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Zinc-ion batteries (ZIBs) have attracted significant attention owing to their high safety, high energy

density, and low cost. ZIBs have been studied as a potential energy device for portable and flexible elec-

tronics. Here, a highly flexible free-standing Zn anode is fabricated using a simple spin-coating technique,

and its application in ZIBs is demonstrated. The free-standing Zn anode precursor is formed by mixing Zn

particles with carbon nanotubes and poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP). The

hexafluoropropylene group in PVDF-HFP improves the mechanical properties of the free-standing Zn

anode, whereas the carbon nanotubes created percolation conduction in the composite electrode,

leading to an increased electrical conductivity of the anode. Owing to the excellent electrical conductivity

and high specific surface area of the free-standing Zn anode, ZIBs with high capacity, rate performance,

and mechanical flexibility are achieved. The volumetric energy density of the ZIBs reaches 8.22 mW h

cm−3 with a battery thickness of 0.4 mm. This work demonstrates that free-standing Zn anodes are prom-

ising anodes for flexible ZIBs.

Introduction

The rapid development of flexible electronics triggered a high
demand for energy storage devices with high safety and energy
density, as well as low cost.1–5 In this context, zinc-ion batteries
(ZIBs) have received much attention due to their high safety
and environmental friendliness, and the natural abundance of
Zn.6–11 Metallic Zn is the most common anode material for
ZIBs. Although commercial zinc foil is cheap and can be pro-
duced on a large scale, the poor flexibility and growth of Zn
dendrites after cyclic operation limit its application in flexible
ZIBs.

Recently, various nanostructured Zn anodes with high flexi-
bility have been developed for ZIBs as an alternative to zinc
foil.12–14 For example, deposition of metallic Zn on carbon
cloth by electroplating is a common method of Zn anode
preparation.8–12 In addition, Zheng et al. proposed epitaxially
electrodeposited Zn on graphene-coated stainless steel.13 The
resultant epitaxial Zn anodes showed exceptional reversibility
and high rates. Zhang et al.14 employed a synergistic method
to fabricate three-dimensional dendrite-free Zn anodes by
combining a Cu–Zn solid solution interface and a Zn-oriented
polyacrylamide electrolyte additive. This method can greatly
reduce the overpotential of Zn nucleation and increase the
stability of Zn deposition. Other examples include Zn/stainless
steel mesh composite anodes,15 Zn@carbon-fiber anodes,16

and active carbon-modified Zn anodes.17 Usually, current col-
lectors (such as stainless steel and carbon fibers) are required
in these device structures, but they reduce the energy density
for the whole cell.

Herein, we fabricated a flexible and free-standing Zn anode
from commercial Zn paste, carbon nanotubes (CNTs), and
poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP)
via spin coating for application in ZIBs. The carbon nanotubes
increased the electrical conductivity of the free-standing Zn
anode, while PVDF-HFP increased its mechanical strength and
flexibility. Compared to conventional zinc foil, the free-stand-
ing Zn anode significantly improved the electrochemical per-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr01266e
‡These authors contributed equally.

aSchool of Electronic and Computer Engineering, Peking University Shenzhen

Graduate School, Shenzhen, China. E-mail: zhouh81@pkusz.edu.cn
bCollege of Information Science and Electronic Engineering, Zhejiang University,

Hangzhou, China. E-mail: xw224@zju.edu.cn
cSchool of Microelectronics Science and Technology, Sun Yat-Sen University

Guangzhou, PR China. E-mail: huangy723@mail.sysu.edu.cn
dZinergy Shenzhen Ltd, Baoan, Shenzhen, China
eCenter for Micro-and Nanoscale Research and Fabrication, University of Science and

Technology of China, Hefei, China
fDepartment of Chemistry, Zhejiang University, Hangzhou, China
gDepartment of Engineering, University of Cambridge, Cambridge CB3 0FA, UK

10100 | Nanoscale, 2021, 13, 10100–10107 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 T

ow
n 

L
ib

ra
ry

 o
f 

Sh
en

zh
en

 o
n 

10
/2

5/
20

21
 5

:2
9:

41
 P

M
. 

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0003-2900-2600
http://orcid.org/0000-0002-0472-9515
http://orcid.org/0000-0002-4290-9023
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr01266e&domain=pdf&date_stamp=2021-06-04
https://doi.org/10.1039/d1nr01266e
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013022


formance of ZIBs. The removal of an extra component (the
current collector) results in an impressive volumetric energy
density of 8.22 mW h cm−3 at a battery thickness of 0.4 mm.

Results and discussion

The free-standing Zn anode was prepared by spin coating, as
shown in Fig. 1. The details of the electrode preparation are
given in the Experimental section. Fig. 2a shows an optical
image of the free-standing Zn anode, revealing that it had a
black color. The free-standing Zn anode could be folded
without any mechanical damage (Fig. 2b). This excellent flexi-
bility was attributed to the 3D interconnected network formed
by CNTs and PVDF-HFP. Moreover, the well-dispersed CNTs in
PVDF-HFP provide an excellent electrically conductive network
for the free-standing Zn anode. It is also worth mentioning
that the PVDF-HFP binder in this composite is the key material
for film formation, and its hexafluoropropylene group is
known to increase the mechanical strength of the thin films.18

Fig. S1† shows that the surface of the free-standing Zn anode
had many cracks when PVDF-HFP was not used in the free-
standing Zn anode precursor.

The morphologies of the free-standing Zn anodes were
examined by scanning electron microscopy (SEM). As shown in
Fig. S2,† the Zn particles show a relatively uniform distribution
on the free-standing Zn anode. The SEM image in Fig. 2c
shows that the Zn particles had a granular morphology with a
diameter of ∼13 µm. The SEM image of the same sample
taken at higher magnification (Fig. 2d) disclosed that the Zn
particles were uniformly wrapped by CNTs and the PVDF-HFP
polymer. Fig. 2e shows the X-ray diffraction (XRD) patterns of
CNTs and the free-standing Zn anode, revealing a broad diffr-
action peak at 2θ = 26°, which can be attributed to the (002)
crystal plane of CNTs.19 Other diffraction peaks can be
indexed to the crystalline phase of Zn (JCPDS: 4-831).

To confirm the presence of the PVDF-HFP polymer in the
prepared free-standing Zn anode, the pure PVDF-HFP polymer
and free-standing Zn anode were characterized by Fourier
transform infrared (FTIR) spectroscopy. As shown in Fig. 2f,
PVDF-HFP exhibited absorption peaks at 612, 760, 796, and
976 cm−1, which were assigned to the α phase, and peaks at
840 and 1280 cm−1, which are characteristic of the β
phase.20,21 In addition, the peak at 1400 cm−1 was assigned to
the –CH2 wagging vibration.21 The absorption peak at
1176 cm−1 is characteristic of the symmetric stretching
vibrations of –CF2, and the small shoulder at around
1208 cm−1 was assigned to the asymmetric vibration of this
band.22 The peak at 1068 cm−1 was ascribed to the stretching
vibration of –CF3,

22,23 and the peaks at 872 and 840 cm−1

correspond to the absorption of C–F in the amorphous phase
of the polymers.22 For the fabricated free-standing Zn anode,
similar characteristic peaks at 1400, 1276, 1208, 1180, 1060,
972, 872, 836, and 760 cm−1 were assigned to the PVDF-HFP
phase, confirming the presence of PVDF-HFP. The prepared
free-standing Zn anode exhibited another FTIR absorption
peak at 1724 cm−1, which originated from the Zn paste and
appeared at 1728 cm−1 in the FTIR spectrum of the Zn paste.
This absorption peak was ascribed to the stretching vibration
of the carbonyl groups.20

The N2 adsorption/desorption isotherms of the free-standing
Zn anode shown in Fig. 2g and Fig. S6† showed type IV shapes
with small H3 hysteresis loops. The Brunauer–Emmett–Teller
(BET) surface area of the free-standing Zn anode was found to
be 11.961 m2 g−1 (Table 1). The pore size was distributed in the
range of 15–25 nm (Fig. 2h), which was calculated by the
Barrett–Joyner–Halenda (BJH) method, indicating that the free-
standing Zn anode had a microporous structure.

In order to study the electrochemical performance of the
free-standing Zn anode, ZIBs were assembled by separating the
MnO2 cathode and the free-standing Zn anode with an NKK
separator in an aqueous electrolyte of 2 M ZnSO4 and 0.1 M

Fig. 1 The preparation process of the free-standing Zn anode.
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MnSO4. The electrochemical and mechanical properties of the
free-standing Zn anode were related to the ratio of Zn paste :
CNTs : PVDF-HFP. We prepared four samples with ratios of
88 : 4 : 8 (Fig. S3†), 88 : 8 : 4 (Fig. S4†), 80 : 12 : 8, and 80 : 10 : 10

(Fig. S5†), respectively. When the electrode was prepared with
a ratio of 88 : 8 : 4, the electrode could not form a free-standing
film due to an insufficient amount of the PVDF-HFP binder.
The samples with ratios of 88 : 4 : 8, 80 : 12 : 8, and 80 : 10 : 10
show high flexibility (Figs. S3a,2b and S5a†). The BET surface
area of the samples with a Zn paste/CNTs/PVDF-HFP ratio of
80 : 12 : 8 (11.961 m2 g−1) is slightly larger than the samples
with ratios of 88 : 4 : 8 and 80 : 10 : 10 (10.407 and 10.083 m2

g−1, Table S2 and Fig. S6†). The specific capacity and rate per-
formance of ZIBs with the free-standing Zn anode with ratios
of 88 : 8 : 4, 80 : 12 : 8, and 80 : 10 : 10 were investigated, and the

Fig. 2 (a) Photograph of the free-standing Zn anode. (b) Photograph of a folded free-standing Zn anode sample. (c and d) SEM images of the free-
standing Zn anode. (e) XRD patterns of CNTs and the free-standing Zn anode. (f ) FTIR of PVDF-HFP, Zn paste and the free-standing Zn anode. (g)
Nitrogen adsorption/desorption isotherm of the free-standing Zn anode. (h) Nitrogen adsorption/desorption pore size of the free-standing Zn
anode.

Table 1 BET data of the free-standing Zn anode

Sample
BET surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Average pore
size (nm)

Free-standing Zn anode 11.961 0.1231 41.181
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rate results are presented in Fig. S7.† The electrode prepared
with a Zn paste/CNTs/PVDF-HFP ratio of 80 : 12 : 8 exhibited
the highest capacity among the prepared samples and was
thus used for comparing the performance of ZIBs with a free-
standing Zn anode and ZIBs with a zinc foil anode.

Fig. 3a shows the CV curves of ZIBs with the free-standing
Zn anode and those with zinc foil as the anode at a scan rate
of 1 mV s−1 in the voltage range of 1.0–1.9 V. The CV of ZIBs
with the free-standing Zn anode exhibited a distinct anodic
peak at around 1.64 V and two cathodic peaks at around 1.20
and 1.34 V. Similarly, ZIBs with zinc foil exhibited an oxidation
peak at 1.61 V and reduction peaks at 1.21 and 1.35 V. The CV
peak intensity of ZIBs with the free-standing Zn anode was sig-
nificantly higher than that of ZIBs with the zinc foil anode,

indicating their higher capacity. Fig. 3b shows the galvano-
static charge/discharge profiles of the first three cycles for a
current density of 0.3 A g−1. Both batteries exhibited two
similar discharge plateaus, which were attributed to successive
H+ and Zn2+ insertion processes.24,25 However, the specific dis-
charge capacity of the ZIBs with the free-standing Zn anode at
0.3 A g−1 was significantly higher (318.5 mA h g−1 in the first
cycle) than that of ZIBs with the zinc foil anode (206.7 mA h
g−1 in the first cycle). This result is consistent with the CV pro-
files shown in Fig. 3a. In order to explore the rate performance
of the ZIBs, galvanostatic discharge–charge measurements
were conducted in the capacity range of 0.3–3 A g−1 (Fig. 3c).
The specific discharge capacities of ZIBs with the free-standing
Zn anode were 318.5, 261.1, 200.2, 170.7, 151.3, and 138.0 mA

Fig. 3 (a) Cyclic voltammetry curves of ZIBs with the free-standing Zn anode and zinc foil. (b) Discharge/charge profiles of ZIBs with the free-
standing Zn anode and zinc foil at 0.3 A g−1. (c) Rate capability of ZIBs with the free-standing Zn anode and zinc foil. (d) Comparison of the Ragone
plot (based on the weight of MnO2) of ZIBs with the free-standing Zn anode and ZIBs with zinc foil. (e) Long-term cycling performance of the ZIBs
with the free-standing Zn anode and zinc foil at 3.0 A g−1. (f ) Nyquist plots of the ZIBs with the free-standing Zn anode and zinc foil. (g) Voltage
profile of the zinc foil/zinc foil symmetric cell and the free-standing Zn anode/free-standing Zn anode symmetric cell at various current densities.
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h g−1 at current densities of 0.3, 0.6, 1.2, 1.8, 2.4, and 3.0 A
g−1, respectively. When the current density returned to 0.3 A
g−1, the specific discharge capacity of ZIBs with the free-stand-
ing Zn anode was restored to 295.1 mA h g−1. As a comparison,
ZIBs with the zinc foil anode exhibited a much lower discharge
capacity of 206.7 mA h g−1 even at a low discharge rate of 0.3 A
g−1, which further dropped to 99.1 mA h g−1 at 3 A g−1. The
energy and power densities of the Zn–MnO2 battery are shown
in Fig. 3d. The maximum energy density of the ZIBs with the
free-standing Zn anode was 430.1 W h kg−1, and the peak
power density was 4.02 kW kg−1. Therefore, both values were
higher than that of the ZIBs with the zinc foil anode. The
highest volumetric energy density of the ZIBs with the free-
standing Zn anode reached 8.22 mW h cm−3 (with a thickness
of 0.4 mm), which was significantly higher than those of ZIBs
with the zinc foil anode (5.18 mW h cm−3) and reported alkali-
ion batteries (1.3 mW h cm−3)26 and comparable to those of
supercapacitors (6.8 mW h cm−3)27 and Ni–Zn batteries
(7.76 mW h cm−3).28

The long-term cycling stability of the ZIBs at 3.0 A g−1 was
studied. Fig. 3e shows that the initial discharge capacity of the
ZIBs with the free-standing Zn anode was 129.2 mA h g−1.
After 1000 charge/discharge cycles, the discharge capacity was
84 mA h g−1, corresponding to a capacity retention of 65%.
The coulombic efficiency was 77% in the initial cycles. After
the first ten cycles, the coulombic efficiency increased to 99%
and remained at around 99.9% even after 1000 cycles. As a
comparison, the capacity retention of the ZIBs with the zinc
foil anode after 1000 cycles at 3.0 A g−1 was only 46.1%. A com-
parison of ZIBs with the free-standing Zn anode and ZIBs with
other composite Zn anodes in terms of electrochemical per-
formance in the literature is given in Table. S3.† The rate per-
formance and cycling performance of the ZIBs (Zn–MnO2)
with the free-standing Zn anode are superior to those of the
ZIBs (Zn–MnO2) with other composite Zn anodes.

To obtain a better understanding of the performance differ-
ence between ZIBs with the free-standing Zn anode and those
with the zinc foil anode, electrochemical impedance spec-
troscopy (EIS) measurements were performed after charging
the samples to about 1.9 V vs. Zn2+/Zn. The corresponding
Nyquist plots are shown in Fig. 3f. An appropriate equivalent
circuit model (inset of Fig. 3f), including ohmic series resis-
tance (RS), surface film resistance (Rf ), charge transfer resis-
tance (Rct), surface film capacitance (Cf ), double layer capaci-
tance (Cdl), and Warburg impedance (Zw), was established to
fit the Nyquist curves.29 The fitting parameters (e.g., RS and
Rct) are shown in Table S1.† ZIBs with the free-standing Zn
anode exhibited a much smaller Rct value (6.576 Ω) than those
with zinc foil (44.26 Ω).

We also compared the stability and reversibility of a Zn/Zn
symmetric cell with the free-standing Zn anode and zinc foil.
The polarization voltage of Zn plating/stripping was investi-
gated for a fixed time of 1 h at different current densities in
the range of 0.1–2.0 mA cm−2. When the current density
increases from 0.1 mA cm−2 to 2.0 mA cm−2, the polarization
voltage of the free-standing Zn anode/free-standing Zn anode

symmetric cell is below 180 mV. However, a sudden increase in
polarization was observed in the zinc foil/zinc foil symmetric
cell when the current density increased to 2.0 mA cm−2. This
demonstrates that free-standing Zn anodes are more promis-
ing for use in ZIBs over a wide range of current densities than
the zinc foil.

Based on the above results, the free-standing Zn anode
improved the electrochemical properties of the ZIBs, imparting
a higher specific capacity and higher rate performance than its
zinc foil counterpart. This enhancement is probably due to the
formation of conductive pathways by CNTs for electron trans-
port during the charging/discharging process, as evidenced by
the decreased charge transfer resistance (Fig. 3f). This highly
percolated electronic network of CNTs can improve the con-
ductivity of the anode, which contributes to the excellent
electrochemical performance of the ZIBs with the free-stand-
ing Zn anode. Moreover, the free-standing Zn anode had a
higher specific surface area (11.961 m2 g−1 for the free-stand-
ing Zn anode vs. 6.518 × 10−4 m2 g−1 for the zinc foil anode),
which increased the contact area between the electrode and
electrolyte to facilitate the Zn2+ insertion process.

The surface morphologies and morphological changes of
the free-standing Zn anode after 50, 100, and 400 charge/dis-
charge cycles were investigated by SEM, and the results are
shown in Fig. 4a–c. Some flakes emerged on the free-standing
Zn anode after 50 cycles (Fig. 4a). With increasing cycle
number, more flakes appeared and gradually covered the Zn
particles (Fig. 4b). After 400 cycles, a large number of flakes
completely covered the surface of the free-standing Zn anode
(Fig. 4c). After 50 charge/discharge cycles, XRD measurements
showed typical Zn (JCPDS:4-831) and CNTs peaks, as shown in
Fig. 4d. The XRD peaks of (Zn(OH)2)3(ZnSO4)(H2O)5 (JCPDS:78-
246) were also identified in the XRD pattern of free-standing
Zn anodes after 50 cycles. These peaks were also detected after
100 and 400 cycles, and the peak intensity of (Zn
(OH)2)3(ZnSO4)(H2O)5 was significantly increased after 400
cycles. The flake-like shape of (Zn(OH)2)3(ZnSO4)(H2O)5 and
the XRD peaks are consistent with previous reports.25 The for-
mation of (Zn(OH)2)3(ZnSO4)(H2O)5 was attributed to the
increasing concentration of OH− at the electrode/electrolyte
interface due to the consumption of H+ in the electrolyte
during the discharge process, which has been reported
previously.25,30,31 Thus, the flakes observed in Fig. 4a–c are
related to the formation of (Zn(OH)2)3(ZnSO4)(H2O)5. The
increasing peak intensity of (Zn(OH)2)3(ZnSO4)(H2O)5 during
long cycling is consistent with the evolution observed in the
SEM images. The changes in the morphology and composition
of zinc foil after 50, 100, and 400 charge/discharge cycles are
also investigated for comparison (Fig. S8†).

Finally, we tested the flexibility of ZIBs with the free-stand-
ing Zn anode using the ZnSO4/MnSO4-solid electrolyte. The
battery was bent up to a radius of approximately 6 mm. We
observed a remarkable capacity retention of 91.1%, even after
the battery was continuously bent for 2000 cycles (Fig. 5),
showing a good flexibility of the battery components, includ-
ing the free-standing Zn anode.

Paper Nanoscale

10104 | Nanoscale, 2021, 13, 10100–10107 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 T

ow
n 

L
ib

ra
ry

 o
f 

Sh
en

zh
en

 o
n 

10
/2

5/
20

21
 5

:2
9:

41
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nr01266e


Conclusions

In conclusion, we prepared a spin-coated free-standing Zn
anode for ZIBs using a carbon nanotube-incorporated
PVDF-HFP binder. Carbon nanotubes increase the electrical

conductivity of the Zn anode, while PVDF-HFP increases its
mechanical properties. The optimal Zn paste/CNTs/PVDF-HFP
ratio for spin coating has been identified to be 80 : 12 : 8.
Compared with ZIBs with the zinc foil anode, ZIBs with the
free-standing Zn anode showed a higher capacity of 318.5 mA
h g−1 at 0.3 A g−1 and an improved rate performance of
138 mA h g−1 at 3 A g−1, resulting in an impressive volumetric
energy density of 8.22 mW h cm−3 at a battery thickness of
0.4 mm. The free-standing Zn anode fabricated by spin coating
is a promising anode for ultrathin flexible ZIBs.

Experimental
Preparation of the free-standing Zn anode

PVDF-HFP (1.6 g; Sigma-Aldrich) was dissolved in acetone
(16 g) using a magnetic stirrer for 2 h at 60 °C, followed by
cooling down to room temperature. Then, 16 g of Zn paste
(ZK1 Zn paste; Zinergy Shenzhen Ltd) and 2.4 g of CNTs
(XFM17; XFNANO Materials Tech Co., Ltd) were added into
this mixed solution with magnetic stirring for 2 h. The result-
ing Zn slurry was spin coated onto a glass substrate (2 × 2 cm2)
at 700 revolutions per minute (RPM) for 9 s, followed by 1500
RPM for 30 s. Then, the covered glass substrate was main-

Fig. 4 SEM images of the free-standing Zn anode after (a) 50, (b) 100, and (c) 400 cycles. (d) XRD patterns of the free-standing Zn anode after cycling.

Fig. 5 The capacity retention of solid-state ZIBs with the free-standing
Zn anode after the bending test.
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tained at room temperature for 3 min to remove excess
acetone. The free-standing Zn anode was peeled off from the
substrate and further dried under vacuum at room tempera-
ture for 10 h.

Structure and morphology characterization

The morphology of the materials was observed by SEM (ZEISS
SUPRA, Carl Zeiss). X-ray powder diffraction (XRD) patterns
were obtained using a Bruker X-ray diffractometer (D8
Advance), and FTIR spectroscopy was performed on a Thermo
Scientific Nicolet iS 50 spectrometer. The BET surface area was
recorded using an accelerated surface area and porosimetry
system (ASAP 2020HD88).

Electrochemical characterization

The electrochemical performance of the free-standing Zn
anode was measured using CR2023 coin cells. MnO2 cathodes
were prepared by mixing MnO2 powder, super-P, and polyviny-
lidene fluoride at a weight ratio of 7 : 2 : 1 in the solvent
N-methyl pyrrolidone, followed by coating the slurry on carbon
paper. The ZIBs were assembled by separating the free-stand-
ing Zn anode and the MnO2 cathode with an NKK separator in
a solution of 2 M ZnSO4 + 0.1 M MnSO4. CV was performed on
an electrochemical workstation (CHI660, Shanghai CH
Instrument Co., Ltd) at a scan rate of 1 mV s−1, and the poten-
tial was measured vs. Zn2+/Zn. Galvanostatic charge/discharge
and cycling performances were measured with a battery test
system (CT2001A, Wuhan Land Electronic Co., Ltd). For the
flexibility test, the specific capacity of the cell was first tested
under normal conditions. Then, after every 100 cycles of
bending with a radius of 6 mm, the capacity of the cell was
tested again.
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