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One-step synthesis of MnOx/PPy nanocomposite
as a high-performance cathode for a rechargeable
zinc-ion battery and insight into its energy storage
mechanism†
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Rechargeable aqueous zinc-ion batteries (ZIBs) have attracted significant attention in the energy storage

field. Manganese-based materials are the most promising cathode materials for ZIBs but they suffer from

low electronic conductivity. Herein, a high-performance cathode for ZIBs based on nanocomposites con-

sisting of mixed-valence manganese dioxide (Mn III and IV) and polypyrrole (MnOx/PPy) is prepared

through an efficient one-step organic/inorganic interface redox reaction. The role of polypyrrole (PPy) in

the MnOx/PPy cathode is elaborated. It not only provides an effective conductive network for MnOx but

also contributes to the capacity of the composite. By optimizing the amount of PPy, the MnOx/PPy com-

posite with 12 wt% PPy exhibits the highest capacity. As a result, the corresponding Zn-MnOx/PPy battery

delivers a high capacity (302.0 mA h g−1 at 0.15 A g−1), excellent rate performance (159.9 mA h g−1 at

3 A g−1) and superior cycling stability. Furthermore, the results of ex situ characterization analysis reveal

that H+ and Zn2+ insertion/extraction both occur in MnOx/PPy particles during the discharging/charging

process, while only Zn2+ insertion/extraction occurs in the PPy electrode. This work develops an efficient

one-step synthesis method for large scale production of manganese-based materials/conducting poly-

mers as the cathode for ZIB application, and provides an insight into its energy storage mechanism.

Introduction

The worldwide issues of energy crisis and climate have created
considerable interest in electrochemical energy storage
systems. Aqueous zinc-ion batteries (ZIBs) are considered as
competitive candidates for energy storage devices due to the
distinguishing characteristics of zinc metal, including its low
price (USD $2 per kg), abundance on Earth (almost 6 times
higher than the lithium source), safety and high theoretical
specific capacity of 820 mA h g−1.1–6

A few types of cathode materials have been utilized as
Zn-intercalation hosts, such as Mn-based materials,7–12

V-based materials,13–17 Co-based materials18,19 and Prussian
blue analogs.20–22 Among them, Mn-based materials have
been widely applied as promising Zn2+ insertion/extraction

materials due to their high capacity, low-cost and environ-
mental friendliness. The available studies on Mn-based cath-
odes for ZIBs mainly focus on the Mn(IV) phases with a tunnel
structure including α-, β-, γ-, δ-, λ- and ε-type MnO2. Recently,
other Mn(II and III) phases including Mn2O3,

9 Mn3O4,
10,23

ZnMn2O4
24 or Mn-based composites containing both Mn(IV)

and Mn(II) phases25,26 have received interest from many
researchers. For example, Fu et al. synthesized porous MnOx

(Mn IV and II) nanorods with N-doped carbon by the metal–
organic framework method as a new cathode for ZIBs.25 The
ZIBs delivered a relatively high specific capacity of 385 mA h g−1

after 120 cycles. Yang et al. prepared a composite material of
ZnMn2O4/Mn2O3 through a facile surface active agent-assisted
solvothermal method.27 The composite cathodes showed excel-
lent rate performance and good cycle retention.

However, the Mn-based materials suffer from low electronic
conductivity and large volume change upon cycling, which
affects their rate performance and cycling stability.25 Many
attempts have been made to enhance their conductivity,
including conductive surface coating,28 cation doping of Mn-
based materials8 and addition of a conductive additive into
the electrode.7,12,29–34 Introducing conductive materials into
the Mn-based materials is commonly employed in preparing
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Mn-based cathodes. Conductive materials such as carbon
nanotubes,7,29,31 graphene,30,32 onion-like carbon12 and con-
ductive polymers33,34 are the main choices to enhance the con-
ductivity of Mn-based materials. Among the various choices of
conductive polymers, polypyrrole (PPy) is the most promising
as it is inexpensive, highly conductive, non-toxic and easy to
synthesize. Moreover, it also contributes to the capacity of the
ZIB system,35 which is different from that of the carbon
material. The common methodology for fabricating Mn-based
materials/PPy composites for energy storage devices uses a
template based on graphene foam,34,36,37 carbon nanotubes38

or carbon fiber,39 which is complex and time consuming.
Therefore, developing an efficient one-step method for prepar-
ing Mn-based materials/PPy composites that can provide satis-
factory ZIB cathode performance is highly desired.

Herein, an organic/inorganic interface redox reaction was
exploited for preparing the manganese dioxide and polypyrrole
(MnOx/PPy) nanocomposites. At the interface of the organic
phase (pyrrole) and the inorganic phase (KMnO4 aqueous
solution), the chemical oxidation polymerization of pyrrole
and the reduction of MnO4

− occur simultaneously, facilitating
the assembly of manganese dioxide (MnOx) and PPy. This
method is a one-step approach without any need for templates.
To the best of our knowledge, this is the first report of utilizing
MnOx/PPy composites containing Mn(III) and Mn(IV) as Zn-
intercalation host cathodes in aqueous ZIBs. The PPy nano-
coating on MnOx offers an effective conductive network,
leading to increased electronic conductivity of the composite.
Moreover, both MnOx and PPy contribute to the capacity be-
havior of the ZIB system. These features enable the MnOx/PPy
composite to deliver a high specific capacity (302.0 mA h g−1 at
0.15 A g−1), excellent rate capability (159.9 mA h g−1 at 3 A g−1)
and long life cycling stability (113.7 mA h g−1 capacity over
1000 cycles at 6 A g−1). Furthermore, the energy storage mecha-
nisms for MnOx/PPy and pure PPy electrodes were investigated
by various analytical methods. This work provides an efficient
one-step method for large scale production of the nano-
composite cathode based on mixed-valence Mn-based
materials/conducting polymers for ZIB application.

Results and discussion
Structural characterization

Fig. 1 illustrates the preparation process of the MnOx/PPy com-
posite. The composite was synthesized by a simple one-step in-
organic/organic interface reaction. At the interface of the
organic phase (pyrrole) and the inorganic phase (KMnO4

aqueous solution), the chemical oxidation polymerization of
pyrrole and the reduction of MnO4

− occurred simultaneously,
facilitating the assembly of MnOx and PPy. After the reaction,
the solution was separated into the inorganic and organic
phases. The MnOx/PPy composite was in the aqueous phase
due to the hydrophilicity of hydrated MnOx. The composite
was purified by filtration and washed with deionized water.
Finally, the sample was dried at 60 °C for 6 h. This one-step
in situ fabrication method is very simple without any template,
thus providing the opportunity for large-scale production of
this kind of cathode.

The morphology of the as-prepared sample was examined
by scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The SEM image in Fig. 2a shows a
grainy morphology that comprises aggregates of primary par-
ticles. The porous structure of the primary particles can be
seen in the TEM image (Fig. 2b). The high-resolution TEM
(HRTEM) image (Fig. 2c) reveals that an amorphous polymer
coats the outer surface of the composite and the MnOx nano-
particles possessed a typical size of around 11 nm. The appar-
ent lattice fringes with a spacing of 0.272 nm as shown in
Fig. 2c were ascribed to the (222) plane of Mn2O3. Besides,
some lattice fringes with a spacing of 0.492 nm are observed
in Fig. 2c, which correspond to the (200) plane of MnO2. The
microporous structure of MnOx/PPy was further confirmed by
the nitrogen adsorption/desorption isotherm with a typical
type-IV isotherm (Fig. 2d). The Brunauer–Emmett–Teller (BET)
surface area of the MnOx/PPy composite was measured to be
157.48 m2 g−1. The large specific surface area could allow fast
ion diffusion between the electrolyte and active material.40

The pore size distribution is located at ∼2 nm (Fig. S1†) which
is calculated by the Barrett–Joyner–Halenda (BJH) method,
indicating the microporous structure of the MnOx/PPy
composite.41

XPS was employed to further investigate the surface Mn
valence state of the MnOx/PPy composite. As shown in Fig. 2e,
a spin–orbit doublet of Mn 2p1/2 and Mn 2p3/2 with a binding
energy gap of 11.5 eV was observed in the Mn 2p spectrum. To
identify the specific Mn species of the sample, Mn 2p1/2 and
Mn 2p3/2 were deconvoluted into three peaks, corresponding
to Mn3+ (653.4/641.7 eV), Mn4+ (654.2/642.7 eV), and the
shakeup peaks (656.2/644.5 eV).42,43 The shakeup peaks orig-
inate from charge transfer from the outer electron shell to an
unoccupied orbital with higher energy during the photo-
electron process. The fitting result further verified the coexis-
tence of Mn3+ and Mn4+ in the sample. The result of the Mn 3s
XPS spectrum can be found in Fig. S2.†

To confirm the presence of PPy in the prepared composite,
pure PPy and the composite were characterized by Fourier
transform infrared (FTIR) spectroscopy (Fig. 2f). For pure PPy,
the band at 1664 cm−1 was ascribed to the vibration of
CvC/C–C and the band at 1567 cm−1 was attributed to the
pyrrole ring vibration. The bands located at 1304 and
1173 cm−1 were ascribed to the C–H in-plane deformation and
the C–N stretching vibrations, while other bands at 1044 and
986 cm−1 corresponded to N–H in-plane deformation vibrationFig. 1 Schematic illustration of the MnOx/PPy composite.
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and C–H out-of-plane vibration, respectively.34,36,44 For the pre-
pared composite, similar characteristic peaks at 1650, 1554,
1310, 1154, 1038 and 990 cm−1 could be assigned to the PPy
phase, confirming the presence of PPy.

Electrochemical characterization

In order to study the electrochemical performance of MnOx/
PPy electrodes (the mass ratio of PPy in this composite sample
is 12 wt%), the Zn-MnOx/PPy battery was assembled by separ-
ating the MnOx/PPy cathode and electroplated Zn electrode
with a separator (NKK separator) in a solution of 2 M ZnSO4

and 0.1 M MnSO4. To evaluate the contribution from PPy, a
pure PPy electrode was prepared and the electrochemical per-
formance of the Zn-PPy battery was studied in the same elec-
trolyte. The SEM image in Fig. S3† shows the morphology of
PPy. For comparison, the XPS and XRD characterization as
well as the electrochemical performance of MnOx electrodes
can be found in the ESI (Fig. S4 and S5†). As shown in Fig. 3a,
the cyclic voltammetry (CV) curve of the Zn-MnOx/PPy battery
exhibited a distinct anode peak around 1.65 V and two catho-
dic peaks around 1.18 and 1.34 V. The small peak represented
at 1.9 V for the MnOx/PPy composite represents oxygen evol-
ution reaction from water splitting.45,46 The CV curve of the
pure PPy electrode is also presented in Fig. 3a, which shows an
anodic peak around 1.72 V and a cathodic peak around 1.33
V. The magnitude of the current density of peaks for the PPy
electrode was low, indicating its low capacity.

Fig. 3b shows the charging and discharging profiles of the
Zn-MnOx/PPy battery and Zn-PPy battery at 0.15 A g−1. The Zn-
MnOx/PPy battery delivered the capacity of 302 mA h g−1 at

0.15 A g−1 in the first cycle. At the 10th cycle, it maintained the
stable capacity of approximately 298 mA h g−1. It is worth
noting that PPy also contributed to the measured capacity of
the MnOx/PPy nanocomposite, although its specific capacity
was much smaller than that of MnOx/PPy. The Zn-PPy battery
delivered 111.5 mA h g−1 at 0.15 A g−1.

To investigate the electrochemical performance of the
MnOx/PPy electrode, galvanostatic discharge–charge measure-
ments were conducted at various current densities (Fig. 3c).
The MnOx/PPy electrode delivered a discharge capacity of
302.0 mA h g−1 (based on the mass of MnOx) at a low current
density of 0.15 A g−1. The discharging capacity was found to
decrease when the current density was increased to 0.3 A g−1;
it was at ∼217.4, 183.8, and ∼159.9 mA h g−1 when the current
density was further increased to 1, 2, and 3 A g−1, respectively.
In contrast, PPy exhibited a discharge capacity of 111.5 mA h
g−1 at 0.15 A g−1. Even when the discharge current density
increased to 2 A g−1, PPy still delivered a capacity of 27.9 mA h
g−1. At 3 A g−1, the discharge capacity of PPy was low. Thus,
the contribution of PPy to the specific capacity of the compo-
site at high current density was negligible. When the specific
capacity was normalized over the total mass of the MnOx/PPy
composite, the MnOx/PPy electrode exhibited a discharge
capacity of 273.7 mA h g−1 at a low discharge current density
of 0.15 A g−1. Upon increasing the discharge–charge current
density to 1, 2, and 3 A g−1, the reversible capacities were
maintained at about 191.3, 161.7 and 140.7 mA h g−1, respect-
ively. The main factors that contributed to the high specific
capacity and good rate performance of MnOx/PPy electrodes
are listed as follows: (1) PPy coating on MnOx offered an

Fig. 2 (a) SEM, (b) TEM and (c) HRTEM images of the MnOx/PPy composite. (d) Nitrogen adsorption/desorption isotherm of the MnOx/PPy compo-
site. (e) Mn 2p XPS spectrum of the MnOx/PPy composite. (f ) FTIR spectra of the MnOx/PPy composite and PPy.
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effective conductive network, thus enhancing the conductivity
of the composite and the utilization of MnOx. (2) Both MnOx

and PPy contributed to the capacity behavior of the ZIB
system, hence contributing to the overall charge/discharge
period. (3) The porous structure and specific large surface area
allowed fast ion diffusion between the electrolyte and active
material particles.

The discharge–charge cycling was performed at 0.6 and
6 A g−1. At 0.6 A g−1, the specific capacity (based on the mass
of MnOx/PPy) increased from 200.9 (at the 1st cycle) to
236.3 mA h g−1 (at the 32nd cycle). After 200 cycles, the specific
capacity still remained stable at around 204.0 mA h g−1

(Fig. 3d, inset). At 6 A g−1, the specific capacity of the MnOx/
PPy electrode increased from 9.4 (at the 1st cycle) to 106.0 mA
h g−1 (at the 35th cycle). The low initial charge capacity (9.4 mA
h g−1) is mainly ascribed to the large polarization and high
electrostatic repulsion during the initial charge/discharge
process.27 After 1000 cycles, the MnOx/PPy electrode still deli-
vered 113.7 mA h g−1, indicating its excellent cycling stability.
Fig. 3d also presents the coulombic efficiency of the MnOx/PPy
electrode during charge/discharge cycling at 6 A g−1. The cou-
lombic efficiency of MnOx/PPy was low during the initial few
cycles. It was possibly caused by irreversible structural changes
because part of inserted Zn cannot be extracted from the host
lattice.47 After the first few cycles, the coulombic efficiency
increased to 99% at the 10th cycle. The coulombic efficiency
was maintained at around 100% even after 1000 cycles,
demonstrating an excellent reversibility of the electrode during

long-term cycling. The stable long-term cycling performance
can be ascribed to the following reasons: (1) the porous struc-
ture of MnOx/PPy accommodated a volume change of MnOx

during the charging/discharging process. (2) The PPy shell
decreased the dissolution of MnOx. The high specific capacity,
excellent rate performance and superior cycling retention of
the MnOx/PPy electrode indicate that it is a promising cathode
material for high-performance ZIBs.

Electrochemical characterization

The electrochemical properties of the MnOx/PPy electrode were
found to be sensitive to the amount of PPy. In the MnOx/PPy
composite samples, the mass ratio of PPy was varied from
8 wt% to 15 wt%. The corresponding samples were labeled as
MnOx/PPy (8%), MnOx/PPy (12%), and MnOx/PPy (15%). The
amount of PPy present in the composite was evaluated using
Thermogravimetric Analysis (TGA) (Fig. 4a). The weight loss
below 200 °C was attributed to the loss of adsorbed water and
the weight loss between 200 °C and 500 °C was due to the loss
of PPy.33 In order to study the electrochemical performances
of MnOx/PPy electrodes with different PPy amounts, the Zn-
MnOx/PPy battery was assembled by separating the MnOx/PPy
cathode and Zn foil with a separator (NKK separator) in a
mixed solution of 2 M ZnSO4 and 0.1 M MnSO4.

Fig. 4b shows the comparison of the rate performance of
the three samples. The specific capacities in Fig. 4b were nor-
malized over the mass of MnOx. MnOx/PPy (12%) exhibited the
highest specific capacity among these samples. Specifically,

Fig. 3 (a) Cyclic voltammetry curves of Zn-MnOx/PPy and Zn-PPy batteries. (b) Discharge/charge profiles of Zn-MnOx/PPy and Zn-PPy batteries
at 0.15 A g−1. (c) Rate capability of Zn-MnOx/PPy and Zn-PPy batteries. (d) Long-term cycling performance of the Zn-MnOx/PPy battery at 0.6 and
6 A g−1.
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the MnOx/PPy (12%) sample delivered a discharging capacity
of ∼293.3 mA h g−1 at 0.15 A g−1. When the discharging
current density increased to 2 and 3 A g−1, the discharging
capacities were maintained at ∼139 and ∼119 mA h g−1,
respectively. In contrast, the MnOx/PPy (15%) sample exhibited
lower discharging capacities of 117 mA h g−1 at 2 A g−1 and
106 mA h g−1 at 3 A g−1. The MnOx/PPy (8%) sample exhibited
the lowest capacity at high current density. When the specific
capacity was normalized over the mass of the MnOx/PPy com-
posite, the MnOx/PPy (12%) electrode remained the best
(Fig. 4c). Unlike the specific capacity, the capacity retention
improved when more PPy was incorporated, and the MnOx/PPy
(15%) electrode achieved the best capacity retention (Fig. 4d).

The results reveal the role of PPy in the MnOx/PPy electrode.
On the one hand, an adequate amount of PPy is necessary to
form connecting networks for MnOx, so that all MnOx grains
are accessible during the cycling. This helps to increase the
specific capacity of the MnOx/PPy electrode, providing an
explanation for the lower specific capacity of the MnOx/PPy
(8%) electrode compared to the MnOx/PPy (12%) electrode.
Nevertheless, PPy also contributes to the capacity of the MnOx/
PPy composite and the specific capacity of PPy is much lower
than that of MnOx. A larger amount of PPy means a lower
MnOx mass ratio in the MnOx/PPy electrode, providing an
explanation for the lower specific capacity of the MnOx/PPy
(15%) electrode compared to the MnOx/PPy (12%) electrode.
On the other hand, a larger amount of PPy contributes to the
formation of a more complete conductive network, and such

contribution would be enhanced at a higher current density,
although the discharge capacity of PPy at a high current
density is negligible. This explains the improved capacity
retention of the MnOx/PPy (15%) electrode.

The Zn-MnOx/PPy battery could output a maximum gravi-
metric energy density of 405.7 W h kg−1 at a power density
of 0.2 kW kg−1. The peak power density is 7.5 kW kg−1.
When taking the total mass of the active anode and cathode
into consideration, the battery showed a small gravimetric
energy density of about 63.7 W h kg−1 at a power density of
0.03 kW kg−1, which is lower than those of the Zn-zinc ortho-
vanadate batteries (140 W h kg−1)48 and Zn-ZIF-8 batteries
(140.8 W h kg−1)49 due to the use of excessive zinc as the
anode.50 But it is still higher than those of Zn-CuHCF batteries
(45.7 W h kg−1).51

Energy storage mechanism

Different energy storage mechanisms for the manganese
dioxide cathode have been reported.9,10,23,30,33,52,53 However,
the actual mechanism is still controversial due to various crys-
tallographic polymorphs of manganese dioxide. Here, the
insertion mechanism of MnOx/PPy was investigated to better
understand the electrochemical reaction of the MnOx/PPy
composite during cycling. Ex situ XRD analysis of the MnOx/
PPy composite in Zn-MnOx/PPy batteries with 2 M ZnSO4 and
0.1 M MnSO4 electrolytes was conducted during the charge/
discharge cycle at 90 mA g−1 (Fig. 5a). The potential window
range was from 0.4–1.9 V. During the discharge process, only a

Fig. 4 (a) TGA analysis of MnOx/PPy (8%), MnOx/PPy (12%), and MnOx/PPy (15%) composite in air. (b) Specific capacities (normalized over the mass
of MnOx) of the samples at various rates. (c) Specific capacities (normalized over the total mass of the electrode) of the samples at various rates. (d)
Comparison of the specific capacity retention of the three samples.
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peak at 26° related to carbon cloth was observed for the dis-
charged electrodes of I and II. For the discharged electrodes of
III, a new peak appeared at 21.4°. Obvious peaks emerged on
the surface of discharged electrodes of IV, V, VI and VII,
including strong peaks at 8.1° and 8.6° and obvious peaks at
21.4°, 27.5°, 28.7°, 32.8°, 34.0°, and 37.29°. As shown in
Fig. 5b, the newly emerged peaks (including obvious peaks at
8.1°, 8.6°, 21.4°, 27.5°, 28.7°, 32.8°, 34.0°, 37.29° and other
subtle peaks) were indexed to Zn4SO4(OH)64H2O (JCPDS: 44-
673) and (Zn(OH)2)3(ZnSO4)(H2O)5 (JCPDS: 78-246). The for-
mation of zinc hydroxide sulfate was attributed to the increas-

ing concentration of OH− in the electrode/electrolyte interface
due to the consumption of H+ in the electrolyte during the dis-
charge process, which has been reported previously.33,54,55 The
ex situ XRD results indicate that the electrochemical reaction
of the MnOx/PPy electrode involved H+ insertion. In the sub-
sequent charge process (charged electrodes of VIII, IX, X, and
XI), the peaks of Zn4SO4(OH)64H2O and (Zn(OH)2)3(ZnSO4)
(H2O)5 decreased, and the XRD pattern of charged electrodes
of XII and XIII recovered to the original pattern of electrode I,
indicating good reversibility of the electrode reaction. SEM of
discharged electrodes of III, V, VII, and charged electrodes of

Fig. 5 (a) Evolution of ex situ XRD patterns of the MnOx/PPy electrode during the charge/discharge process. (b) Selected ex situ XRD patterns from
(a), which represent the typical XRD pattern in each corresponding charge/discharge region. (c–h) SEM images of the MnOx/PPy electrode during
cycling (the SEM images were taken at the electrodes of III, V, VII, IX, XI, and XIII in (a)). (i) Zn 2p XPS spectra of the MnOx/PPy electrode at the original
state, fully discharged state (0.4 V) and fully charged state (1.9 V). ( j) HRTEM image of the MnOx/PPy cathode after full discharge and (k) the corres-
ponding STEM-EDS mappings for elements of Mn, Zn, and S.
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IX, XI, XIII (Fig. 5c–h) is further conducted to monitor the mor-
phological evolution of the MnOx/PPy electrode. For the dis-
charged electrode of III, V and VII, increasingly large flakes
emerge with the discharging process (Fig. 5c–e). Conversely,
the flakes gradually vanish during subsequent charging, as
shown in the SEM image of the charged electrodes of IX, XI,
and XIII (Fig. 5f–h). The highly reversible morphological trans-
formation during the discharge/charge process is well consist-
ent with the evolution observed in XRD patterns. It is worth
noting that some tiny ultrathin nanoflakes formed after charge
and discharge cycles of the MnOx/PPy electrode are observed
in Fig. 5c and h. The tiny ultrathin nanoflakes are related to
the in situ electrodeposition of manganese oxides (MnOx) such
as MnO2 or Mn2O3 from the electrolyte.52,53

The ex situ XPS Zn 2p spectra of the original MnOx/PPy elec-
trode, the fully discharged electrodes, and the fully charged
electrodes were also collected. The Zn 2p core level spectra of
MnOx/PPy electrodes in original, full discharge (at 0.4 V), and
full charge (at 1.9 V) states are shown in Fig. 5i. No signals for
zinc can be detected in the XPS spectrum of the original
MnOx/PPy electrode. When discharged to 0.4 V, an obvious
Zn 2p3/2–2p1/2 spin–orbit doublet was observed, indicating the
successful intercalation of Zn2+ into the MnOx/PPy electrode.
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The Zn signal subsequently weakened at the fully charged
state (1.9 V). The XPS results indicate that Zn2+ ions were
inserted/extracted into/from the MnOx/PPy electrode during
discharge/charge processes. The scanning transmission elec-
tron microscopy-energy dispersive spectroscopy (STEM-EDS)
mapping (Fig. 5j and k) of the MnOx/PPy electrode in full dis-
charge (at 0.4 V) reveals Zn in the discharge products, further
confirming Zn2+ insertion into MnOx/PPy during the discharge
process. Based on the above analysis, two energy storage
mechanisms can be proposed for the MnOx/PPy electrode,
involving H+ and Zn2+ insertion/extraction, respectively. The
charge and discharge reactions are proposed in the ESI.†

Ex situ XRD and XPS analyses of the pure PPy electrode
were also conducted to investigate its energy storage mecha-
nisms (Fig. 6a). When compared to the original PPy electrode,
no additional peaks appeared in the XRD spectra of the dis-
charged PPy electrode and charged PPy electrode. The result

demonstrates that the H+ insertion/extraction did not occur
during discharge and charge processes of the pure PPy elec-
trode. The Zn 2p XPS spectra of pure PPy electrodes in original,
full discharge (at 0.4 V) and full charge (at 1.9 V) states are
shown in Fig. 6b. The intensity of Zn 2p from full charge states
is far below from the full discharge states, which confirms the
insertion/extraction of Zn2+ into/from the PPy electrode.

Flexibility tests

The flexibility of the Zn-MnOx/PPy battery was tested by
bending the devices. A remarkable capacity retention of 88%
was observed even after the battery was continuously bent to
180° for 1000 cycles (Fig. 7a). The Zn-MnOx/PPy battery also
successfully powered an E-ink display under bending con-
ditions (a radius of 0.6 cm), demonstrating its promising
potential in personalized wearable electronics (Fig. 7b).

Conclusions

In summary, a nanocomposite cathode based on MnOx contain-
ing Mn(III) and Mn(IV) states with PPy nanocoating was prepared
by an efficient one-step in situ inorganic/organic interface
method without any template. The composite electrode showed
high capacity, excellent rate performance and long-term cycling
retention when it was applied as a cathode for aqueous ZIBs.
The presence of PPy improved the electronic conductivity of

Fig. 6 (a) XRD patterns of the pure PPy electrode at the original state, fully discharged state (0.4 V) and fully charged state (1.9 V). (b) Zn 2p XPS
spectra of the pure PPy electrode at the original state, fully discharged state (0.4 V) and fully charged state (1.9 V).

Fig. 7 (a) The capacity retention of the Zn-MnOx/PPy battery in a
bending test for 1000 cycles. (b) The Zn-MnOx/PPy battery powered an
E-ink display under bending conditions.
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manganese oxide. MnOx/PPy composites exhibited a porous
structure and high specific surface area. By optimizing the
amount of PPy, it was found that the MnOx/PPy composite with
12 wt% PPy exhibited the highest capacity. An adequate amount
of PPy is necessary for obtaining good electronic conductivity of
the composite electrode, but too much PPy would reduce the
overall specific capacity of the electrode, due to its low capacity.
Furthermore, the energy storage mechanisms of the composite
and pure PPy electrode were systematically investigated by
various analytical methods. The results demonstrated that H+

and Zn2+ insertion/extraction both occurred in the MnOx/PPy
electrode during the discharging/charging process, whereas
only Zn2+ insertion/extraction occurred in the PPy electrode.
This work provides a better understanding of the energy storage
mechanism of the multi-valence MnOx/conducting polymer
composite and offers a route for the large-scale production
of nanocomposite cathodes for ZIBs based on mixed-valence
Mn-based materials/conducting polymers.

Experimental section
Preparation of PPy and MnOx/PPy composite

All chemical reagents were of analytical grade. Pyrrole
monomer (0.9 mL) was dissolved in 45 mL CCl4, while KMnO4

(0.045 g) as the oxidant was dissolved in 45 mL deionized
water. Then, the aqueous solution was added into the organic
solution at 0–5 °C for 24 h and the redox reaction occurred at
the interface between pyrrole and the oxidant. After the com-
pletion of the reaction, the product was filtered and the result-
ing black precipitate was collected. Finally, the product was
dried at 60 °C for 6 h to obtain the MnOx/PPy nanocomposite.
For comparison, pure PPy was synthesized on carbon cloth by
mixing 45 µL pyrrole monomer in 15 mL deionized water with
15 mL of 0.5 M FeCl3 as the oxidant.

Structure and morphology characterization

SEM (ZEISS SUPRA, Carl Zeiss) was applied to observe the mor-
phology of the materials. HRTEM images were obtained by
using a transmission electron microscope (JEM-3200FS, JEOL).
XPS scans were acquired with a Thermo Scientific XPS instru-
ment (ESCALAB 250Xi). X-ray powder diffraction (XRD) pat-
terns were collected by using a Bruker X-ray diffractometer
(D8 Advance). FTIR spectroscopy was performed on a Thermo
Scientific Nicolet iS 50 to confirm the structure of PPy and
MnOx/PPy composites. TGA was performed by using a simul-
taneous thermal analyser (MDTC-EQ-M05-01). The BET surface
area and pore size distribution were recorded by using an
accelerated surface area and porosimetry system (ASAP 2020
HD88). Ex situ XRD analysis of the MnOx/PPy electrode was
conducted in the 2 M ZnSO4 + 0.1 M MnSO4 electrolyte during
the charge/discharge cycle within the potential window of
0.4–1.9 V at a current density of 90 mA g−1.

Electrochemical characterization

The cathode was composed of a mixture of 80% MnOx/PPy
composite, 10% super P and 10% polyvinylidene fluoride

(PVDF) dispersed in N-methyl pyrrolidone (NMP) which was
coated on carbon cloth. The electrochemical performance of
the electrode was measured using CR2023 coin cells. The ZIBs
were assembled by separating the MnOx/PPy cathode and Zn
electrodes (electroplated Zn on carbon cloth or Zn foil) with
a separator (NKK separator) in a solution of 2 M ZnSO4 + 0.1 M
MnSO4. CV was performed at the scan rate of 2 mV s−1 vs.
Zn2+/Zn on an electrochemical workstation (CHI660, Shanghai
CH Instrument Co., Ltd). Galvanostatic charge/discharge and
cycling performances were measured with a battery test system
(CT2001A, Wuhan Land Electronic Co., Ltd).
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