity of 270 mA h g−1 at 0.5 mA cm−2 and
75 mA h g−1 at 5 mA cm−2, with a good capacity retention of
83% aer 500 cycles at 1 mA cm−2. Remarkably, in the absence
of conventional Zn anode, the energy density of the full cell
soared to 378 W h kg−1, signicantly outperforming the
conventional Zn ion batteries equipped with Zn anodes
(136 W h kg−1). Such ndings underscore the potential of our
proposed strategy in pioneering the next generation high-
energy batteries, that could combine high energy density with
extended operational lifespans.
Results and discussion

Graphene@Cu was selected as the substrate for modication
for Zn metal-free Zn ion batteries. From the X-ray diffraction
(XRD) data and scanning electron microscopy (SEM) results, the
Fig. 2 Simulated Zn2+ distribution on P(VDF-TrFE)-coated graphene@Cu
polarization. SEM images of (d) bare Cu, (e) PG-Cu, (f) NPG-Cu, and (g)

This journal is © The Royal Society of Chemistry 2024
purchased graphene@Cu was conrmed to be of high quality
without defects (Fig. S1†). Subsequently, P(VDF-TrFE) polymer
was mixed with zinc triuoromethane sulfonate salt and the
mixture was subsequently used as the coating material for
graphene@Cu substrate. Zinc triuoromethane sulfonate was
added as these salt particles dissolve readily in aqueous elec-
trolytes to form porous structures so as to establish adequate
zinc-ion diffusion channels. The as-prepared solution was
uniformly coated onto graphene@Cu (see Experimental
section) via spin-coating, which was then followed with
a thermal annealing process to convert P(VDF-TrFE) into
ferroelectric b phase. As shown by the Raman spectra in Fig. 1c,
two distinctive peaks were observed at 1594 cm−1 and
2671 cm−1.19,20 These two peaks correspond to the G band and
2D band of graphene, respectively, suggesting that the graphene
remained undamaged during the annealing process. Addition-
ally, a dominant peak at approximately 845 cm−1 (attributed to
the b-phase of P(VDF-TrFE)) emerged aer thermal annealing.21

This is further conrmed by the presence of b-phase peak (2qz
19.7°) of P(VDF-TrFE) aer thermal annealing in the XRD
results (Fig. 1d).22 Since P(VDF-TrFE) itself is not conductive, the
thickness of the P(VDF-TrFE) coating layer was controlled to
around 50 nm, as revealed by atomic force microscopy (AFM)
(Fig. 1e), to ensure good zinc ions conductivity. Also, the crys-
talized P(VDF-TrFE) b-phase possessed numerous grains
morphology (Fig. 1f). Next, the Corona poling technique was
foil with (a) non-polarization, (b) negative polarization, and (c) positive
PPG-Cu after deposition at 10 mA cm−2 for 0.1 h.

J. Mater. Chem. A, 2024, 12, 5499–5507 | 5501
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adopted to polarize the P(VDF-TrFE) lm. As indicated by the
Kelvin probe force microscopy (KPFM), the measured surface
potentials of the negatively polarized, nonpolarized, and posi-
tively polarized P(VDF-TrFE) samples were determined to be
about 385 mV, 332 mV, and 283 mV, respectively (Fig. 1g and h).
It is worth noting that the polarization process did not trigger
visible alterations to the grains morphology as revealed by the
SEM images in Fig. S2.† When compared to the nonpolarized
state, the polarization process can effectively alter the orienta-
tion of dipoles in the ferroelectric polymer, which could lead to
either an increase or decrease in the surface potential in
response to the applied external electric eld.

Based on the various surface potential situations, nite
element simulations were performed on the electrostatic eld
distributions and electrochemical potential distribution using
P(VDF-TrFE) with different polarizations. Fig. 2a shows the
simulated Zn2+ distribution of P(VDF-TrFE)-coated graphe-
ne@Cu foil without polarization. Due to the electric eld lines
pointing towards the negative electrode, the strong uniform
electric eld emitted from the positive electrode will gather
around the protruding Zn section of the negative electrode. This
process induces the accumulation of Zn2+ ions at the negative
electrode, followed by charge exchange and reduction reactions
occurring at the electrode to convert Zn2+ back into Zn during
deposition. In regular conditions, more Zn will deposit in areas
where electric eld lines are densely concentrated due to the
geometric structure, which in turn leads to the greater extent of
formation of dendrites during the deposition process. In
Fig. S3a,† the surface of P(VDF-TrFE) was enriched with positive
charges (negative polarization), and the electric eld lines from
P(VDF-TrFE) were pointing towards Zn as illustrated in Fig. 2b.
This eld correction was due to the surface polarization of
P(VDF-TrFE), which adjusts the distribution of the main electric
eld to trigger more charges to accumulate at the tip. This
accumulation would then result in a signicant concentration
of electric eld lines at the tip, which leads to the acceleration of
dendrite formation by enhancing the electric eld-induced Zn
deposition process at the area of the sharpened tip. Fig. S3b†
shows the P(VDF-TrFE) with its surface enriched with negative
charges (positive polarization), and the simulated Zn2+ distri-
bution is illustrated in Fig. 2c. According to the results, the
electric eld originated from the protruding Zn surface and
pointed towards the P(VDF-TrFE) surface. This led to a sponta-
neously polarized electric eld at the vertically oriented surface
region of the protruding Zn, which countered the aggregation of
electric eld lines. This polarized electric eld could gather
more eld lines at the lateral sections of the protruding Zn,
where more Zn2+ ions could accumulate to achieve uniform and
horizonal deposition.

To further validate the inuence of the polarized P(VDF-
TrFE) layer on the zinc deposition behavior, ex situ SEM char-
acterizations of various electrodes aer depositing a xed
quantity of zinc (10 mA cm−2 for 0.1 h) were conducted. The
results presented in Fig. 2d–g illustrate the distinctive surface
morphologies of Cu foil and graphene@Cu foil coated with
different polarized P(VDF-TrFE) layers aer Zn deposition.
Commercially available bare Cu was employed as a reference
5502 | J. Mater. Chem. A, 2024, 12, 5499–5507
sample, whereby it was determined by XRD and SEM results to
be of high purity (Fig. S4†). For the bare Cu foil (Fig. 2d),
obvious Zn dendrites could be observed. In contrast, for the
nonpolarized P(VDF-TrFE) coated graphene@Cu (denoted as
PG-Cu), the deposited zinc could be manifested as randomly
distributed zinc plates (Fig. 2e). Meanwhile, for the negatively
polarized P(VDF-TrFE) coated graphene@Cu (denoted as NPG-
Cu), zinc growth occurred locally in the form of both Zn
plates and vertical plates, which could potentially lead to
internal short circuits due to the further growth of vertical
plates during cycling (Fig. 2f). Remarkably, when a positively
polarized P(VDF-TrFE) coated graphene@Cu (denoted as PPG-
Cu) was used, the deposited zinc demonstrated a growth
along the surface of the polymer layer, and this resulted in the
formation of horizontally aligned zinc plates without any visible
dendrites (Fig. 2g). A separate experiment was performed on the
graphene@Cu and positively polarized P(VDF-TrFE)@Cu inde-
pendently to conrm the synergistic interactions between the
graphene and the positively polarized P(VDF-TrFE) during zinc
deposition (Fig. S5†). The results demonstrate the horizontal
hexagonal growth in the presence of graphene, while the posi-
tively polarized P(VDF-TrFE) promoted stacked growth. As such,
a uniform morphology during the Zn deposition process could
be achieved by employing the synergistic interplay between
these two factors to facilitate the uniform and horizonal growth
of hexagonal plates.

Zn plating/stripping pattern was monitored under an in situ
optical microscope and the results are shown in Fig. 3a and b.
As expected, uneven Zn deposition could be observed for the
bare Cu at the initial stage (Fig. 3a). Consequently, such an
inhomogeneous nucleation process caused the accumulation of
charges at the pointed tip of the surface, and this led greater
extent of Zn deposition at the tips, which ultimately resulted in
more dendrites formed during the deposition process.23 As
such, several visible protuberances appeared aer 25minutes of
deposition and these protuberances continued to grow into Zn
dendrites. This phenomenon was further conrmed by the
cross-sectional SEM images in Fig. S6.† In contrast, a smooth
surface morphology was observed for the entire plating process
for PPG-Cu electrode, without any visible dendrites detected
(Fig. 3b). This is because Zn2+ tends to gather around the
protruding Zn to achieve uniform and horizonal deposition, as
guided by the positively polarized P(VDF-TrFE). The growth
process is further investigated by depositing Zn on PPG-Cu at
different time intervals, and the SEM images are shown in
Fig. 3c. Due to the lattice matching between graphene and zinc,
Zn could nucleate and grow in the shape of hexagonal nano-
sheets (1 min). Then, these hexagonal nanosheets grow around
the larger hexagonal nucleation sites to form closely packed and
uniformly stacked hexagonal nanosheets as guided by the
electric eld due to the positively polarized P(VDF-TrFE) (5
min). Subsequently, these nanosheets converge to form inter-
digitated stacked nanosheet morphology (15 min), and nally
grow into tightly interlocked large nanosheets (30 min). This
can be further conrmed by the results shown in Fig. 3d and e.
Also, aer 30 min of continuous deposition, the surface of PPG-
Cu was fully covered by Zn, since only XRD peaks belonging to
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Optical microscopy of cross-sectional Zn deposition morphology on (a) bare Cu foil and (b) PPG-Cu foil based on a two-electrode
configuration with Zn foil as the counter electrode at a current density of 10 mA cm−2 via an in situ optical microscope. (c) SEM images of Zn
deposited on PPG-Cu foil at different deposition durations at 10mA cm−2. (d) SEM image, (e) cross-sectional SEM image and (f) XRD pattern of Zn
deposited on PPG-Cu foil after 30 min deposition at 10 mA cm−2.
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Zn were detected (Fig. 3f), which indicates homogenous
deposition.

The effects of corrosion on the bare Cu and PPG-Cu were
analysed by performing linear polarization experiments in 2 M
ZnSO4 (Fig. 4a). When compared to the bare Cu, the corrosion
potential of PPG-Cu increased from −0.034 V to −0.017 V. Most
notably, a reduced corrosion current of 441 mA cm−2 was ob-
tained for PPG-Cu as compared to that of bare Cu. It is generally
accepted that a more positive corrosion potential indicates
a lower tendency for corrosion, and a lower corrosion current
will then indicate a lower corrosion rate.24 The nucleation stage
is a pivotal step to understand the transformation process of Zn
dendrites. As such, we proceeded to compare the nucleation
overpotentials of bare Cu and PPG-Cu electrodes to clarify the
role of PPG-Cu inmodulating the Zn nucleation behavior. Cyclic
voltammetry (CV) tests were conducted in a three-electrode
conguration, in which Cu or PPG-Cu was used as the
working electrode, Zn foil as the counter electrode, and satu-
rated calomel electrode (SCE) as the reference electrode. As
shown in Fig. 4b, PPG-Cu could increase the nucleation over-
potential by 16 mV when compared to the bare Cu. Moreover, as
This journal is © The Royal Society of Chemistry 2024
depicted in Fig. 4c, both electrodes experienced a rapid voltage
drop at the beginning of the Zn plating process, which corre-
sponds to the nucleation process of metallic Zn on the surface
of the heterogeneous electrode. When compared to the bare Cu,
PPG-Cu electrode exhibited an increase in nucleation over-
potential by 11 mV, which is consistent with the results shown
in Fig. 4b. The increased overpotential is primarily attributed to
the non-conductive nature of the P(VDF-TrFE) polymer. This
polymer layer acts as a solid-state diffusion barrier, harmo-
nizing the interfacial Zn2+

ux and facilitating the migration of
Zn2+ species to the Cu surface. This, in turn, stabilizes the
subsequent stage of Zn growth. Consequently, the increased
overpotential provides a driving force for the nucleation and
growth processes with a regular nucleus.25

Next, the electrochemical Zn plating/stripping behaviors on
the bare Cu and PPG-Cu electrode were assessed at higher
capacities. Prior to the test, the cell was pre-treated at 10 mA
cm−2 with 10 mA h cm−2 for 5 cycles. As shown in Fig. S7 and
S8,† plating–stripping efficiency of 99% was attained aer 5
cycles, and the resistance grewmuch smaller as indicated by the
electrochemical impedance spectroscopy. Also, the pre-treated
J. Mater. Chem. A, 2024, 12, 5499–5507 | 5503
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Fig. 4 (a) Linear polarization curves showing the corrosion on bare Cu and PPG-Cu foils. (b) Cyclic voltammograms for Zn nucleation on bare Cu
and PPG-Cu foils. (c) Voltage–time curves during Zn nucleation at 5 mA cm−2 on bare Cu and PPG-Cu foils. (d) Charge–discharge profiles of
PPG-Cu//Zn cell at 1 mA cm−2. (e) Charge–discharge profiles of PPG-Cu//Zn cell at different current densities (electrodeposition time: 1 h). (f)
Coulombic efficiency of the bare Cu and PPG-Cu electrodes at 5 mA cm−2 with a capacity of 5 mA h cm−2. (g) Coulombic efficiency of the bare
Cu and PPG-Cu electrodes at 10 mA cm2 with a capacity of 1 mA h cm−2. SEM images of (h) the cycled Cu foil and (i) the cycled PPG-Cu foil.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/1
7/

20
24

 4
:5

2:
04

 P
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
samples were investigated by SEM, and some residual zinc
could still be observed, which serves as the starting point for
subsequent Zn2+ deposition and growth (Fig. S9†). Obviously,
the PPG-Cu electrode revealed stable performance for 0.3 h
plating and up to 5 h plating at 1 mA cm−2 (Fig. 4d). The elec-
trochemical Zn plating/stripping behaviors on the bare Cu and
PPG-Cu electrodes were also investigated at different current
densities with a x deposition duration of 1 h. As shown in
Fig. 4e, the PPG-Cu electrode exhibited high coulombic effi-
ciency approaching 99% at 2 mA cm−2 and up to 10 mA cm−2.
Similarly, the bare Cu showed good Zn plating/stripping
behavior at different current densities during initial cycles
(Fig. S10†). The Zn plating–stripping efficiencies on bare Cu and
PPG-Cu were evaluated by conducting galvanostatic discharge–
charge cycles under 5 mA h cm−2 at 5 mA cm−2. As shown in
Fig. 4f, the bare Cu electrode was only able to cycle for less than
5504 | J. Mater. Chem. A, 2024, 12, 5499–5507
50 cycles with such parameters. The reduced coulombic effi-
ciency and unstable plating–stripping of Zn ions aer pro-
longed cycling for bare Cu electrode could be due to the
presence of Zn dendrites with large surface area that promotes
the surface-originated and detrimental side reactions. In
contrast, the stripping/plating of Zn on PPG-Cu electrode was
highly stable throughout 200 cycles under identical electro-
chemical conditions. Moreover, even at high current density of
10 mA cm−2, the stripping/plating of Zn on PPG-Cu electrode
remained stable for more than 3000 cycles (Fig. 4g), which is
considered to be one of the longest lifespans ever reported for
copper used for Zn ion battery (Table S1†). To further elucidate
the mechanism behind the extended cyclic life, the morphol-
ogies of the cycled electrodes were analysed. As shown in
Fig. 4h, random plates and dendrites were detected for the bare
Cu, while uniform Zn deposition was observed for PPG-Cu
This journal is © The Royal Society of Chemistry 2024
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(Fig. 4i). This result further proved the benet of PPG-Cu in
controlling the Zn dendrite formation during pro-longed
cycling.

Inspired by the successful construction of dendrite-free PPG-
Cu electrode, a PPG-Cu//MnO2 battery was assembled in 2 M
ZnSO4 + 0.2 M MnSO4 to assess its effectiveness and practica-
bility as full cell. Here, MnO2 was selected as cathode, and the
XRD and SEM results indicated its layered nanosheet
morphology (Fig. S11†).26 Prior to the battery assembly, MnO2

was electrochemically intercalated with Zn2+, as conrmed by
Fig. S12.† Next, the electrochemical impedance spectroscopy
(EIS) measurements were conducted to investigate the charge
transfer resistance and Zn2+ ion diffusion resistance in the full
Fig. 5 (a) CV curves of Cu//MnO2 and PPG-Cu//MnO2. Charge–dischar
densities. (d) Energy density of Zn//MnO2 and PPG-Cu//MnO2. (e) Cyclic p
and 5 mA cm−2. SEM images of the cycled Cu (f) and PPG-Cu (g) in the fu
fans and (i) LED light.

This journal is © The Royal Society of Chemistry 2024
cell. As shown in Fig. S13,† the smaller semicircles at the
middle-frequency range of PPG-Cu//MnO2 cell indicated its
lower charge transfer resistance (63.5 Ohm) as compared to that
of Cu//MnO2 (100 Ohm). Also, the inclined line with larger slope
at low frequencies observed for PPG-Cu//MnO2 cell indicated
a faster Zn ion diffusion kinetics as compared to the Cu//MnO2

cell due to the electric eld arising from the positively polarized
ferroelectric polymer. As observed in Fig. 5a, both Cu//MnO2

and PPG-Cu//MnO2 batteries showed CV curves with similar
shape prole, which indicates that the presence of coating did
not affect the Zn ion intercalation/deintercalation behaviour.27

The galvanostatic charge/discharge curves of Cu//MnO2 and
PPG-Cu//MnO2 are shown in Fig. 5b and c, respectively. Both
ge curves of (b) Cu//MnO2 and (c) PPG-Cu//MnO2 at different current
erformance tests of Cu//MnO2 and PPG-Cu//MnO2 cells at 1 mA cm−2

ll cell test. Photos of two pouch cells connected in series powering (h)
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batteries showed comparable performance of ca. 270 mA h g−1

at 0.5 mA cm−2. However, the bare Cu//MnO2 decayed faster
with increasing current density. At 5 mA cm−2, the Cu//MnO2

battery delivered a low capacity of 46 mA h g−1, which is much
lower than that of the PPG-Cu//MnO2 battery (75 mA h g−1). To
verify the high energy density of our Zn metal-free battery,
conventional Zn//MnO2 battery was assembled and tested
(Fig. S14†). According to the result, Zn//MnO2 showed a slightly
higher capacity of 310 mA h g−1 due to the high abundance of
Zn2+ at the Zn anode. More importantly, PPG-Cu//MnO2 showed
a higher energy density of 378 W h kg−1 at 0.5 mA cm−2 when
compared to conventional Zn//MnO2 of 136W h kg−1 (assuming
themass of Zn is twice themass of MnO2 cathode). Even at 5mA
cm−2, PPG-Cu//MnO2 could deliver a high energy density of
90 W h kg−1 as compared to the conventional Zn ion battery
(52 W h kg−1) (Fig. 5d). The long-term stability was also exam-
ined, and the results are shown in Fig. 5e. The PPG-Cu//MnO2

battery showed a capacity of 180 mA h g−1 in the rst cycle, and
it could retain a capacity of 153 mA h g−1 aer cycling for 500
cycles at 1 mA cm−2 (corresponding to a capacity retention of
83%). This stability represents an improvement when compared
to other reported zinc metal-free zinc-ion batteries, which
exhibited 80% capacity retention at 0.5 mA cm−2 aer 275
cycles14 and 68.2% capacity retention aer 80 cycles.10 The cyclic
stability can be further enhanced through future optimizations
in electrolyte composition and cathode design. In contrast, Cu//
MnO2 failed aer 230 cycles under similar current density,
which further highlights the attractiveness of PPG-Cu in
enhancing the cyclic performance of the battery. For the cyclic
test under high current density of 5 mA cm−2, the PPG-Cu//
MnO2 battery managed a capacity retention of 83.4% aer 300
cycles, while Cu//MnO2 showed signicant decay of about 50%
of its initial capacity aer 300 cycles. Also, some dendrites and
by-products were observed for the cycled Cu foil, while the
surface of the cycled PPG-Cu remained smooth without visible
dendrites (Fig. 5f and g). This result further conrmed that the
coating of graphene and positive polarized polymer can aid in
regulating the surface nucleation and growth dynamics in order
to achieve a successful guided Zn growth during cycling. To
demonstrate the usability of the cell, two pouch cells were
constructed and were connected in series to successfully power
the electric fan (Fig. 5h) and LED lights (Fig. 5i).

Conclusion

In summary, we reported a facile strategy to regulate the
nucleation and growth of Zn by introducing graphene and
positively polarized P(VDF-TrFE) on the surface of a Cu
substrate. The as-assembled half-cell was able to operate stably
for 3000 cycles at a high current density of 10 mA cm−2 with
a capacity of 1 mA h cm−2. As a proof-of concept, we have
demonstrated a Zn metal-free battery prototype with decent
stability (83% aer 500 cycles at 1 mA cm−2) and high energy
density (378W h kg−1 at 0.5 mA cm−2). It is noted that even aer
extended cycling, the surface morphology of the modied Cu
substrate remained smooth without any visible dendrites, while
a signicant amount of Zn dendrites could be observed for the
5506 | J. Mater. Chem. A, 2024, 12, 5499–5507
unmodied counterpart. This demonstrated the effectiveness of
the synergistic effects of graphene and positively polarized
P(VDF-TrFE) in achieving a horizontal and in-plane deposition
of Zn during the electrochemical process. As a demonstration,
two pouch cells were connected in series to successfully power
the electric fan and LED lights. The versatility of our concept
depends on the low-cost technique, naturally abundant mate-
rials, and aqueous processing. The Zn metal-free batteries
concept will play an essential ideation in constructing cost-
effective, high-performance aqueous batteries for stationary
grid storage.
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