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H I G H L I G H T S

• Mn3+ was introduced into MnO2 electrode by one-step electrodeposition.

• MnO2 electrode with Mn3+ is beneficial to improve its the electrochemical behavior.

• The double exchange interaction(Mn3+-O-Mn4+) and oxygen vacancy are described.

• An asymmetric supercapacitor is assembled with an energy density of 55.9 Wh kg−1.
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A B S T R A C T

Manganese dioxide (MnO2) is attracting much attention recently due to the wide potential window as the
electrode in aqueous supercapacitors. However, low electrical conductivity of MnO2 significantly hinders its
further development. The obstacle may be circumvented by introducing a proper concentration of trivalent Mn
ions in MnO2. Herein, nanostructured MnO2 with adjustable Mn3+/Mn4+ ratio is deposited to conductive
carbon cloth substrate (CC) by potentiometric electrochemical deposition method. MnO2 electrode with Mn3+/
Mn4+ ratio of about 0.99 deposited at 70 °C displays a specific capacitance of 408.1 F g−1 at 1 A g−1, and
maintains a 99% capacity after 2000 cycles at 10 A g−1. In this paper, we explain the influence of the in-
troduction of Mn3+ ions on the electrochemical performance of MnO2 electrode according to the Mn3+-O-Mn4+

double-exchange interaction mechanism and oxygen vacancy. Furthermore, an asymmetric supercapacitor (ASC)
with nanostructured MnO2/CC as positive electrode and carbon coated FeOOH (FeOOH/C) as negative electrode
is assembled. The ASC can exhibit a maximum energy density of 55.9 Wh kg−1 and power density of
6.87 kW kg−1. Moreover, the prepared ASC shows excellent flexibility and great potential applications by
lighting blue LEDs.

1. Introduction

Recently, aqueous supercapacitors have attracted great concerns,
which is ascribed to their advantages, such as environmental friendli-
ness, fast charge and discharge rates, long cycle life and high power
density (103-104 kW kg−1) [1–6]. However, the low energy density
limits its practical applications (< 10 Wh kg−1) [7,8]. From the for-
mula of E = 1/2CV2, it can be seen that the energy density (E) of su-
percapacitor is determined by the voltage window (V) and capacitance

(C), which indicated that there are two possible solutions to effectively
increase the energy density: one is to improve the electrode voltage
window and the other is to enhance the specific capacity of electrodes
[9]. Many pseudocapacitive materials were often used as electrode
because they may provide a high specific capacitance for the super-
capacitors, such as Co3O4 [10–13], NiO [14,15], MoO2 [16]. Among
numerous materials, MnO2 attracts much attention due to high theo-
retical specific capacitance (1370F g−1), wide voltage window, low
cost, environmentally friendly and rich natural reserves [5,17–20].

https://doi.org/10.1016/j.cej.2020.125342
Received 12 January 2020; Received in revised form 29 April 2020; Accepted 3 May 2020

⁎ Corresponding authors at: National & Local Joint Engineering Laboratory for Optical Conversion Materials and Technology, School of Physical Science and
Technology, Lanzhou University, Lanzhou 730000, PR China (S. Peng).

E-mail addresses: huangjj@lzu.edu.cn (J. Huang), yand@lzu.edu.cn (D. Yan), gzcao@u.washington.edu (G. Cao), pengshl@lzu.edu.cn (S. Peng).

Chemical Engineering Journal 396 (2020) 125342

Available online 05 May 2020
1385-8947/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.125342
https://doi.org/10.1016/j.cej.2020.125342
mailto:huangjj@lzu.edu.cn
mailto:yand@lzu.edu.cn
mailto:gzcao@u.washington.edu
mailto:pengshl@lzu.edu.cn
https://doi.org/10.1016/j.cej.2020.125342
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.125342&domain=pdf


However, the low conductivity (10−5–10−6 S cm−1) significantly
blocks the enhancement of capacitance of MnO2 electrode materials
[21]. Therefore, it is urgent to enhance the capacitance of MnO2 by
improving the conductivity.

MnO2 composite electrodes, such as MnO2/carbon [22–26], MnO2/
Transition Metal Oxides (TMOs) [27–29], and MnO2/polymer compo-
sites[30–33] have been reported to increase the conductivity and en-
hance the overall properties of the MnO2-based electrode. Even though
these studies have shown that the conductivity and electrochemical
performance of MnO2 electrode have been improved, the experimental
capacitance is far from the theoretical specific capacitance due to the
low conductivity of MnO2 [34,35]. This is attributed to the low con-
ductivity, which makes the charge transfer slower when an electro-
chemical redox reaction of the MnO2 electrode material occurs. Other
methods for optimizing conductivity and enhancing electrochemical
capacitance should also be found. It is reported that mixed valence
(Mn3+, Mn4+) may be beneficial to increase conductivity of MnO2, due
to fast charge transfer during charging and discharging process
[34,36,37]. In recent years, regulation ratio of the Mn3+/Mn4+ has
been explored to increase conductivity of MnO2. The ratio of Mn3+/
Mn4+ may be controlled via pre-intercalating cation (Li+, Na+, K+

etc.) in MnO2 [36,38,39], or by equilibrating the oxide in PH-controlled
suspensions [40]. Here, we used an electrodeposition method to pre-
pare MnO2 electrodes with adjustable Mn3+/Mn4+ ratio, which had
enhanced electrochemical performance.

Herein, we performed a systematic investigation on the electro-
deposition temperature and the Mn3+/Mn4+ ratio of nanostructured
MnO2/carbon cloth electrode materials. The MnO2/CC electrode ma-
terials with Mn3+/Mn4+ ratio of about 0.99 prepared at 70 °C possess a
slightly high specific capacitance of 408.1 F g−1 at 1 A g−1, and a
99.4% of the original specific capacitance after 2000 cycles. It turns out
that the presence of certain amount of Mn3+ ions in the MnO2 electrode
materials can improve electrochemical performance [37]. And a flex-
ible ASC were assembled, which is MnO2/CC as the positive electrode,
FeOOH/C nanospheres as the negative electrode and LiCl/PVA as
electrolytes, respectively. What’s more, the ASC exhibits a high energy
density of 55.9 Wh kg−1 at a power density of 1240 W kg−1, and can
even remain 19.1 Wh kg−1 at a high power density of 6870 W kg−1.

2. Experimental section

None of the reagents used in the experiment are further purified,
which are analytical grade.

2.1. Preparation of MnO2/CC

Nanostructured MnO2/CC was deposited onto the carbon cloth (CC)
substrate by simple electrochemical deposition. In detail, carbon cloth
(CC) was subjected to hydrophilic treatment through electrochemical
oxidization at a potential of 3 V in concentrated sulfuric acid (98%, AR)
for 10 min. Next, in traditional three-electrode, the carbon cloth (CC)
was used as the working electrode (1.5 cm × 1.5 cm). An Ag/AgCl
electrode and a platinum plate were used as the reference electrode and
counter electrode, respectively. In addition, the electrolyte was 0.1 M
manganese acetate (Mn(AC)2·4H2O, AR). Then, MnO2 was potentios-
tatically electrodeposited onto carbon cloth at a voltage of 1.1 V under
different deposition temperatures (25 °C, 50 °C, 70 °C and 90 °C).
Ultimately, MnO2 successfully grew on the carbon cloth surface, which
was named as MnO2/CC. The obtained MnO2/CC hybrid was repeatedly
rinsed with deionized water and dried at 60 °C overnight in a blast
oven. The mass loading of MnO2 is 1.5 mg cm−2 (deposition time are
300 s, 180 s, 150 s and 120 s, respectively), which is calculated from the
weight difference of CC and MnO2/CC before and after electrodeposi-
tion. The preparation of MnO2/CC electrode materials is described in
the supporting material.

2.2. Preparation of FeOOH/C

FeOOH was obtained by a hydrothermal method. First, 1.08 g of
FeCl3·6H2O (AR) was added to 20 mL of deionized water and 0.8 g of
NaOH (AR) was mixed with 60 mL of deionized water. Then the two
solutions were mixed and stirred for 1 h. Finally, the as-prepared so-
lution was packed into a 100 mL polytetrafluoroethylene (PTFE)-lined
autoclave and subjected to hydrothermal treatment at 180 °C for 24 h.
In this case, a yellow sediment (FeOOH) was obtained, centrifuged,
washed with deionized water, and dried at 100 °C for 12 h in vacuum.
Afterwards, 250 mg of the obtained FeOOH powder and 500 mg glucose
(AR) were dissolved in 35 mL deionized water and 10 mL alcohol with
ultra-sonication for 25 min. The as-prepared solution was then trans-
ferred into 50 mL PTFE-lined autoclave at 180 °C for 2 h. Finally,
FeOOH/C was synthesized by centrifugation, rinsing with deionized
water and drying at 100 °C for 12 h.

2.3. Assembly of flexible quasi-solid-state ASCs

The MnO2/CC and FeOOH/C electrodes were immersed in the LiCl/
Polyvinyl alcohol (PVA) gel electrolyte (6 g LiCl, 3 g PVA, and 60 mL
deionized water were heated and stirred at 90 °C for 2 h) for 1 h. Both
were then extracted from the LiCl/PVA electrolyte. Finally, they were
assembled together to form a ASCs device with a sandwich structure.

2.4. Material characterization

The microscopic morphology of the electrode material was char-
acterized by field emission scanning electron microscopy (FE-SEM,
Hitachi S-4800) and transmission electron microscopy (TEM, FEI
Tecnai G2 F30 microscope operated at 300 KV). The chemical compo-
sition of the sample was investigated by using a multifunctional X-ray
photoelectron spectroscope (XPS, PHI-5702) with Mg KR radiation. The
crystal phase of the sample was determined by X-ray diffraction (XRD,
Rigaku D/MAX-2400) with CuKα radiation (0.154056 nm).

2.5. Electrochemical measure

All electrochemical measurements were conducted on an electro-
chemical workstation (CHI760E, CH Instrument In, Shanghai) at room
temperature. The used traditional three-electrode cell system was
composed, where a MnO2/CC, a platinum plate and a Saturated
Calomel Electrode (SCE) was used as the working electrode, the counter
electrode and reference electrode, respectively. In addition, 1 M Na2SO4

was used as electrolyte. The electrochemical proprieties of the ASC
were measured in two-electrode system. All the detailed calculations of
the electrodes and ASCs are provided in the supporting information.

3. Results and discussion

Nanostructured MnO2 was synthesized by electrodeposition on
carbon cloth at different temperatures. XPS data of the MnO2/CC
electrode materials in Fig. 1a shows the presence of elements of Mn, O,
and C, respectively. Fig. 1b displays the Mn 2p fine spectra of the
MnO2/CC electrode materials. The two typical characteristic peaks lo-
cate at 653.7 eV and 642.0 eV with a spin orbit coupling energy se-
paration of 11.7 eV, indicating the presence of MnO2 in the sample,
which is in a good agreement with the literatures [41–43]. The Mn 2p3/
2 peak is split into three peaks at 643.3 eV, 642.0 eV and 640.6 eV, and
the Mn 2p1/2 peak is deconvoluted into three peaks at 654.6 eV,
653.5 eV and 651.9 eV, which correspond to Mn4+, Mn3+ and Mn2+

states, respectively [34,43,44]. Here, Mn3+ ions is caused by oxygen
vacancies in the analogous positions of the MnO2 lattice stabilized by
Mn-OH group [45]. This group can be characterized by O 1s narrow
spectra. And the peak simulation of O 1s (531.6 eV) is shown in Fig.
S1b.† In Fig. 1c, the change trend of Mn-OH is consistent with the Mn3+

S. Dang, et al. Chemical Engineering Journal 396 (2020) 125342

2



ions. Mn3+ ions in the α-MnO2 structure could be due to the fact that
Mn3+ takes the place of Mn4+ [45]. A small amount of Mn2+ ions may
originate from the attachment of precursor solution onto the surface of
the MnO2. Furthermore, the average oxidation state of Mn element can
be confirmed by spin orbit coupling energy separation (ΔE) of Mn 3s
peaks. As presented in Fig. S1a, † the Mn 3s peaks of MnO2/CC de-
posited at different temperature are 4.86 eV, 5.0 eV, 5.2 eV and 4.8 eV,
respectively. The average oxidation state of Mn element can be de-
termined by formula (1):[46]

= − ∗Average valance E8.95 1.13 Δ (1)

The average oxidation valence state of Mn element is 3.45, 3.3, 3.1
and 3.5 in the MnO2/CC deposited at different temperatures (25 °C,
50 °C, 70 °C and 90 °C) based on the formula (1), which is consistent
with the presence of Mn3+ [47]. This indicates a part of Mn4+ ions is
substituted by Mn3+.

To further get the relationship between the electrodeposition tem-
perature and the ratio of Mn3+/Mn4+, the semi-quantitative calcula-
tion results obtained by XPS sealing fitting of Mn 2p are presented in
Fig. 1c. It can be found that the Mn3+/Mn4+ ratio gradually increases
to 0.99 with increasing deposition temperature until 70 °C. When the
electrodeposition temperature reaches to 90 °C, the Mn3+/Mn4+ ratio
drops to 0.70. Two competing factors may contribute to such variation

of Mn3+/Mn4+ ratio. On the one hand, according to Boltzmann dis-
tribution, increasing temperature may result in high concentration of
defects, thus Mn3+/Mn4+ ratio and oxygen defect (Mn-OH group)
concentration raise with the temperature increase (≤70 °C). On the
other hand, high temperature can greatly accelerate ion diffusion both
in electrode and in aqueous solution, so charged particles have suffi-
cient time to diffuse in the aqueous solution and electrode to eliminate
defects, which is beneficial to obtain electrodes with lower defect
concentration. When the electrodeposition temperature increases to
90 °C, the cathode surface gradually reaches the boiling state. The
vigorous boiling of the cathode enhances the liquid phase mass transfer
between the anode and cathode and accelerates the electro-migration
and diffusion rate of ions. This may be the reason for the reduction of
the relative content of Mn3+ ions and the Mn3+/Mn4+ ratio when the
temperature rises from 70 °C to 90 °C.

The X-ray diffraction for MnO2/CC were analyzed. In Fig. 1d, the
diffraction peaks (2θ) at around 37°, 52.8°, 66.6° and 78.5° are corre-
sponding to the crystal plane of (2 1 1), (4 4 0), (1 1 2), (3 3 2) of the α-
MnO2 (PDF#44-0141) [48]. In addition, the diffraction peaks (2θ) at
around 26.3° and 44.3° are the crystal planes of (0 0 2), (1 0 1) of the
carbon-based materials (PDF#41-1487) [49,50]. As the electrodeposi-
tion temperature increased, the XRD pattern keeps unchanged. Fur-
thermore, the average grain size of MnO2 can be obtained from the XRD

Fig. 1. Structural characterization of MnO2/CC electrodes electrode deposited at different temperatures. (a) The XPS spectrum of MnO2/CC electrodes. (b) The fine
specific fitting of the Mn 2p orbital. (c) Line charts of the relative content of Mn3+ ions and Mn-OH group in MnO2/CC electrodes (Blue: content of the Mn-OH group;
Red: content of the Mn3+ ions). (inset: Ratio of Mn3+/Mn4+ at different deposition temperature.) (d) XRD pattern of the MnO2/CC electrodes deposited at 25 °C,
50 °C, 70 °C and 90 °C, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pattern according to scherrer equation (2):

=D Kλ
B θcos (2)

where D, B, K, and λ are the grain size (nm), full width at half maximum
(FWHM: B=θπ/180 (rad)), scherrer constant (0.89) and Cu-Kα wave-
length (0.154 nm), respectively. Finally, the average grain size of the
MnO2 is about 13 nm.

The surface morphology of MnO2-based electrode materials is pre-
sented in Fig. 2, and it is independent of the deposition temperature. At
25 °C, the dense and interconnected MnO2 nanosheets (MnO2-25) are
uniformly growth on the surface of conductive carbon cloth substrate
(Fig. 2a and b). Similar nanosheets can be seen at 50 °C (MnO2-50)
without apparent morphology change (Fig. 2c and d). The nanosheets
at 70 °C and 90 °C still maintain uniform growth on the carbon cloth
substrate as manifested in Fig. 2e-h. This results show that the sample
with same loading mass (1.5 mg cm−2) at different deposition tem-
peratures keeps almost the same morphology. Therefore, the mor-
phology is not the key reason for the improvement of the electro-
chemical performance of our obtained electrode. However, the
morphology of the sample varies slightly with the increase of the
loading mass as the deposition time increased. The SEM images of 70 °C
samples obtained at different deposition time (150 s, 300 s and 420 s)
are shown in Fig. S2. † And it can be found that the surface morphology
of the samples changes with the increase of the deposition time. When
the deposition time increased to 420 s, the interconnected nanosheets
structure is gradually wrapped by nanoparticles as shown in Fig. S2c. †

The morphology of MnO2-70 was further observed by TEM as shown
in Fig. 3a-f. At low magnification TEM (Fig. 3a), there are uniformly
distributed nanosheets in keeping with the observation result of SEM.
The surface morphology of interconnected MnO2 nanosheets can im-
prove the effective contact between electrodes and electrolyte. The
HRTEM (Fig. 3b) presents that the lattice fringe spacing of 0.24 nm and
0.48 nm are corresponding to the (2 1 1) and (2 0 0) crystal plane of the
α-MnO2 electrode materials, respectively. The grain size is at 12–13 nm
based on the HRTEM images, which is constant with the result obtained
by XRD (Fig. 1d). A selected-area electron diffraction (SAED) pattern of
the MnO2 is shown in Fig. 3c, indicating the polycrystalline structure of
the obtained α-MnO2. In addition, elemental dispersive X-ray spectro-
scopy (EDS) mapping indicates the presence and evenly distribution of
Mn and O elements in the MnO2 nanosheets (Fig. 3e and f).

The electrochemical performance of MnO2/CC electrodes (MnO2-
25, MnO2-50, MnO2-70, MnO2-90) are demonstrated in Fig. 4. In 1 M
Na2SO4 aqueous solution, the potential window of MnO2/CC electrode
can reach 1.3 V, which is ascribed to the high oxygen evolution over-
potential of the carbon cloth as a conductive substrate [51]. The CV
curves at a sweep speed of 10 mV s−1 of the MnO2/CC are demon-
strated in Fig. 4a. The CV curve displays quasi-rectangle with wide
peak. In cyclic voltammogram, two anodic 0.6 V and 0.96 V and two
catholic 0.46 V and 0.79 V peaks are shown. These two pairs of peaks
may be interpreted as two active sites for the solution cations in α-
MnO2, one ion-exchange-type site for Na+ ions and one redox-type site
for Mn3+ and Mn4+ ions, which cause a two-step reaction during the
charge/discharge [38,52,53]. Here, a small amount of Na+ ions are

Fig. 2. SEM images of MnO2/CC electrodes deposited at 25 °C (a, b), 50 °C (c, d), 70 °C (e, f) and 90 °C (g, h).

Fig. 3. (a) and (b) TEM images of MnO2/CC electrodes deposited at 70 °C, (c) SAED pattern and EDS elemental mapping (Mn and O) of MnO2-70 (d, e, f).
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intercalation in the MnO2 electrode during the sample's previous acti-
vation, as shown Fig. S3 (XRD of initial and activated MnO2). † During
the charge and discharge process, Mn3+ ions and Mn4+ ions participate
in the redox reaction, which occupies the redox-type site; and Na+ ions

and H+ ions participate in the ion exchange, which occupies the ion-
exchange-type site. Specific reactions are as follows: during the char-
ging process, part of Mn3+ ions are oxidized and converted to Mn4+

ions; in addition, Na+ ions in the MnO2 structure are de-intercalation,

Fig. 4. Electrochemical performances of MnO2/CC electrodes measured in 1 M Na2SO4 aqueous solution. (a) CV curves measured in 0–1.3 V at 10 mV s−1. (b) GCD
curves measured at 3 A g−1. (c) The relationship between specific capacitance of the MnO2/CC electrode materials and current density of charge and discharge. (d)
Nyquist plots of the MnO2/CC electrodes. Inset: Enlarged part of high frequency region.

Fig. 5. The electrochemical performance of MnO2-70. (a) CV curves. (b) GCD refiles. (c) Charge/discharge cycling test.
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and this site is occupied by H+ ions (separated by water molecules),
resulting in ion exchange. [54] Other CV curves between 10 and
100 mV s−1 are manifested in Fig. 5a and Fig. S4. † Moreover, Fig. 4b
presents the GCD curves of the MnO2/CC electrodes at 3 A g−1. Those
measured capacitance at different current densities increasing from 1 to
16 A g−1 is displayed in Fig. 5b and Fig. S4. † Combined with the GCD
curves, the specific capacitances of the MnO2/CC electrodes are ac-
quired in Fig. 4c and Table S1. † For MnO2-based electrodes materials,
the MnO2-70 possesses highest specific capacitance. Furthermore, the
MnO2-70 electrode also demonstrates outstanding rate capability,
maintaining 184 F g−1 at 16 A g−1 (46% of its initial capacitance). And
the electrochemical performance of the MnO2-70 electrode is relatively
superior compared to previously reported MnO2-based electrodes in
aqueous electrolyte (Table S2) †. In addition, 99.4% of the pristine
capacitance is retained after 2000 cycles (Fig. 5c), signifying the long
cycle life of the MnO2-70 electrode.

It is deemed that the introduction of Mn3+ ions in the MnO2 elec-
trode can contribute to the improvement of the electrical conductivity
of MnO2 electrode [55]. On the one hand, the ratio of Mn3+/Mn4+ may
play an imperative role in the charge storage capability for the MnO2/
CC electrode. This could be explained by the mechanism of the double
exchange interaction between Mn3+ and Mn4+ ions through O 2p orbit
(Fig. S5) †, which may provide an electron transport route (Mn4+-O-
Mn3+) during the charge/discharge. According to the principle of
minimum energy, Mn3+ (3d4) ions has 4 electrons in 3d orbits under
MnO6 crystal field, which can split into three local electrons in t2g orbit
and an electron in eg orbit. The former possesses a lower energy, while
the latter has a higher energy. However, the eg orbit of Mn4+ (3d3) ions
is empty. The Mn eg orbits can interact with the O 2p orbits. Therefore,
according to the double exchange interaction, the higher energy elec-
tron in eg orbit of the Mn3+ ions can transit to the empty eg orbit of
Mn4+ ions through O2– ions. On the contrary, the Mn4+ ions can move
to Mn3+ ions and form a Mn3+-O-Mn4+ electron hopping path [34].

Thus, the electrical conductivity of MnO2 electrode materials with
mixed valence (Mn3+ and Mn4+ ions) can be enhanced and be influ-
enced by Mn3+/Mn4+ ratio. For MnO2/CC (Mn3+/Mn4+ ratio < 1),
the double-exchange interaction can be improved as Mn3+/Mn4+ ratio
increases [34]. On the other hand, Mn3+ ions were introduced into
MnO2, which is accompanied by the generation of oxygen vacancy. The
trend of oxygen vacancy and Mn3+/Mn4+ ratio with deposition tem-
perature is same, which is shown in Fig. 1c. Oxygen vacancy can in-
crease the active sites and faster charge transfer of the electrode, im-
prove the conductivity of the material. With the increase of Mn3+/
Mn4+ ratio (Mn3+/Mn4+ ratio < 1), the Mn3+-O-Mn4+ double ex-
change interaction mechanism and oxygen vacancy both promote the
conductivity of the material and may result in the enhancement of the
electrochemical performance of the material. Hence the MnO2-70
sample with Mn3+/Mn4+ ratio of 0.99 shows the high conductivity
compared to other samples, which can be certified by the measurement
of electrochemical impedance spectroscopy (EIS). In Fig. 4d, MnO2-70
shows a minor Z’ (associated with the equivalent series resistance Rs)
and lesser semi-circle (associated with the charge transfer resistance
Rct). And the detailed resistance data is gained by fitting the EIS spectra
using the equivalent circuit, as shown in Fig. S6† and Table S3. †
Compared with some previous work (MnO2/HCNFs electrode
(R > 5 Ω, 310.1F g−1@2 mV s−1) [56], GF@MnO2 electrode (7.98 Ω,
334F g−1@1 A g−1)[57]), MnO2-70 electrode displays lower resistance
(1.95 Ω) and better electrochemical performance (408.1 F g−1@1 A
g−1). Above of all, the possible reason for good electrochemical prop-
erties of MnO2-70 is the appropriate Mn3+/Mn4+ ratio (0.99), which is
advantageous for improving the conductivity and enhancing capaci-
tance of MnO2 electrode.

Based on the above results, 1) the mechanism of the double ex-
change interaction may provide a new electron transport path (Mn4+-
O-Mn3+), which increases the conductivity of the MnO2 electrode. 2)
Oxygen vacancy associated with Mn3+ ions are also beneficial to the

Fig. 6. Characterization of the electrochemical properties of the MnO2-70//FeOOH/C ASCs. (a) CV curves of the MnO2-70 cathode and FeOOH/C anode electrodes at
10 mV s−1, respectively. (b) CV curves of the ASC at different sweep speed from 10 to 100 mV s−1 in 0–2.5 V. (c) GCD curves of the ASC at different current densities.
(d) The dependence of specific capacitance of the ASC on charge/discharge current density. (e) The Ragone plot of the ASCs. Inset (e): the optical image of the ASC
lighting a 3.2 V blue LED. (f) CV curves of the ASC at different bend angles. Inset (f): the physical map of ASC. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

S. Dang, et al. Chemical Engineering Journal 396 (2020) 125342

6



improvement of electrochemical performance of MnO2 electrode.
Therefore, the MnO2-70 electrode delivers high conductivity and ex-
cellent electrochemical properties.

To explore the application of MnO2-70/CC electrode in flexible
electronics, an asymmetric supercapacitor was assembled. In order to
achieve the high voltage supercapacitor matching with MnO2 positive
electrode, the negative electrode of carbon coated FeOOH (FeOOH/C)
was prepared by hydrothermal method. The mass ratio of negative and
positive electrodes was obtained by the following formula

=
−

+

+ +

− −

m
m

C V
C V

Δ
Δ (3)

Corresponding characterizations and electrochemical performance
of FeOOH/C are revealed in Fig. S7† and S8. † Fig. S8† demonstrates
the wide potential window of 1.3 V and excellent electrochemical
properties of FeOOH/C electrode. Thus, the asymmetric supercapacitor
can provide a 2.5 V wide voltage window, which is characterized in
Fig. 6.

The CV curves of the MnO2-70 and FeOOH/C electrodes at a sweep
speed of 10 mV s−1 are respectively represented in Fig. 6a. Based on the
separate potential windows of 0–1.3 V and −1.3–0 V, the ASC could
theoretically attain a 2.6 V wide voltage window. However, the ASC
actually reaches a 2.5 V voltage window. As demonstrated in Fig. S9, †
the CV curves of the as-fabricated MnO2-70//FeOOH/C ASC at diverse
voltage window ranging from 1.7 V to 2.6 V. The shape of the CV curve
is almost undistorted even when the voltage window achieves 2.5 V,
demonstrating that the ASC has a good capacitive behavior in 2.5 V
wide voltage window. As voltage window of the ASC is further raised to
2.6 V, there is a slight jump in the current at the end of charging curve,
signifying the decomposition of water [8]. Fig. 6b shows the CV curves
of the MnO2-70//FeOOH/C ASC at various sweep speed ranging from
10 to 100 mV s−1 in 0–2.5 V. When the sweep speed was increased to
100 mV s−1, the shape of the CV curve barely changed, suggesting the
outstanding capacitive performance and extraordinarily fast charge/
discharge ability of the ASC. To further understand the capacitive be-
havior of the MnO2-70//FeOOH/C ASC, GCD measurements are also
performed at various current densities as revealed in Fig. 6c. Fig. 6d
illustrates that the specific capacitance of the ASC is computed by the
GCD curves. The capacitance of the ASC is 64.4 F g−1 at 1 A g−1, and
22 F g−1 at 5 A g−1. Furthermore, the cyclic test of the asymmetric
device is demonstrated in Fig. S10. † After 1000 cycles, 65% of the
pristine capacitance is retained, signifying the long cycle life and great
application of the ASC device.

Based on the capacitance at obvious current densities, the energy
densities (E) and power densities (P) for the MnO2-70//FeOOH/C ASC
are analyzed and indicated in Fig. 6e. Benefiting from the high specific
capacitance and wide voltage window, the MnO2-70//FeOOH/C ASC
delivers a high energy density of 55.90 Wh kg−1 at a power density of
1240 W kg−1. Besides, the ASC still can maintain an energy density of
about 19.10 Wh kg−1 at a maximum power density of 6870 W kg−1,
revealing superior power and energy capability. This result is also
higher than that of the other supercapacitors in previous work, such as
the MnO2@Ppy@ACFC//AC@ACFC [21], NiCoO@MnO2//AC [29],
Fe2O3/CF//MnO2/CF [58], MnO2/CNT//Fe2O3/CNT [59], δ-MnO2 su-
percapacitor [7], AC/ACEP@MnO2//AC [46]. To explore the practical
application of the MnO2-70//FeOOH/C ASC, two devices in series can
successfully light up a blue light emitting diode (LED) (the inset in
Fig. 6e). In order to prove the excellent flexibility of the asymmetric
device, the electrochemical performance of the ASC at obvious bending
angles are presented in Fig. 6f. The current densities slight increase as
the bending angle increases, which is attributed to the closer contact
between the positive and negative electrodes during the bending pro-
cess. And the electrochemical properties of the device are almost un-
affected by the bending angle, indicating that it possesses outstanding
flexibility and significant application potential in flexible devices.

4. Conclusion

Nanostructured MnO2/CC electrode material with the different ratio
of Mn3+/Mn4+ has been successfully prepared by an extremely simple
electrochemical deposition method. And MnO2 electrode with Mn3+/
Mn4+ ratio of 0.99 displays high specific capacitance of 408.1 F g−1 at
1 A g−1, and maintains 99% of the capacity after 2000 cycles. It turns
out to be that the introduction of Mn3+ can improve conductivity and
further enhance electrochemical behaviors of the electrode materials,
which is related to double exchange interaction with proper Mn3+/
Mn4+ ratio and oxygen vacancy. Considering that FeOOH/C has wide
potential window of −1.3 V, MnO2/CC//FeOOH/C ASC has been as-
sembled, which delivers a large voltage window of 2.5 V and a highest
energy density of 55.90 Wh Kg−1. In addition, two devices in series are
used to illuminate a blue LED and exhibit high flexibility. This work
may bring a new perspective to the future development of super-
capacitors.
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