
2000091  (1 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

FULL PAPER

Zn2+ Pre-Intercalation Stabilizes the Tunnel Structure 
of MnO2 Nanowires and Enables Zinc-Ion Hybrid 
Supercapacitor of Battery-Level Energy Density

Qiang Chen, Jialun Jin, Zongkui Kou, Cong Liao, Ziang Liu, Liang Zhou,* John Wang,* 
and Liqiang Mai

Q. Chen, J. Jin, C. Liao, Z. Liu, Prof. L. Zhou, Prof. L. Mai
State Key Laboratory of Advanced Technology  
for Materials Synthesis and Processing
Wuhan University of Technology
Wuhan 430070, China
E-mail: liangzhou@whut.edu.cn
Q. Chen, Dr. Z. Kou, Prof. J. Wang
Department of Materials Science and Engineering
National University of Singapore
Singapore 117574, Singapore
E-mail: msewangj@nus.edu.sg

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202000091.

DOI: 10.1002/smll.202000091

1. Introduction

With the rapid development of wearable and portable elec-
tronics, there is a systematic demand for a full range of energy 
storage devices, with high areal energy and power density, fast 
charge/discharge rate, long cycling lifetime, and mechanical 
flexibility, which are being extensively explored.[1] In this regard, 
on the one hand, supercapacitors satisfy those high power, fast 
charge/discharge, and long cycling requirements.[2] On the 
other hand, rechargeable batteries offer relatively high energy 

Although there has been tremendous progress in exploring new configura-
tions of zinc-ion hybrid supercapacitors (Zn-HSCs) recently, the much lower 
energy density, especially the much lower areal energy density compared with 
that of the rechargeable battery, is still the bottleneck, which is impeding their 
wide applications in wearable devices. Herein, the pre-intercalation of Zn2+ 
which gives rise to a highly stable tunnel structure of ZnxMnO2 in nanowire 
form that are grown on flexible carbon cloth with a disruptively large mass 
loading of 12 mg cm−2 is reported. More interestingly, the ZnxMnO2 nano-
wires of tunnel structure enable an ultrahigh areal energy density and power 
density, when they are employed as the cathode in Zn-HSCs. The achieved 
areal capacitance of up to 1745.8 mF cm−2 at 2 mA cm−2, and the remarkable 
areal energy density of 969.9 µWh cm−2 are comparable favorably with those 
of Zn-ion batteries. When integrated into a quasi-solid-state device, they also 
endow outstanding mechanical flexibility. The truly battery-level Zn-HSCs are 
timely in filling up of the battery-supercapacitor gap, and promise applica-
tions in the new generation flexible and wearable devices.

density, due to abundant redox reactions 
of the active materials, while they suffer 
from the short cycling lifetime and low 
power density.[3] Therefore, the hybrid 
supercapacitors (HSCs), where capac-
itor-type electrode acts as the anode and 
battery-type electrode acts as the cathode 
can bridge the large gap between superca-
pacitors and batteries, by integrating the 
advantages of both, on the key parameters 
such as energy and power density.[4] The 
traditional alkaline hybrid supercapacitors 
provide a high energy density, relied on the 
redox reaction of the battery-like electrode, 
but with the trade-off in low power density 
and short cycling lifetime.[5] This is due to 
the poor electronic conductivity of the bat-
tery-type electrodes, which limits the rate 
capability for high power performance.[6] 
The overall performance reported for 
hybrid supercapacitors, in both energy 
density and power density, is far behind 

those of rechargeable batteries. Therefore, a truly battery-level 
HSC would represent a major technical breakthrough.

Indeed, HSCs based on alkaline metal ions, such as Li+,[7] 
Na+,[8] and K+[9] have been investigated widely, and enormous 
progress has been made in recent years. Although some of 
them have demonstrated a high energy density, while pre-
serving the high power density of supercapacitors (SCs), there 
are still numerous problems in terms of overall performance. 
For example, use of any organic electrolytes and excessive active 
reactions of those alkalis can present serious safety risks. For 
some of these alkaline metals, there can also be a poor long-
term sustainability issue, similar issue as for the lithium bat-
teries. In contrast, the energy storage devices making use of 
multivalent cations (Zn2+,[10] Ca2+,[11] Al3+,[12] etc.)  can deliver 
high and unique performance, where Zn2+ is one of the best 
known examples. Indeed, among these multivalent cations, 
zinc-ion HSCs have attracted a considerable amount of atten-
tion, thanks to its low cost, abundant sources, high safety, and 
environmental friendly features,[13] making it one of the most 
promising candidates for the new generation energy storages. 
Zhang et  al. assembled flexible Zn-HSCs where reduced gra-
phene oxide/carbon nanotube (rGO/CNT) fiber and Zn/C 
fiber act as cathode and anode, respectively, indicating the well 
application of Zn-HSCs in wearable electronics.[14] By far, there 
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are several studies on Zn-HSCs, where both electrodeposited 
Zn nanosheets and Zn foil have been used as the anode.[4c,d,15] 
However, it is still very challenging to control the fading of Zn 
nanosheets and formation of zinc dendrites in Zn foil, which 
is known to affect efficiency of the stripping/plating processes 
in the anode, during charge/discharge processes, and adversely 
impact the electrochemical performance. In this connection, 
Ma et al. assembled a different configuration of the γ-MnO2//
AC Zn-HSCs.[16] However, in the Zn2+ charging and dis-
charging processes, the structure of MnO2-based materials is 
unstable.[17] Liu et al. have reported that the structural stability 
can be improved by pre-intercalated K+ into the tunnel structure 
α-MnO2.[18] Although the cycling performance was improved to 
a certain degree, the structure still undergoes an unstable trans-
formation (i.e., transformation into layered structure δ-MnO2), 
when further intercalated in Zn2+. Therefore, structural stability 
is one of the key factors in the design of Zn-HSCs electrode 
materials.

Herein, in contrast, we report a highly stable tunnel struc-
ture of ZnxMnO2 in nanowires grown on mechanically flexible 
carbon cloth, which are successfully made by pre-intercalation 
of Zn2+ and with a disruptively large mass loading of 12 mg 
cm−2. The Zn2+ stabilized tunnel structure of ZnxMnO2 at ultra-
high mass loading grown on flexible carbon cloth is developed 
by one-step hydrothermal process, where the pre-intercalation 
of Zn2+ transforms the layered δ-MnO2 nanosheets into tunnel-
structured ZnxMnO2 nanowires of high stability. In Zn-HSCs, 
the insertion/extraction on the ZnxMnO2 nanowires cathode 
and the adsorption/desorption on the activated carbon cloth 
(ACC) anode enable an outstanding electrochemical perfor-
mance. The as-prepared Zn-HSCs present an ultrahigh areal 
capacitance of 1745.8 mF cm−2 at 2 mA cm−2 with a wide oper-
ating voltage window of 0–2 V. They also deliver a remarkable 
areal energy density of 969.9 µWh cm−2 and a peak areal power 
density of 20.1 mW cm−2. The rechargeable Zn-HSCs show a 
superior capacity retention of 83.1% after 5000 cycles. In addi-
tion, when constructed into a quasi-solid-state device, they 
endow an outstanding capacitance of 1446.6 mF cm−2, and  
the maximum areal energy density and peak power density of 
803.6 µWh cm−2 and 10.0 mW cm−2, respectively. They make 
Zn-HSCs truly reach up to battery-level, and also with the 
desired mechanical flexibility and long-term cycling ability.

2. Results and Discussion

The synthesis processes of ZnxMnO2 nanowires and 
MnO2 nanosheets are schematically illustrated in Figure  1. 
The tunnel-type zinc-ion stabilized α-MnO2 (ZnxMnO2) 
nanowires were synthesized via a simple one-step hydro-
thermal method. Interestingly, when the zinc source was 
not added to the precursor solution, the layered structure  
δ-MnO2 (MnO2) nanosheets was obtained.

To confirm the phase information, we scrupulously study 
the X-ray diffraction (XRD) patterns (Figure 2a) and the Raman 
spectra (Figure S1, Supporting Information). The XRD pattern 
of ZnxMnO2 nanowires shows seven main characteristic peaks 
at 12.8°, 18.1°, 28.8°, 37.5°, 41.9°, 49.8°, and 60.3°, indexing 
to (110), (200), (310), (211), (301), (411), and (521) planes of 

the α-MnO2 (JCPDS No. 44-0141),[19] respectively. Compara-
tively, the XRD pattern of MnO2 nanosheets displays main four 
peaks at 12.6°, 25.3°, 36.9°, and 65.6°, corresponding to the 
(001), (002), (11-1), and (31-2) planes of δ-MnO2 (JCPDS No. 
42-1317).[20] The Raman band at 644 cm−1 stands for the α-MnO2 
while the Raman band at 631 cm−1 stands for the δ-MnO2,[21] 
which are in good agreement with XRD results. The scanning 
electron microscope (SEM) images in Figure 2b,c and Figure S2  
(Supporting Information) exhibit the ZnxMnO2 nanowires 
and MnO2 nanosheets are uniformly covered on the surfaces 
of the CC, respectively. Impressively, the mass loading of the 
ZnxMnO2 nanowires on the CC is measured to be 12 mg cm−2,  
which is the highest level among reported electrode materials 
applied in both supercapacitors and batteries (Table S1, Sup-
porting Information). Such a high mass loading provides a 
great promise for enhancing the overall areal energy density 
of HSCs. As shown in Figure 2d, ZnxMnO2 nanowires on the 
CC present a thickness of up to 4.2 µm. The morphological 
feature of the ZnxMnO2 nanowires is further investigated by 
the transmission electron microscopy image (TEM, Figure 2e), 
in which the length of nanowire is about 1.1 µm. In addition, 
the selected area electron diffraction image (SAED, the inset 
in Figure  2e) further confirms its single crystalline nature. 
The high-resolution TEM (HRTEM) image of the ZnxMnO2 
nanowires is depicted in Figure  2f, where two lattice fringes 
of 0.69 and 0.31 nm can be indexed to (110) and (310) planes 
of α-MnO2. In order to reveal the elements distribution along 
a single nanowire, the element mapping of zinc, manganese, 
and oxygen elements are displayed in Figure 2g, in which the 
uniform coverage of zinc can be clearly seen. For comparison, 
the TEM, HRTEM, and element mapping of MnO2 counterpart 
are also provided in Figure S3 (Supporting Information), and 
the energy-dispersed spectra (EDS) of ZnxMnO2 and MnO2 are 
compared in Figure S4 (Supporting Information).

Moreover, the X-ray photoelectron spectroscopy (XPS) survey 
spectra were performed to identify and compare the chemical 
states of each elements on the surfaces of ZnxMnO2 and MnO2. 
The Mn, O, and C elements are detected in both the samples 
while the Zn only detected in the ZnxMnO2 nanowires (Figure S5,  
Supporting Information). The Zn 2p spectra (Figure  2h) dis-
play the characteristic peaks at binding energies of 1044.6 and 
1021.5 can be assigned to Zn2+ 2p1/2 and Zn2+ 2p3/2, revealing 
the dominant valence state of Zn2+ in the ZnxMnO2. As dis-
played in Figure 2i, the Mn 2p spectra show two peaks at 641.8 
and 653.5 eV in both MnO2 and ZnxMnO2 sample, corre-
sponding to 2p3/2 and 2p1/2 signals of Mn (IV). Notably, in com-
parison to MnO2, the ZnxMnO2 nanowires exhibit two addi-
tional peaks in Figure  2i that emerged at binding energies of 
641.3 and 652.4 eV, which are the typical line positions for Mn 
2p3/2 and Mn 2p1/2 signals of Mn3+, respectively.[22] Considering 
the results mentioned above, we can determine the coordina-
tion structure of Mn in the ZnxMnO2 nanowires after Zn inter-
calation, which is beneficial for promoting the stability of the 
tunnel-type ZnxMnO2 and the electrochemical performance.

Before assembling the Zn-HSCs, we performed oxygen 
annealing process to activate the CC (The detailed characteriza-
tion can be seen in Figures S6 and S7, Supporting Information), 
which will act as the anode of Zn-HSCs. Figure 3a exhibits the 
cyclic voltammetry (CV) curves of individual ZnxMnO2 cathode 
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and ACC anode, presenting the adsorption/desorption in ACC 
anode and the insertion/extraction in ZnxMnO2 cathode. Two 
redox peaks can be seen at 0.33/0.88 V (vs saturated calomel 

electrode) of the CV curve of ZnxMnO2. Besides, wonderful rec-
tangular CV and galvanostatic charge/discharge (GCD) curves 
(Figure S8, Supporting Information) of ACC anode and GCD 
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Figure 1.  Schematic diagram illustrating different reaction processes of MnO2 nanosheets and ZnxMnO2 nanowires.

Figure 2.  a) XRD patterns of the MnO2 and ZnxMnO2. b,c) SEM images and d) sectional view of the ZnxMnO2 nanowires. e) TEM, SAED (the inset), 
and f) HRTEM. g) Element mapping of the ZnxMnO2. h) Core-level Zn 2p XPS spectra of the ZnxMnO2. i) Core-level Mn 2p XPS spectra of the MnO2 
and ZnxMnO2.
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curves (Figure S9, Supporting Information) with clear charge/
discharge platform of the ZnxMnO2 nanowires are obtained 
in three-electrode system, which shows the splendid capacitor 
and typical battery performance of the ACC anode and the 
ZnxMnO2 cathode in the Zn-HSCs, respectively. To further 
assess the actual properties of ZnxMnO2 nanowire cathode, we 
employed the ACC as the anode and assembled the ZnxMnO2//
ACC Zn-HSCs in an aqueous electrolyte (2 m ZnSO4 and 0.4 m  
MnSO4) with a comparison of the MnO2//ACC Zn-HSCs. As 
shown in Figure 3b, the CV curves of these two Zn-HSCs have 
no obvious battery behaviors, which can also be verified in 
GCD curves (Figure 3c), indicating that the main characteristic 
of the Zn-HSCs is still capacitive behavior. The CV curves of 
these two Zn-HSCs at various scan rates from 1 to 40 mV s−1  
are displayed in Figure 3d and Figure S10a (Supporting Infor-
mation), clearly indicating a higher specific capacitance of 
ZnxMnO2//ACC Zn-HSCs than MnO2//ACC Zn-HSCs. 
Moreover, the electrochemical performance of these two Zn-
HSCs is also investigated by GCD at different current den-
sity between 2 and 20 mA cm−2 (Figure  3e and Figure S10b,  
Supporting Information). According to the GCD curves, 
the Zn-HSCs show a wider voltage window than the other 
Zn-HSCs and HSCs.[4c,d,15,23] Figure  3f exhibits the functions 
of the areal capacitance of ZnxMnO2//ACC and MnO2//ACC 
Zn-HSCs collected at various current density and the peak 
areal capacitance of the ZnxMnO2//ACC Zn-HSCs reaches  
1745.8 mF cm−2 (gravimetric specific capacity ≈ 145.5 F g−1) at  
2 mA cm−2, which is superior to most supercapacitors  
(Table S2, Supporting Information), such as AC//Zn 
Zn-HSC,[24] CoHCF//AC HSC,[25] and Ni0.25Mn0.75O@C//
AC Li-ion HSCs.[26] As depicted in Figure 3g, the GCD curves 
of the ZnxMnO2//ACC Zn-HSCs are collected at 6 mA cm−2 
with an operational voltage window ranging from 0.6 to 2.0 V, 
demonstrating the voltage of as-assembled Zn-HSCs can be 
stabilized up to 2.0 V. Figure  3h presents the electrochem-
ical impedance spectroscopy (EIS) of the ZnxMnO2//ACC 
and MnO2//ACC Zn-HSCs where the semicircles represent 
charge transfer resistance (Rct) and the slopes are related 
to Zn2+ diffusion resistance in the electrode materials. The 
ZnxMnO2//ACC Zn-HSCs show smaller Rct (35.96 vs 62.09 Ω)  
and faster diffusion velocity than those of MnO2//ACC 
Zn-HSCs.

As an exploration, we studied the effect of different elec-
trolytes on the electrochemical performance of as-prepared 
ZnxMnO2 nanowire (Figure S11, Supporting Information). 
It can be found that the HSC displays a higher capacitance 
only in zinc-containing electrolyte, and the accession of man-
ganese vastly improves the capacitance. To optimize the Zn2+ 
pre-intercalation amount, the feeding amount of Zn(NO3)2 
was varied from 0 to 10 mmol. Both the crystalline phase and 
morphology of the obtained ZnxMnO2 are highly dependent on 
the Zn(NO3)2 feeding amount. With the increase of Zn(NO3)2 
feeding amount, the ZnxMnO2 experiences a phase trans-
formation from layered structure to tunnel structure and its 
morphology changes from nanosheets to nanowires. With 
a relatively low Zn(NO3)2 amount (≤2 mmol), the ZnxMnO2 
shows a layered structure similar to δ-MnO2 (Figure S12, Sup-
porting Information) and a nanosheet morphology (Figure S13, 
Supporting Information). With a moderate Zn(NO3)2 feeding 

amount (4–6 mmol), a mixture of δ-MnO2 phase and α-MnO2 
phase ZnxMnO2 is obtained. Further increase of the Zn(NO3)2 
feeding amount leads to α-MnO2 phase ZnxMnO2 with a 
tunnel structure and well-defined nanowire morphology. When 
coupled with ACC anode for Zn-HSCs, the ZnxMnO2 with a 
Zn(NO3)2 feeding amount of 8 mmol demonstrates the highest 
capacitance (Figure S14, Supporting Information). Therefore, 
we believe 8 mmol is the optimized Zn(NO3)2 feeding amount.

Typically, the ZnxMnO2//ACC Zn-HSCs reaches a remark-
able cycling performance with 83.1% retention of the initial 
capacity after 5000 cycles at 15 mA cm−2 (Figure 3i) while the 
MnO2//ACC Zn-HSC only affords a capacitance retention of 
45.3% after 5000 cycles at the same current density. Moreover, 
the phase and morphology of the electrode materials remain 
the same after the cycling (Figures S15–S17, Supporting 
Information). Combining with the electrochemical perfor-
mance of the ZnxMnO2//ACC and MnO2//ACC Zn-HSCs, it 
is confirmed again that the designed tunnel-type α-ZnxMnO2 
nanostructure is considered as the optimal MnO2 battery-type  
electrode materials for Zn-HSCs.

In order to investigate the practical utilities and flexible 
characteristic of the promising ZnxMnO2 nanowires cathode 
and the as-assembled Zn-HSCs, the flexible quasi-solid-state 
ZnxMnO2//ACC Zn-HSCs device is assembled and the struc-
ture is schematically illustrated in Figure 4a. Briefly, a piece of 
filter paper and a polyvinyl alcohol (PVA) gel are serving as a 
separator and electrolyte, respectively, which sandwiched by 
the ZnxMnO2 nanowire cathode and the ACC anode.[27] The 
CV curves of the Zn-HSC device at scan rates ranging from 
1 to 40 mV s−1 are shown in Figure  4b, and the GCD curves 
(Figure  4c) display a great capacity compared to the aqueous 
Zn-HSCs (73.2%), which reaches a prominent capacitance 
of 1446.6 mF cm−2 at 1 mA cm−2. From Figure  4d, when the 
quasi-solid-state Zn-HSCs are bended to various conditions, the 
capacity and discharging curve keep nearly the same, indicating 
its excellent suitability to shape deformation. Additionally, 
Figure 4e further presents the areal power and energy densities 
of the ZnxMnO2//ACC Zn-HSCs device with both aqueous and 
quasi-solid-state electrolytes, from which the ZnxMnO2//ACC 
Zn-HSCs device can afford maximum areal energy density of 
969.9 µWh cm−2, peak areal power density of 20.1 mW cm−2 
in aqueous system and the maximum areal energy density of 
803.6 µWh cm−2, peak areal power density of 10.0 mW cm−2 
in quasi-solid-state system. Importantly, the areal performance 
of the as-prepared Zn-HSCs are considerably higher than those 
of many reported aqueous and quasi-solid-state energy storage 
devices and even comparable or higher than many Zn-ion  
batteries as shown in Table S2 (Supporting Information), 
such as V2O5·nH2O//graphene,[28] NaV3O8·1.5H2O//Zn,[29]  
ZnMn2O4//Zn,[30] ZnHCF@MnO2//Zn,[31] and Zn2V2O7//Zn.[32]  
Impressively, as shown in the inset of Figure 4e, the thickness 
of the device is measured to be 0.86 mm. For a simple demon-
stration, we lighted up two neon signs (consisting of 14 and 
52 LEDs, respectively) by connecting two devices in series. As 
exhibited in Figure 4f and Movies S1 and S2 (Supporting Infor-
mation), the tandem devices brightened the neon signs with 
dazzling shine for 15 and 10 min, respectively.[33] To sum up, 
the outcomes mentioned above definitely suggest the ultrahigh 
areal energy density, flexibility, and practical application of the 
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ZnxMnO2//ACC Zn-HSCs, which can faultlessly fulfill the 
avid demanding for wearable and high-performance energy 
storages.

To investigate the evolution of the crystal structure of the 
ZnxMnO2 cathode and ACC anode during the Zn-HSCs 
charge and discharge periods, the GCD curves are depicted in 
Figure 5a while the ex situ XRD patterns of ZnxMnO2 cathode 
are exhibited in Figure 5b. As we can see, the seven main char-
acteristic peaks of typical α-MnO2 are clearly depicted and the 
XRD patterns scarcely change during the charge and discharge 
processes, which indicates the tunnel-type crystal structure of 
the ZnxMnO2 nanowires is fully reversible and stable during 
the Zn-ion insertion/extraction processes and able to support 
the good cycling stability of Zn-HSCs. To further elucidate 
the reaction mechanism of the ZnxMnO2 nanowires, induc-
tively coupled plasma (ICP) was conducted to six different 
states during the charge/discharge processes (Figure  5d). The 
original sample has a Zn/Mn molar ratio of 0.029. As expected, 

the Zn/Mn ratio increases with discharge and decreases with 
charge. In addition, the overall Zn/Mn ratio increase with 
cycling, and it reaches 0.596 after the third discharge process. 
The ICP results demonstrate that the ZnxMnO2 is able to trap 
Zn2+ in its tunnel structure, which may play a positive role in 
stabilizing the material. Moreover, the XPS spectra in Figure S18  
(Supporting Information) verify the result of ICP. The intensity 
of peaks in Zn 2p spectra (Figure S18b, Supporting Informa-
tion) prove that the Zn-ion truly insert into the sample after 
discharge to 0 V. To sum up, Figure  5e depicts the schematic 
illustration during insertion/extraction processes which reveals 
the zinc-storage mechanism in the ZnxMnO2 cathode.

Conversely, the XRD patterns (Figure  5c) of ACC changed 
with the adsorption/desorption processes. With the voltage 
increasing, there are four characteristic peaks at 11.3°, 32.8°, 
34.9°, and 58.4° besides the peaks of the CC, corresponding to 
the Zn4SO4(OH)6·0.5(H2O) and ZnSO3·2.5(H2O). Clearly, it 
can be seen in the SEM images of different states (Figure 5f). 
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Figure 3.  Electrochemical behavior of Zn-HSCs. a) CV curves of the ACC anode and the ZnxMnO2 cathode at a scan rate of 2 mV s−1. b) Comparison 
of CV curves (40 mV) and c) GCD curves for the MnO2//ACC and ZnxMnO2//ACC HSCs at 2 mA cm−2. d) CV curves and e) GCD curves collected at 
different scan rates and current density of the ZnxMnO2//ACC Zn-HSCs. f) Areal capacitance as a function of the current density of the MnO2//ACC 
and the ZnxMnO2//ACC Zn-HSCs. g) GCD curves of the ZnxMnO2//ACC HSCs collected at different potential windows at a fixed current density of  
6 mA cm−2. h) Nyquist plots and i) cycling performance of the MnO2//ACC and ZnxMnO2//ACC Zn-HSCs at 15 mA cm−2.
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From the state II to state IV (0.4–1.2 V), there only exist sim-
plex desorption reaction in the ACC anode, and nothing grow 
on the surface through the SEM images. However, the SEM 
images exhibit that there are some nanosheets on the surface 
of the ACC anode from state V to state IX, it is believed that the 
phenomena are ascribed to the change of voltage. Besides the 
consistent adsorption/desorption reaction in the ACC anode, 
the Zn ions will be attracted to the surface of ACC anode in 
the range of high-voltage area during the charge/discharge pro-
cesses, which can be confirmed by the XRD pattern that the 
Zn4SO4(OH)6·0.5(H2O) and ZnSO3·2.5(H2O) only exist during 
the range of high-voltage area. Partly, this process is consid-
ered to provide a certain amount of capacity for the Zn-HSCs. 
When discharged to 0 V, the SEM images (state X to state XI) 
return to the initial condition. Digital photo (Figure S19b,  
Supporting Information) of the ZnxMnO2 nanowire cathode 
and ACC anode at different states during the GCD (Figure S19a, 
Supporting Information) also proves the above results from a 
macro perspective.

The new configuration of the Zn-HSCs is schematically 
illustrated in Figure  6, consisting of the reactions during the 
charge/discharge processes. In the typical charge process, 
driven by applied voltage, the Zn-ion (Zn2+) extractions happen 
in the ZnxMnO2 nanowires cathode while the SO4

2− desorptions 
occur in the ACC anode. On the contrary, the Zn ions insert 
into the cathode and the SO4

2− adsorb in the anode during the 
discharge process. Briefly, the reaction of the Zn-HSCs can be 
formulated as follows

Cathode : Zn MnO 2e Zn MnO +Zn2 2
2+

x y− ↔−

	 (1)

Anode : ACC 5Zn 4OH 2SO 4H O 2e
ACC Zn SO (OH)6·0.5(H O) ZnSO3·2.5(H O)

2+ –
4
2

2
–

4 4 2 2

+ + + + +
= + +

−

	
(2)

The ionic and hydrated ionic radii of Zn are 0.75 and 
4.04–4.30 Å, respectively.[34] α-MnO2 has a 2 × 2 tunnel 
structure (4.6 × 4.6 Å), which can accommodate zinc ions in 
its tunnels. The δ-MnO2 has a layered structure with inter-
layer spacing of ≈7 Å.[35] Theoretically, the layered structured  
δ-MnO2 can store more zinc ions. However, the layered struc-
ture of δ-MnO2 is prone to collapse in sulfate solution, leading 
to poor structural stability. The Zn2+ pre-intercalated tunnel 
structured α-MnO2 (ZnxMnO2) has more stable characteristics 
during charge and discharge processes. The insertion/extrac-
tion of Zn-ion in tunnel structured ZnxMnO2 causes no struc-
tural transformation or collapse. The mechanism depicted in 
the figure of the Zn-HSCs is considered a sustainable way to 
achieve splendid cycling performance.

3. Conclusion

In summary, by pre-intercalation of Zn2+ in the hydro-
thermal process, we develop the tunnel-type ZnxMnO2 nano-
wires with ultrahigh mass loading of 12 mg cm−2 grown on 
mechanically flexible carbon cloth. When employed as the 
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Figure 4.  a) Schematic illustration of flexible quasi-solid-state ZnxMnO2//ACC Zn-HSCs. b) CV curves and c) GCD curves of the device. d) GCD curves 
under different bending conditions. e) Ragone plots of the quasi-solid-state ZnxMnO2//ACC Zn-HSCs. f) Photographs of LED lights powered by the 
quasi-solid-state ZnxMnO2//ACC devices in series.
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cathode in Zn-HSCs with either aqueous or quasi-solid-state 
electrolytes, they enable an ultrahigh areal capacitance of up to 
1745.8 mF cm−2 at 2 mA cm−2, a remarkable areal energy den-
sity of 969.9 µWh cm−2, as well as long lifetime. By conducting 
systematic investigations into the growth, structures and 
charge/discharge process in the tunnel structured ZnxMnO2 
nanowires, including ex situ, we have established key governing 
principles involved in the Zn-ion pre-intercalation, which leads 
to stable tunnel-type structure and outstanding electrochemical 
performance. The set of key performance parameters are com-
parable favorably with those of Zn-ion batteries, making them 
truly battery-level energy storage devices. Together with the 
excellent mechanical flexibility, the battery-level Zn-HSCs are 

promising to be applied in the new generation energy storage, 
where the large battery-supercapacitor gap is bridged.

4. Experimental Section
Synthesis of ZnxMnO2 Nanowires and MnO2 Nanosheets Cathode: In a 

typical synthesis, the carbon cloth (2 cm × 3 cm) was firstly cleaned with 
ethanol, deionized (DI) water in ultrasonic machine, and then dried at 
70 °C oven. 1.264 g KMnO4 and 2.379 g Zn(NO3)2·6H2O were dissolved 
in 75 mL DI water, and 2 mL 98% H2SO4 was added into this solution. 
After stirring the solution for 15 min, the resultant precursor solution 
and the pretreated CC were transferred to a Teflon-lined stainless steel 
autoclave (100 mL). The sealed autoclave was heated and maintained at 

Figure 5.  a) GCD curves of ZnxMnO2//ACC Zn-HSCs at 2 mA cm−2. b,c) Corresponding the ex situ XRD patterns of ZnxMnO2 cathode and ACC anode 
at different charge/discharge states. d) The change of the Zn/Mn molar ratio during charging and discharging. e) Schematic illustration of the zinc-
storage mechanism in the ZnxMnO2 electrode. f) SEM images of the ACC at charge/discharge states.

Figure 6.  Schematic illustration of the designed aqueous ZnxMnO2//activated CC zinc-ion HSCs.
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140 °C for 3.5 h. After cooling down to room temperature, the CC was 
cleaned with DI water and finally dried at 70 °C oven. The mass loading 
of the active material (ZnxMnO2) is measured to be 12.0 mg cm−2, and 
the mass loading of CC is 11.3 mg cm−2. The thickness of the whole 
electrode (ZnxMnO2 on CC) is around 0.42 mm. The MnO2 nanosheets 
were prepared by a method similar to that of ZnxMnO2; however, no 
Zn(NO3)2·6H2O was introduced during the synthesis. The mass loading 
of MnO2 is measured to be 18.5 mg cm−2, and the thickness of the 
whole electrode (MnO2 on CC) is around 0.6 mm.

Synthesis of ACC Anode: The ACC anode was prepared through one-
step thermal treatment of CC (2 cm × 3 cm) in air at 350 °C for 6 h.

Fabrication of ZnxMnO2//ACC Zinc-Ion Aqueous and Quasi-Solid-
State HSCs: To fabricate the aqueous HSCs, where ZnxMnO2 nanowires  
(0.5 cm × 1.0 cm) acted as cathode electrode and ACC (0.5 cm × 1.0 cm) 
acted as anode electrode. 2 m ZnSO4 and 0.4 m MnSO4 were prepared as 
the electrolyte. Similarly, when assembling quasi-solid-state HSCs, the 
electrodes were invariable while PVA/ZnCl2-MnSO4 gel was employed as 
electrolyte with a NKK separator (Nippon Kodoshi Corporation). The gel 
electrolyte was prepared by mixing 2.0 g PVA, 5.45 g ZnCl2, and 1.2 g 
MnSO4 in 20 mL DI water, and then heated at 85 °C for 2 h with vigorous 
stirring. The thickness and volume of the fabricated quasi-solid-state 
Zn-HSCs devices are about 0.86 mm and 0.043 cm3, respectively.

Materials Characterizations: XRD (Bruker D2) was employed 
to characterize the crystalline structures. The morphology and 
microstructure of the as-prepared materials were demonstrated by a 
field-emission SEM (JEOL-7100F) and TEM, HRTEM, high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM), 
EDS (Titan G2 60-300). Raman spectrum tests were characterized by 
Renishaw RM-1000 laser Raman microscopy system. The valence states 
of elements were detected by an XPS (ESCALAB 250Xi). The molar ratio 
of Zn and Mn elements of the ZnxMnO2 were measured by ICP optical 
emission spectrometer (Optima 4300DV).

Electrochemical Measurements: Electrochemical measurements data 
were performed with a CHI 760D electrochemical workstation. The 
electrochemical performance of the aqueous and quasi-solid-state 
ZnxMnO2//ACC Zn-HSCs was performed in a two-electrode system in 
the aqueous solution and gel, respectively.
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