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Abstract
Rechargeable aqueous zinc-ion batteries (ZIBs) have attracted significant attention due to the
distinguishing characteristics of zinc metal, including its low price, abundance in earth, safety
and high theoretical specific capacity of 820 mAh g−1. Manganese dioxide (MnO2) is a
promising cathode for ZIBs due to high theoretical specific capacity, high discharge voltage
plateau, cost-effectiveness and nontoxicity. However, the low electronic conductivity and
volumetric changes during electrochemical cycling hinder its practical utilization. Herein, we
demonstrate a polyacrylic acid (PAA)-assisted assembling strategy to fabricate freestanding and
flexible MnO2/carbon nanotube/PAA (MnO2/CNT/PAA) cathodes for ZIBs. PAA plays an
important role in providing excellent mechanical properties to the free-standing electrode.
Moreover, the presence of CNT forms an electron conductive network, and the porous structure
of MnO2/CNT/PAA electrode accommodates the volumetric variations of MnO2 during
charge/discharge cycling. The as-fabricated quasi-solid-state Zn-MnO2/CNT/PAA battery
delivers a high charge storage capacity of 302 mAh g−1 at 0.3 A g−1 and retains 82% of the
initial capacity after 1000 charge/discharge cycles at 1.5 A g−1. The calculated volumetric
energy density of Zn-MnO2/CNT/PAA battery is 8.5 mW h cm−3 (with a thickness of 0.08 cm),
which is significantly higher than the reported alkali-ion batteries (1.3 mW h cm−3) and
comparable to supercapacitors (6.8 mW h cm−3) and Ni–Zn batteries (7.76 mW h cm−3). The
current work demonstrates that free-standing MnO2/CNT/PAA composite is a promising
cathode for ZIBs.
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Keywords: zinc-ion batteries, flexible cathode, free-standing electrode

(Some figures may appear in colour only in the online journal)

4 Authors to whom any correspondence should be addressed.

1361-6528/20/375401+6$33.00 1 © 2020 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6528/ab9866
https://orcid.org/0000-0002-0472-9515
mailto:huangyuan@pkusz.edu.cn
mailto:zhouh81@pkusz.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ab9866&domain=pdf&date_stamp=2020-06-30
http://doi.org.10.1088/1361-6528/ab9866


Nanotechnology 31 (2020) 375401 J Zhang et al

1. Introduction

Flexible electronic devices have garnered significant research
attention. These flexible devices need to be equippedwith flex-
ible batteries or other flexible energy storage devices [1]. Even
though widely employed lithium-ion batteries (LIBs) render
high energy density and stability [2, 3], the safety concerns
and limited lithium (Li) resources hinder their large-scale util-
ization [4]. Therefore, zinc-ion batteries (ZIBs) are gaining
focused research attention due to their enhanced safety, abund-
ant Zn resources and environment-friendly nature [5–9].

So far, a large variety of cathode materials have been pro-
posed for ZIBs, such as cobalt tetroxide, vanadium disulf-
ide and zinc orthovanadate [8, 10, 11]. Manganese dioxide
(MnO2) is a promising cathode for ZIBs due to its high theor-
etical specific capacity, high discharge voltage plateau, cost-
effectiveness and nontoxicity [12–14]. However, MnO2 suf-
fers from low electronic conductivity (10−5 ∼ 10−6 S cm−1)
and large volumetric changes during electrochemical cycling,
leading to inferior performance as a cathode material in ZIBs
[6, 15, 16]. To date, several attempts have been made to tackle
these problems by combining MnO2 with highly conduct-
ive additives, such as super-P, carbon nanotube (CNT) and
reduced graphene oxide (rGO) [17–19]. In general, carbon
cloth or carbon paper is usually used as a current collector,
whereas the conductive additives are introduced via mech-
anical mixing, vacuum filtration or hydrothermal synthesis
[18–20]. However, the current collector is an electrochemic-
ally inactive component, which reduces the gravimetric and
volumetric energy density of the electrode. Therefore, in addi-
tion to finding efficient additives to enhance the electronic con-
ductivity of MnO2 and forming a desirable structure to accom-
modate large volumetric changes during the charge/discharge
process, it is of utmost significance to minimize the content
of inactive components to enhance the overall performance of
cathode material.

Herein, we employ a polyacrylic acid (PAA)-assisted
assembling strategy to achieve a flexible and free-standing
cathode for ZIBs by using carbon nanotubes and MnO2

nanosheets. The carbon nanotubes are wrapped by PAA, form-
ing a network-like structure, and carboxyl groups (-COOH)
in PAA formed a tight chemical bond with hydroxyl groups
(-OH) on the surface of MnO2. The resulting free-standing
composite cathode delivered a high capacity of 302 mAh g−1

at 0.3 A g−1, rate capability and superior cycling stability, i.e.
capacity retention of 82% after 1000 charge/discharge cycles
at 1.5 A g−1.

2. Experimental section

2.1. Synthesis of α-MnO2 nanosheets

α-MnO2 nanosheets were prepared by the hydrothermal
method. Briefly, 0.1264 g of KMnO4 and 0.0428 g of
(NH)4SO4 (Aladdin) were dissolved in 40 ml of deionized
water. The mixture was transferred to a 100 ml hydrothermal
reactor and heated at 140 ◦C for 24 h. The MnO2 powder
was filtered after repeated washing with deionized water. After

vacuum drying at 60 ◦C for 2 h, MnO2 nanosheets were
annealed at 300 ◦C for 1 h in air.

2.2. Fabrication of free-standing and flexible cathode

In order to prepare cathode slurry,α-MnO2 (60 wt. %), multi-
walled carbon nanotubes (30 wt. %, ∼50 µm, Chengdu
Organic Chemicals Co., LTD. Chinese Academy of Sciences)
and PAA (10 wt. %, Aladdin) were homogeneously mixing in
deionized water. The mixed solution was stirred for 20 min at
800 rpm. Then, the solution filtered through an aqueous cellu-
lose filter paper by vacuum filtration. Through this method,
MnO2 nanosheets, CNT and PAA hybrids were assembled
together. The free-standing composite electrode was obtained
by dissolving the aqueous filter in alcohol. Then, the compos-
ite film was annealed at 300 ◦C for 1 h under nitrogen atmo-
sphere.

2.3. Structural and morphological characterization

The morphology was observed by Scanning Electron Micro-
scope (SEM, Zeiss SUPRA-55) and Transmission Electron
Microscopy (TEM, FEI Tecnai F20, 200 kV). The crystallinity
was examined by x-ray Diffraction (XRD, D8 Advance). The
Raman spectra was performed by using a laser Raman spec-
trometer (HORIBALabRAMHR800). The chemical structure
of the electrolyte was analyzed by Fourier Transform Infrared
spectroscopy (FTIR, Nicolet is 50).

2.4. Electrochemical characterization

The electrochemical properties were characterized by using
zinc foil, as a counter electrode, in a coin-cell configura-
tion. The gel electrolyte was prepared by adding polyacrylam-
ide, where 2 mol l−1 ZnSO4 and 0.1 mol l−1 MnSO4 were
dissolved in deionized water [6]. Cyclic voltammetry (CV)
was carried out by using an electrochemical station (CHI660,
Shanghai CH Instrument Co., Ltd.) in the voltage range of 1.0
to 1.9 V (vs. Zn2+/Zn). The assembled coin-cells were cycled
under a constant currentmode by using a CT2001Amultichan-
nel battery test system (Wuhan Kingnuo Electronic Co., Ltd.,
China).

3. Results and discussion

The free-standing electrode is prepared by vacuum filtration
method, as illustrated in figure 1(a)–(d). In a typical exper-
iment, MnO2 nanosheets, CNT and PAA were dispersed in
deionized water to form a uniform solution (figure 1(a)). Sub-
sequently, MnO2 nanosheets, CNT and PAA hybrids were
assembled onto an aqueous filtering membrane by vacuum fil-
tration (figures 1(b) and (c)). Then, the filteringmembrane was
dissolved in alcohol to obtain free-standing composite films
(figure 1(d)). The free-standing composite electrode, referred
as MnO2/CNT/PAA, possessed high flexibility (figures 1(e))
and (a) thickness of 50 µm (figure 1(f)).

The vacuum filtration is a simple fabrication process to pre-
pare a free-standing MnO2/CNT/PAA electrode. It has been
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Figure 1. (a) Optical image of MnO2 nanosheets suspension. (b) Schematic illustration of vacuum filtration. Optical images of
(c) MnO2/CNT/PAA composite film on filtering membrane, (d) MnO2/CNT/PAA freestanding film after the filter was dissolved, and
(e) optical image of a flexible MnO2/CNT/PAA freestanding film. (f) The thickness of the MnO2/CNT/PAA freestanding film. (g)
Schematic illustration of MnO2/CNT/PAA composite.

known that PAA can be effectively wrapped around CNT to
form CNT/PAA composites during the filtration process [21].
Herein, hydrothermally-synthesized MnO2 nanosheets pos-
sess a certain amount of hydroxyl groups (–OH) on the sur-
face [22]. These—OHgroups strongly interact with carboxylic
(–COOH) groups in PAA [21]. Thus, PAA plays an important
role in providing excellent mechanical properties of the free-
standing electrode. After annealing, PAA forms a cross-linked
network to further prevent the disintegration of free-standing
MnO2/CNT/PAA electrode (figure 1(g)) [23].

The SEM image shows the nanosheet structure
of hydrothermally-synthesized α-MnO2 (figure 2(a)).
Figure 2(b) presents an SEM image of MnO2/CNT/PAA
composite, showing a network-like structure with CNT
threads and MnO2 nanosheets. Herein, CNT acted as
a mechanical skeleton and played an important role in
constructing a free-standing electrode. The TEM and
HRTEM images further confirm the network-like structure
of the composite (figures 2(c) and S1(available online at
stacks.iop.org/Nano/31/375401/mmedia)). XRD patterns of
MnO2/CNT/PAA, pristine MnO2 and CNT are shown in fig-
ure 2(d), where the broad (002) diffraction peak (2θ = 26◦)
[24] can be ascribed to CNTs and other diffraction peaks can
be indexed to the crystalline α-MnO2 phase (44–141). It is
worth to note that as PAA is a polymer material, so its XRD
peaks cannot be found in the composite electrode, instead,
the PAA in the electrode was confirmed by FTIR analysis
(figure 2(e)). In the case of pure PAA, the absorption band at
2936 cm−1 can be assigned to C-H stretching vibrations [25],
whereas the absorption band at 1698 cm−1 can be ascribed
to the stretching vibrations of carbonyl groups (C = O) [26].
Other peaks at 1454, 1235 and 1164 cm−1 can be attrib-
uted to COO- band, C-O ester group and C-O asymmetric
stretching mode of PAA, respectively [27–29]. In the case
of MnO2/CNT/PAA cathode, the similar characteristic peaks,
located at 2926, 1698, 1458, 1234 and 1156 cm−1, confirm the
presence of PAA. The Raman spectrum of MnO2/CNT/PAA
electrode is shown in figure 2(f), where the peaks at 1348, 1585

and 2676 cm−1 correspond to D, G, and 2D bands of CNT.
The D band can be ascribed to defect-induced disordered sp2

bond vibrations [30], whereas the G band can be attributed to
sp3 vibrations of graphitic carbon. The 2D band can be related
to the graphitization degree of carbonaceous materials [31,
32].

The electrochemical properties of MnO2/CNT/PAA elec-
trode are related to the ratio of MnO2, CNT and PAA. To
figure out the optimal ratio of MnO2/CNT/PAA composite
cathode, we prepared four differentMnO2/CNT/PAA compos-
ite electrode with ratios of 4.5:4.5:1, 6:3:1, 7:2:1, and 8:1:1,
respectively. When the electrode is made at a ratio of 8:1:1,
the electrode cannot form a free-standing film due to lack of
support from CNT scaffolds. The charging/discharging pro-
files of MnO2/CNT/PAA electrodes with different ratios have
been investigated, and the results are presented in figure S2.
As proven by experiments, the electrode with ratio of 6:3:1
outperforms the others. Zn-MnO2/CNT/PAA batteries were
assembled by separatingMnO2/CNT/PAA cathode and Zn foil
anode with polyacrylamide-based solid-state electrolyte. The
detailed fabrication procedure of solid-state electrolyte can be
found in the experimental section.

Figure 3(a) presents CV curve of Zn-MnO2/CNT/PAA
batteries, measured at the scan rate of 0.1 mV s−1 in
the voltage range of 1.0 to 1.9 V (vs. Zn2+/Zn). The CV
curve shows an oxidation peak at 1.64 V (vs. Zn2+/Zn)
and two reduction peaks at 1.18 and 1.29 V (vs. Zn2+/Zn).
The redox peaks are consistent with the plateau in the
charge/discharge curves shown in figure 3(b). The free-
standing MnO2/CNT/PAA composite electrode delivered a
specific capacity of 302 mAh g−1 at 0.3 A g−1. We have also
evaluated the charge/discharge capacity of MnO2/CNT/PAA
composite at different current densities. The MnO2/CNT/PAA
composite electrode delivered a discharge capacity of 302,
230, 150 and 103 mAh g−1 at the current density of 0.3, 0.6,
1.5 and 3.0 A g−1 (figure 3(c)). When the current density was
restored to 0.3 A g−1, the MnO2/CNT/PAA composite elec-
trode recovered a discharge capacity of 310 mAh g−1. The
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Figure 2. (a) SEM image of MnO2 nanosheets. (b) SEM image of MnO2/CNT/PAA composite cathode. (c) TEM image of
MnO2/CNT/PAA composite cathode. (d) XRD patterns of MnO2/CNT/PAA composite, MnO2 and CNT. (e) FTIR of PAA and
MnO2/CNT/PAA composite cathode. (f) Raman spectrum of MnO2/CNT/PAA composite cathode.

Figure 3. (a) Cyclic voltammogram of the ZIBs with composite cathode. (b) The charging/discharging profiles of the second cycle at the
current density of 0.3 A g−1. (c) Specific capacities of the solid-state ZIBs at various current densities. (d) Long-term cycling performance
of ZIBs at the current density of 1.5 A g−1.

good rate capability can be attributed to the unique hierarch-
ical structure of theMnO2/CNT/PAA composite electrode and
excellent conductivity of CNT. The long-term cycling stabil-
ity of MnO2/CNT/PAA composite electrode is investigated
at 1.5 A g−1, as shown in figure 3(d). The composite elec-
trode delivered an initial discharge capacity of 114.9 mAh g−1

and maintained a discharge capacity of 94.3 mAh g−1

after 1000 charge/discharge cycles, corresponding to a
capacity retention of 82%. Moreover, the coulombic effi-
ciency of composite electrode approached 100% after initial
cycles.

The maximum energy density of the Zn-MnO2/CNT/PAA
battery is 410.9 W h kg−1 and peak power density is
3.9 kW kg−1. The Ragone plot of MnO2/CNT/PAA battery
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Figure 4. (a) The thickness of the solid-state ZIBs. (b) The capacity retention of solid-state ZIBs in a bending test for 500 cycles.
Solid-state ZIBs power (c) an E-ink display and (d) a thermometer under bending conditions.

comparing with other works is shown in figure S3. When
the total mass of active anode and cathode is considered,
the battery exhibited a small gravimetric energy density of
3.33 Wh kg−1 due to the use of excessive zinc foil (Zn/MnO2

molar ratio: ∼162). However, when Zn/MnO2 molar ratio
was reduced to 10, the battery delivered a high gravimetric
energy density of ∼48 Wh kg−1 at 0.3 A g−1. Furthermore,
the highest volumetric energy density of Zn-MnO2/CNT/PAA
battery reached 8.5 mW h cm−3 (with a thickness of 0.08 cm),
which is significantly higher than the reported alkali-ion
batteries (1.3 mW h cm−3) [33] and comparable to super-
capacitors (6.8 mW h cm−3) [34] and Ni–Zn batteries
(7.76 mW h cm−3) [35].

Therefore, Zn-MnO2/CNT/PAA battery delivered high
specific capacity, good rate performance and superior cyc-
lic performance at high charge/discharge rates. The excellent
electrochemical performance can be ascribed to the unique
composite architecture of free-standing MnO2/CNT/PAA
electrode, where MnO2 nanosheets rendered superior energy
storage, PAA endowed excellent mechanical properties and
CNT enabled efficient electron conduction. The presence of
CNT provided a highly conductive network, which improved
the overall conductivity of MnO2/CNT/PAA electrode. The
sheet resistance of MnO2/CNT/PAA electrode is carried out
by four probe measurement. With this data, the electronic
conductivity can be calculated. The calculated conductiv-
ity of MnO2/CNT/PAA electrode is 1.75 × 10−1 S cm−1.
The pristine MnO2 has poor electronic conductivity in

the rage of 10−5∼10−6 S cm−1 as reported in previ-
ous studies [15]. Therefore, the addition of CNT improves
the conductivity of electrodes. Moreover, the porous struc-
ture of MnO2/CNT/PAA electrode accommodated volumet-
ric changes during the charge/discharge process and resulted
in stable cyclic performance. In addition, the porous struc-
ture enhanced the contact area between electrode and electro-
lyte, which facilitated the Zn2+ insertion process. It is worth
emphasizing that the absence of any current collector signific-
antly improved the gravimetric and volumetric energy density
of the battery.

As a proof-of-concept demonstration, a flexible Zn-
MnO2/CNT/PAA battery was assembled with electroplated
Zn anode on carbon paper and polyacrylamide-based solid-
state electrolyte. Zn was deposited on carbon paper by an
electrodeposition method [36]. The assembled solid-state bat-
tery demonstrates excellent flexibility (500 bending cycles)
with a thickness of ∼330 µm (figure 4(a)). The flexible solid-
state battery retained a capacity of 74% after 500 bend-
ing cycles (figure 4(b)). The excellent flexibility of solid-
state battery can be ascribed to the flexibility of unique
MnO2/CNT/PAA composite, solid-state electrolyte and elec-
troplated Zn anode. Moreover, the assembled battery success-
fully powered an electronic paper display and a thermometer
under bending (a radius of 0.75 cm) conditions (figures 4(c)
and (d)). Hence, the unique MnO2/CNT/PAA composite as
cathode is a promising choice for next-generation wearable
electronics.
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4. Conclusions

In summary, a flexible and free-standing MnO2/CNT/PAA
composite cathode has been successfully fabricated for ZIBs
by the vacuum filtration process. The uniqueMnO2/CNT/PAA
composite structure is realized by PAA, endowing excellent
mechanical properties. Moreover, the CNT network provided
continuous electron conductive pathways, improving the over-
all electronic conductivity ofMnO2/CNT/PAA composite and,
in turn, electrochemical performance in ZIBs. The porous
structure of MnO2/CNT/PAA electrode accommodated volu-
metric changes of MnO2 during charge/discharge cycling
and increased the contact area between electrode and elec-
trolyte. These favorable features led to a high charge stor-
age capacity of 302 mAh g−1 at 0.3 A g−1, good rate cap-
ability and superior cyclic stability. The MnO2/CNT/PAA
composite electrode retained a capacity of 82% after 1000
charge/discharge cycles at 1.5 A g−1. Owing to the excellent
electrochemical performance and simple processing, the free-
standing MnO2/CNT/PAA composite electrodes are prom-
ising for next-generation wearable energy storage devices.
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