
Vol.:(0123456789)1 3

Journal of Applied Electrochemistry (2018) 48:105–113 
https://doi.org/10.1007/s10800-017-1142-6

RESEARCH ARTICLE

Electrochemical growth of α-MnO2 on carbon fibers for high-
performance binder-free electrodes of supercapacitors

Ya Chen1 · Jie‑Hao Guan1 · Hui Gan1 · Bai‑Zhen Chen1 · Xi‑Chang Shi1

Received: 18 September 2017 / Accepted: 15 December 2017 / Published online: 20 December 2017 
© Springer Science+Business Media B.V., part of Springer Nature 2017

Abstract
Cryptomelane-type MnO2 (α-MnO2) was directly deposited on carbon fiber paper (CFP) by a simple electrochemical method 
and evaluated as the active material of binder-free electrodes for supercapacitors. The obtained α-MnO2@CFP electrode 
exhibits a higher capacitance and better rate capability than the ε-MnO2@CFP electrode prepared by the conventional elec-
trochemical method. For the α-MnO2@CFP electrode, a specific capacitance of 623.9 F g−1 can be achieved at 2 mV s−1 
and the capacitance retention is up to 75% at 200 mV s−1. Compared to most of the binder-free MnO2/carbon electrodes 
reported in previous studies, the electrode also presents a much better rate capability. These superiorities mainly result from 
the specific tunnel structure of α-MnO2 which offers not only facile diffusion paths for cations but also plentiful reactive 
sites for the inner-surface redox reactions associated with the energy storage process. The fabrication method is facile and 
readily scalable and thus has great promise in the development of high-performance binder-free MnO2 electrodes for energy 
storage devices.
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1  Introduction

MnO2 has been investigated as one of the most attractive 
electrode materials for supercapacitors due to its high theo-
retical capacitance, low cost, environmental friendliness, 
and natural abundance [1–5]. To improve the electronic 
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conductivity of this material, considerable efforts have been 
devoted to the development of various MnO2 composites 
among which MnO2/carbon composites attract much atten-
tion. To date, different carbonaceous materials, such as gra-
phene [6–9], carbon nanotubes (CNTs) [10–12], activated 
carbon [13, 14], and mesoporous carbon [15–18], have 
been used to prepare these composites. It is believed that 
the carbon materials in these MnO2 composites can provide 
good conductive paths and thus help to effectively utilize the 
redox property of MnO2. Considering the fact that powdery 
carbon/MnO2 materials need to be mixed with polymeric 
adhesives to form electrodes, and this possibly introduces 
unnecessary charge-transfer barriers among the active mate-
rials, a great deal of attention has been focused on the devel-
opment of binder-free carbon/MnO2 electrodes [19–21].

In most cases, carbon materials with different nanostruc-
tures were constructed and used as the backbones on which 
MnO2 was directly electrodeposited from neutral MnSO4 
solutions. As a result, the MnO2 of the obtained binder-free 
electrodes usually exhibits a ramsdellite-type (R or γ-type) 
or akhtenskite-type (ε-type) structure with 2 × 1 [MnO6] 
tunnels [21, 22]. Although high specific capacitances can 
be achieved, the capacitance retention of these binder-free 
electrodes is relatively low and further improvement is still 
necessary.

It is known that MnO2 exists in several crystallographic 
forms including α, β, and γ, among which the α-MnO2 seems 
to exhibit a much higher capacitance than others [23, 24]. 
However, most of the studies were carried out on powdery 
electrodes in which polymeric adhesive and conductive addi-
tives had to be added. The distribution of the additives and 
the process of electrode fabrication may have a significant 
influence on the performance of the obtained electrodes and 
thus lead to uncertainty in the performance comparison. Fur-
thermore, to the best of our knowledge, although α-MnO2 
is easily prepared by hydrothermal methods, electrochemi-
cal growth of α-MnO2 on carbon substrates or other cur-
rent collectors has seldom been reported [25]. In the pre-
sent work, cryptomelane-type MnO2 (α-MnO2) was directly 
electrodeposited on carbon fiber paper (CPF) by a simple 
method and evaluated as the active material of binder-free 
electrodes for supercapacitors. Comparisons of the electro-
chemical properties between the α-MnO2 and ε-MnO2 are 
also presented.

2 � Experimental section

All the reagents were analytical grade and used directly with-
out further purification. Rectangular carbon fiber paper (CPF) 
slabs (1 × 2 cm2) were ultrasonically cleaned in acetone, deion-
ized water, and ethanol sequentially for 15 min each, then 
dried and used as the carbon substrates. The electrochemical 

deposition of α-MnO2 was carried out in an aqueous solu-
tion containing 2 M H2SO4 and 0.5 M MnSO4 at 15 °C. The 
deposition process was monitored at a constant current density 
of 8 mA cm−2 using a CHI660B electrochemical workstation 
(Shanghai Chenhua Instrument Co.). A CFP slab with a work-
ing area of 1 cm2 and a titanium plate with a working area 
of 9 cm2 were used as the working and counter electrodes, 
respectively. After deposition, the obtained MnO2@CFP slab 
was washed with deionized water and dried. For comparison, 
a common ε-MnO2 coating was also deposited on a CFP slab 
from a solution containing 0.5 M Na2SO4 and 0.5 M MnSO4 
with the same procedure but at room temperature (about 
25 °C).

The surface morphology and microstructure of the oxide 
were examined with a scanning electron microscope (JEOL 
JSM-6060LA) and a field-emission transmission electron 
microscope (TEM, Hitachi HT7700 operated at 120 kV), 
respectively. X-ray diffraction (XRD) analyses were performed 
using a Rigaku-TTRIII with graphite-monochromatized 
high-intensity Cu Kα radiation. The oxidation states of man-
ganese in the oxide were determined by X-ray photoelectron 
spectroscopy (XPS), which were carried out using a source 
(PE = 1600 eV) on a Kratos Axis Ultra DLD instrument with 
monochromatic Al K.

The electrochemical properties of the MnO2 were evalu-
ated using a three-electrode electrochemical cell in conjunc-
tion with the CHI660B electrochemical workstation at room 
temperature. The MnO2@CFP slab, a platinum sheet, and 
a saturated mercury/mercurous sulfate electrode (SMSE) 
were used as the working, counter, and reference electrodes, 
respectively. The electrolyte was a 0.5 M Na2SO4 solution. 
The ac-impedance spectrum was measured with a 5 mV ac 
signal superimposed on the open circuit potential over the fre-
quency range from 10−2 to 105 Hz. The cyclic voltammetry 
(CV) measurement was performed in the potential range of 
− 0.4 to 0.4 V (vs. SMSE) with a scan rate in the range of 
2–200 mV s−1.

According to the CV curve, the specific capacitance of the 
electrode active material can be calculated as

where CSC is the specific capacitance, ΔV = V2−V1 is the 
voltage range, v is the scan rate, and I(V) is the current den-
sity based on the weight of the electrode active material.

The galvanostatic charge–discharge behavior of the elec-
trodes was measured in the voltage window of − 0.4 to 0.4 V. 
According to the obtained charge–discharge curves, the spe-
cific capacitance can also be calculated as

(1)C
SC

=
1

vΔV

V2

∫
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where I is the charge–discharge current, Δt is the discharge 
time, m is the weight of the electrode active material, and 
ΔE is the width of the voltage window.

3 � Results and discussion

Figure 1a–c shows the general morphology and detailed 
microstructure of a typical α-MnO2@CPF slab prepared 
by 1-min deposition in an aqueous solution containing 2 M 
H2SO4 and 0.5 M MnSO4. It can be observed that under the 
deposition condition, a uniform MnO2 coating is obtained on 
the entire carbon fiber surfaces (Fig. 1a and b). In addition, 
the electrodeposited MnO2 particles show a nanosphere-
shaped architecture with a dimension of several nanometres 
and hundreds of nanospheres forming many small pores 
(Fig. 1c). When the deposition time increases to 2 min 
(Fig. 1d–f), the morphology characteristics are much more 
obvious. This is different from the nanoflower or nanow-
hisker morphology of MnO2 deposited from conventional 
neutral MnSO4 solutions (shown as SD Fig. S1) [19, 21, 26].

Figure 2a shows the XRD patterns of MnO2 deposited 
from the acidic MnSO4 solution. Although the peaks are 
broad and weak due to the small particle size and poor crys-
tallinity of the deposit, they all can be assigned to the crypto-
melane-type MnO2 (JCPDS 42-1348) with structural tunnels 
of 2 × 2 [MnO6]. To further investigate the microstructure 
of the MnO2, high-resolution TEM (HR-TEM) analysis was 
carried out on the MnO2 deposited from the acidic MnSO4 

solution and the HR-TEM image is presented in Fig. 2b. It 
reveals a random crystal orientation of the α-MnO2 particles. 
According to the fast Fourier transform (FFT) pattern in the 
inset of Fig. 2b, the interplanar spacing between the adjacent 
lattice planes is approximately 0.69 nm, corresponding to 
the (110) crystal plane of α-MnO2. For comparison, ε-MnO2 
deposited from a neutral MnSO4 solution containing 0.5 M 
Na2SO4 and 0.5 M MnSO4 was also analyzed and the XRD 
patterns are presented in Fig. 2. Obviously, the deposit 
obtained from the neutral solution shows a akhtenskite-type 
structure (ε-MnO2) (JCPDS 89-5171), a similar structure of 
γ-MnO2 but with higher disorder [27].

The manganese valences and chemical composition of 
the two types of MnO2 were estimated by XPS. Based on 
the multiplet splitting of the Mn 3s core-level spectra in 
Fig. 3a, b, the average manganese oxidation states are esti-
mated to be about + 3.8 for both of the MnO2. The O1s spec-
tra in Fig. 3c, d imply that both the oxides may exist as the 
form of MnOx(OH)y·zH2O. The electrode process of MnO2 
formation can be described as Eqs (3)–(10), among which 
Eqs (6)–(10) are believed to be the rate-determination steps 
[28]. These results suggest that high concentration of H+ 
in the MnSO4 solution not only slows the formation pro-
cess of MnO2 down but also promote the intermediate spe-
cies to assemble into the cryptomelane-type structure with 
2 × 2 [MnO6] tunnels. Compared with the ε-type manganese 
oxide, the α-type oxide has a more positive free energy of 
formation [29], and thus tends to form spherical particles so 
as to reduce the surface area and free energy of itself.

Fig. 1   FESEM images of the α-MnO2@CFP after 1-min (a–c) and 2-min (d–f) deposition in the acidic MnSO4 solution
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During the electrodeposition, it was found that the dep-
osition current efficiency in the acidic solution was just 
about half of that in the neutral solution, and when deposi-
tion was carried out in the acidic solution, a red solution 
was clearly observed flowing out of the electrode slowly. 
This can be attributed to the fact that the [Mn(H2O)n]3+ and 
[Mn(H2O)n]4+ produced according to Eqs. (3) and (5) are 
much more stable in an acidic solution with a high H+ con-
centration than in a neutral solution, and thus part of the ions 
can enter the solution by diffusion and migration.

For comparison of the electrochemical performance 
between the two types of MnO2, α-MnO2@CFP and 
ε-MnO2@CFP electrodes were prepared from the acidic and 
neutral solutions, respectively. Considering the lower depo-
sition current efficiency in the acidic solution, the deposition 
time in the acid solution was longer than that in the neutral 
solution so as to ensure that the electrodes have the same 
mass loading of MnO2.

Figure 4a and b shows the rate-dependent CVs of the 
α-MnO2@CFP and ε-MnO2@CFP electrodes obtained by 
1-min deposition in the acidic solution and 0.5-min deposi-
tion in the neutral solution, respectively. It can be seen that 
although the two electrodes have almost the same mass load-
ing (0.11 and 0.12 mg cm−2), the CV curve of the α-MnO2@
CFP shows higher current response than that of ε-MnO2@
CFP at the same scan rate. The specific capacitances (based 
on the active mass of MnO2) for the α-MnO2@CFP and 
ε-MnO2@CFP electrodes are determined to be 422.3 and 
329.4 F g−1 at 2 mV s−1, respectively. As the scan rate 
increases, the current response increases and the CV curve 
for the ε-MnO2@CFP electrode shows some distortions 
from an ideal capacitor, which is attributed to increasing 
over-potentials from ion transport between the electrolyte 
and MnO2 [19]. However, the shape of CV curve for the 
α-MnO2@CFP electrode remains rectangular. Further analy-
ses of the curves show that when the scan rate increases 
from 2 to 100 and 200 mV s−1, the capacitance losses for 
the α-MnO2@CFP electrode are only 23 and 29%, respec-
tively. But the corresponding losses for the ε-MnO2@CFP 
electrode reach up to 35 and 44%, respectively. Since the 
α-MnO2 and ε-MnO2 are both deposited on the same CFP 
in the present work, the difference of capacitive performance 
between the corresponding electrodes must derive from the 
MnO2. The α-MnO2@CFP electrode also shows a better 
rate capability compared to the MnO2@CNT or MnO2@
graphene electrodes prepared by deposition from neutral 
solutions as shown in Table 1 [21, 30].

Considering the fact that the CFP slab has a double-layer 
capacitance which may influence the determination of the 
capacitance value of MnO2, CV tests were also carried 
out on a bare CPF electrode with a working area of 1 cm2. 
Figure 4c shows the CV curves of the CFP and α-MnO2@
CFP electrodes at a scan rate of 2 mV s−1. Compared to the 

Fig. 2   a XRD patterns of the α-MnO2 and ε-MnO2 and b HR-TEM 
image of the α-MnO2
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α-MnO2@CFP electrode, the CPF slab exhibits a lower cur-
rent response. The specific capacitance of CPF slab is just 
about 9.2 mF g−1 (0.069 mF cm2), which is much lower than 
that of α-MnO2@CFP electrodes (46.5 mF cm2). As a result, 
it could be concluded that the capacitance of CFP could be 
negligible for the composite electrodes.

Figure 4d summarizes the specific capacitances ver-
sus scan rates for the electrodes deposited for different 
times (the related CVs are presented in SD Fig. S2). As 
the deposition time increases, the specific capacitances of 
both types of electrodes decrease. This can be attributed 
to the fact that the pseudocapacitance is mainly derived 
from the electrochemical reaction (or absorption) in the 
surface layer of the electrode material [31]. The long depo-
sition time leads to a thick inactive layer (deep layer) and 
thus reduces the total specific capacitance of the electrode 
material. The α-MnO2@CFP electrodes obtained by 0.5-
min deposition from the acidic solution (mass loading of 
MnO2: 0.04 mg cm−2) shows the highest capacitance and 

best rate capability, the capacitance reaches to 623.9 F g−1 
at 2 mV s−1, and the capacitance losses are only 21 and 
25% at 100 and 200 mV s−1, respectively. When the depo-
sition time increases to 2 min (the mass loading of MnO2 
increases to 0.30 mg cm−2), the capacitance decreases to 
326.7 F g−1 at 2 mV s−1, and the capacitance loss is 37% 
at 200 mV s−1. It is noted that although the ε-MnO2@
CFP electrode prepared by 1-min deposition from the 
neutral solution has almost the same mass loading of 
MnO2 (0.29 mg cm−2) as the α-MnO2@CFP electrode 
obtained by 2-min deposition from the acidic solution, it 
exhibits a capacitance of 238.2 F g−1 at 2 mV s−1, and the 
capacitance loss reaches to about 56% at 200 mV s−1. The 
α-MnO2@CFP electrode also shows a better rate capabil-
ity than the ε-MnO2@CFP one. When the deposition time 
further increases to 3 min (mass loading of MnO2: 0.49 mg 
cm−2), the specific capacitance of the α-MnO2@CFP elec-
trode decreases to 271.7 F g−1 at 2 mV s−1, and the capac-
itances losses are 31 and 43% at 100 and 200 mV s−1, 

Fig. 3   Narrow-scan Mn 3s XPS spectra of the a α-MnO2 and b ε-MnO2; Narrow-scan O 1s XPS spectra of the a α-MnO2 and b ε-MnO2
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respectively. The rate capability of the α-MnO2@CFP 
electrode is still much better than those of the electrodes 
with almost the same mass loading of MnO2 reported in 
the literature [21, 30]. From the data obtained in this work 
and reported in the literatures (as shown in Table 1) [19, 

21, 30, 32], it can be found that the substrate or current 
collector with a high specific surface area and conductivity 
can greatly improve the capacitance of MnO2 at a low scan 
rate but seems to have little impact on the rate capabil-
ity of the active material. On the other hand, the [MnO6] 

Fig. 4   Cyclic voltammograms of a the α-MnO2@CPF electrode pre-
pared by 1-min deposition from the acidic MnSO4 solution and b the 
ε-MnO2@CPF electrode prepared by 0.5-min deposition from the 

neutral MnSO4 solution; c the α-MnO2@CPF and a bare CPF elec-
trodes at 2 mV s−1; d Specific capacitances versus scan rates for the 
electrodes deposited for different times

Table 1   Capacitance and 
capacitance loss values 
estimated according to the 
capacitances versus scan rates 
data reported in the references

Substrate Loading mass 
of MnO2 /mg

Capacitance 
(2 mV s−1)/F g−1

Capacitance loss 
(100 mV s−1) (%)

Capaci-
tance loss 
(200 mV s−1)

References

CNTs@sponge 0.04 590 33 – [21]
CNTs@sponge 0.1 440 33 – [21]
Graphene foam 0.1 465 53 62% [30]
Au@WO3 nano 

wire@carbon 
fiber

0.14 588 (10 mV s−1) 63 – [32]

Graphene@textile 0.3 315 65 – [19]
Graphene foam 0.42 290 69 79% [30]
CNTs@ sponge 0.5 195 59 – [21]
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tunnel structure of MnO2 plays an important role in both 
the capacitance and rate capability of the material.

Galvanostatic charge–discharge tests were also performed 
with different current densities in a stable voltage window of 
− 0.4 to 0.4 V, as shown in Fig. 5a. The linear voltage–time 
profiles and the nearly symmetric charge–discharge charac-
teristics indicate good capacitive behavior with a rapid I ~ V 
response for these electrodes. When the charge–discharge 
current density increases from 0.5 to 10 A g−1, the capaci-
tance for the α-MnO2@CFP electrode decreases from 431.9 
to 346.2 F g−1. The capacitance retention of the electrode 
is about 80%, whereas the retention for the ε-MnO2@CFP 
electrode is just 66% at the same current densities. This is 
consistent with the CV results. In addition, the α-MnO2@
CFP electrode shows an acceptable cycling stability per-
formance at the current density of 1 A g−1 (Fig. 5b). The 
capacitance decreases from 412.1 to 384.7 F g−1 after 100 
cycles, and then decreases slowly to 375.2 F g−1 after 3500 
cycles.

Figure 5c presents the impedance spectra of the elec-
trodes measured at the initial open circuit potentials (OCPs). 
It can be seen that each of the measured impedance spectra 
consists of a depressed arc at high frequencies (shown in the 
inset), a straight line inclined at a constant phase angle to the 
real axis (Warburg region) at intermediate frequencies and 
a vertical capacitive line at low frequencies. It is generally 
demonstrated that the diameter of the arc reflects the charge-
transfer resistance related to the electrochemical reaction at 
the electrode/electrolyte interface. With an equivalent circuit 
model (shown as SD Fig. 3S; Table 1S), the impedance spec-
tra can be fitted well and the results show that the α-MnO2@
CFP electrode has much lower charge-transfer and diffusion 
resistances than the ε-MnO2@CFP one. The diffusion resist-
ances (W1-R) for the α-MnO2@CFP and ε-MnO2@CFP are 
about 1.0 and 12.8 Ω s−1/2, respectively. These results indi-
cate that the 2 × 2 [MnO6] tunnels in the α-MnO2 (shown 
in Fig. 5d) offer facile diffusion paths for cations and thus 
make more reactive sites available in the inner-surface layer 

Fig. 5   a Galvanostatic charge–discharge curves of the α-MnO2@CFP 
and ε-MnO2@CFP electrodes; b Cycle performance of the α-MnO2@
CFP electrode at 1 A g−1; c Impedance spectra of the α-MnO2@CFP 

and ε-MnO2@CFP electrodes, the high frequency part of the imped-
ance spectra (inset); d Crystal structures of MnO2
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of the active material [22, 32]. Obviously, the facile dif-
fusion paths and plentiful reactive sites can accelerate the 
kinetics of the inner-surface redox reactions associated with 
the energy storage process and thus lead to symmetrical CV 
curves and high rate capability. In addition, the suitable dif-
fusion tunnels may extend the insertion depth of cations, 
which increase the utilization and specific capacitance of 
the active material.

4 � Conclusions

A simple electrochemical method was used to produce 
α-MnO2 on carbon fibers and the obtained oxide was evalu-
ated as the active materials for binder-free electrodes of 
supercapacitors. The obtained α-MnO2@CFP electrode 
exhibits a higher capacitance and better rate capability 
compared to the ε-MnO2@CFP electrode prepared by the 
conventional electrochemical method. For the α-MnO2@
CFP electrode, a specific capacitance of 623.9 F g−1 can be 
achieved at 2 mV s−1 and the capacitance retention is up to 
75% at 200 mV s−1. The rate capability is also the best for 
most of the binder-free MnO2/carbon electrodes reported in 
previous studies. These superiorities mainly result from the 
specific tunnel structure of α-MnO2 which offers not only 
facile diffusion paths for cations but also plentiful reactive 
sites for the inner-surface redox reactions associated with 
the energy storage process. Although the present research 
has focused on growth of MnO2 on CFP for supercapaci-
tors, it can be expected that better electrochemical perfor-
mance could be achieved when a carbon support with much 
higher specific area, such as CNTs and graphene, is used as 
the carbon backbone. In summary, this facile electrochemi-
cal approach can offer great promise in the development of 
high-performance binder-free MnO2 electrodes for energy 
storage devices.
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