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ABSTRACT

Nanostructured MnO2 with different morphologies based on carbon fiber paper

(CFP) had been successfully synthesized via a hydrothermal process. The

emphasis of this report focuses on the effect of the Co doping content on the

morphologies and electrochemical properties of as-obtained MnO2 electrodes,

thereby obtaining the optimal electrode material. Such optimal hierarchical

porous nanoflowers entwined with nanowires architecture (Co-MnO2/CFP-1)

was obtained by a certain Co content, which displayed an excellent capacitive

performance. The Co-MnO2/CFP-1 electrode achieved a relatively high specific

capacitance of 161 F g-1 at 1 A g-1, and 57% of the capacitance retention for Co-

MnO2/CFP-1 when the current density ranging from 1 to 8 A g-1, which was 27

times than MnO2 without Co doping (MnO2/CFP), proving its excellent rate

capability. The Co-MnO2/CFP-1 electrode exhibited a prominent cycle stability

of 98% in 10,000 cycles at 4 A g-1. This significant improvement of capacitive

performance benefits result from a well-developed interconnected hierarchical

structure and provides more electrochemical active site, facilitating the pene-

tration and diffusion of electrolyte. This study provides a general guidance to

develop different morphologies of electrode materials for supercapacitor device.

1 Introduction

The continuous development and innovation of

humanity promote the increasing demand for energy,

resulting in the poverty of non-renewable energy

resources. Therefore, developing a green energy

storage devices with high utilization efficiency has

become urgent and necessary. In this regard, various

types of energy storage devices including lead-acid/

ion battery, supercapacitors (SCs) and fuel cells, have
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caused the extensive concern. Among them, SCs with

high power density, environmental friendliness, low

cost and long cycle life (used more than 105 times)

have been known as the most potential energy stor-

age devices [1–3] for potential application prospect in

automobile, military, portable electronic equipment

and others fields [4, 5]. The SCs can be divided into

two mechanisms, one is pseudocapacitors which

exhibit faradic reaction on the surface or subsurface

of the electrodes, and the other is electrochemical

double-layer capacitors (EDLCs) produced by charge

separation [6–8].

Transition metal oxides including RuO2 [9], NiO

[10], Co3O4 [11] and MnO2 [12, 13] can meet the

requirement of modern devices for high power den-

sity [14, 15]. Among them, MnO2 exhibits many

advantageous properties, such as the abundant

resources, low costs, pollution-free, and high theo-

retical specific capacitance (1370 F g-1) [16, 17], which

have been considered to be the promising candidate

electrode materials for pseudocapacitors. However,

for pristine MnO2 material has poor intrinsic con-

ductivity and relatively poor electrochemical stabil-

ity, which reduces its importance in supercapacitor

applications. In order to address these problems, one

effective strategy is to combine it with conductive

carbon material to realize self-supported and the

binder-free growth [18]. To this end, fabricating car-

bon structures on free-standing substrates like CFP

has become the favorable method for supercapacitors

owing to its several advantages such as reasonable

cost, excellent chemical stability, and good electrical

conductivity [19].

Another effective way to improve electrochemical

performance is to design manganese dioxide nanos-

tructured materials with unique morphologies, such

as nanoflowers, nanowires, naosheets, nanorods and

so forth [20–23]. At present, many methods like

hydrothermal, microwave, and electrodeposition

[24–26], have been applied for the preparation of

MnO2 nanostructured materials. Among these syn-

thesis methods, hydrothermal method has drawn the

great attention owing to its advantageous such as

controllable, simple, and effective. For example,

Mohamed [27] et al. prepared MnO2 electrode

material by the hydrothermal method, which gener-

ated a high specific capacitance of 175.51 F g-1 at

0.5 A g-1. Xia [28] et al. developed a hydrothermal

method to successfully synthesize MnO2 as superca-

pacitor material in a temperature range of 130 to

170 �C. According to previous literature reports, it

can be known that the electrochemical properties of

MnO2 mainly determine by surface area, morphology

and crystal phase [29]. Therefore, extensive efforts are

committed to design MnO2 nanostructure with ideal

morphologies by regulating the synthesis conditions

[30–32]. For example, Li et al. fabricated nanosheet

assembly with various structures MnO2 via Fe regu-

lation process, which show a specific capacitance of

210 F g-1 at 0.3 A g-1 [33]. Bai et al. synthesized

cauliflower-like MnO2 and needle-like MnO2 elec-

trodes by changing the synthesis conditions, needle-

like MnO2 exhibits better electrochemical properties

than cauliflower like particles [34]. Recently, a facile

design of the hierarchical structure has been devel-

oped, which can provide more active centers and

shorten the diffusion distance for ions between elec-

trolyte and electrode, resulting in the excellent

capacitive performance. Hence, constructing the

morphology of MnO2 with good electrochemical

properties is of great significance for their exploita-

tion in the field of energy storage.

Hence, the hierarchical porous Co-doped MnO2

nanoflowers entwined with nanowires structure were

successfully synthesized on CFP via a facile

hydrothermal reaction. The optimal as-prepared

electrode (Co-MnO2/CFP-1) achieve a relatively

high-rate capability of 57% at 8 A g-1, which was 27

times higher than MnO2 without Co doping (MnO2/

CFP). The effect of different doping content on crystal

phase, morphology and capacitive performance of as-

prepared MnO2 materials were analyzed and inter-

preted in detail in this research.

2 Experimental section

2.1 Materials

Potassium permanganate (KMnO4, Guangzhou

Chemical Reagent Co. Ltd.), Sodium dodecyl sulfate

(C12H25SO4-Na, SDS, Guangzhou Chemical Reagent

Co. Ltd.) and Cobalt (II) acetate (C4H6CoO4,

Guangzhou Chemical Reagent Co. Ltd.). All the

reagents are used without further purification in this

study.
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2.2 Material synthesis

CFP was washed in acetone, 0.3 M HNO3 solution

and deionized water by ultrasonic cleaner, respec-

tively. Figure 1 shows a schematic diagram of the

synthesis of the electrodes. Briefly, SDS (0.08 g) was

dispersed to 20 ml deionized (DI) water, and then

15 ml of 0.084 g mL-1 KMnO4 solution was drip into

it. Finally, different amounts of C4H6CoO4, 0.0, 1.5,

and 5.5 mmol were dissolved into the obtained

mixed solution while stirring constantly for 15 min,

respectively, and then the CFP (1 9 1.5 cm) was

placed into the obtained homogeneous solutions and

transferred to a 50 mL Teflon-lined autoclave that

was maintained in the oven at 140 �C for 12 h. To

have a better comparison, MnO2 was fabricated with

the same steps as above without adding cobalt acet-

ate. The result samples were taken out and rinsed by

deionized water for several times, then dried at 80 �C
for 4 h in an oven. The weight of active material was

calculated by subtraction. These products were sep-

arately abbreviated as MnO2/CFP (0.0 mmol C4H6-

CoO4), Co-MnO2/CFP-1 (1.5 mmol C4H6CoO4), and

Co-MnO2/CFP-2 (5.5 mmol C4H6CoO4), respectively.

2.3 Characterization

The crystal structure of the as-prepared electrode

materials was determined and analyzed by German

Bruker D8 X-ray diffraction (XRD) equipment. The

morphology was analyzed by scanning electron

microscopy (SEM, S3400 series, Hitachi) and trans-

mission electron microscopy (TEM, HT7700, Hitachi).

The surface areas, pore volume and pore size distri-

bution was evaluated via brunner emmet teller (BET)

surface area analyzer (Quantachrome NOVA2200e).

Samples were degassed at 100 �C for 11 h before

measurement.

2.4 Electrochemical measurements

The cyclic voltammetry (CV), galvanostatic charge/

discharge (GCD) and electrochemical impedance

spectroscopy (EIS) of the as-prepared electrode

materials were measured on an electrochemical work

station (PGSTAT302N) using a conventional three-

electrode device in 1.0 M Na2SO4 aqueous solution,

including working electrodes (the as-prepared MnO2

samples), Pt plate counter electrode and Hg/HgCl

reference electrode. The specific capacitance of the

samples was derived from the GCD curves based on

the following equation:

C ¼ IDt
mDv

ð1Þ

I, Dt, m and DV corresponded to the constant dis-

charge current (A), the total discharge time (s), the

loading mass of the as-prepared material (g) and the

potential window of electrode (V), respectively.

3 3. Results and discussion

3.1 3.1 Structure analyses

The crystal phase of as-obtained MnO2 (scraped from

CFP) electrode materials was characterized by XRD

in Fig. 2. The MnO2/CFP and Co-MnO2/CFP-1

showed the similar diffraction peaks at 12.4�, 24.8�,
37.4 and 66.4� could be assigned to (001), (002), (111),

and (020) planes, respectively, which was indexed as

Fig. 1 The preparation

procedure of the MnO2

composite electrode by

hydrothermal method
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d-MnO2 (JCPDS 42–1317) [35]. The main peaks of Co-

MnO2/CFP-2 in Fig. 2c were located at 12.4�, 17.68,
28.68, 37.58 and 64.88, which could be assigned to

(110), (200), (310), (211), and (002) of a-MnO2 phase

(JCPDS 44-0141) [36, 37]. As seen from Fig. 2b and c,

no diffraction signals from Co species were detected

in the XRD patterns of Co-MnO2/CFP-1 and Co-

MnO2/CFP-2, revealing that no crystallized cobalt

oxide was formed or the content of Co was low in the

samples. The characteristics of the XRD patterns

demonstrated that the phase could be changed from

d-MnO2 to a-MnO2 with the increasing of Co content.

From XRD, the average crystallite size (Dc) of

obtained MnO2 particles was calculated according to

the Scherrer equation:

Dc ¼ Kk
bCosh

;

where the K, b, k, h correspond to a constant, full-

width half maximum (FWHM), the wavelength of

X-ray and the diffraction angle, respectively. The Dc

of obtained MnO2/CFP, Co-MnO2/CFP-1 and Co-

MnO2/CFP-2 particle was 8.7, 7.1, and 11.7 nm,

respectively.

The surface morphologies and chemical composi-

tion of the as-obtained MnO2 electrodes were ana-

lyzed by SEM. From Fig. 3a and b, the undoped

MnO2 showed a mix nanosheet network and

nanoflowers-like structure. Some nanosheets aggre-

gate together to form nanoflowers-like structure and

some of them internet with each another to grow

compactly and uniformly on the surface of CFP. As

seen from Fig. 3c and d, the growth of nanosheets

was suppressed, shows an interesting structure

comprising hybrid nanoflowers entwined with

nanowires structure. The nanowires wrapped around

nanoflowers to form a well-developed interconnected

hierarchical structure and provides more electro-

chemical active site, facilitating the penetration and

diffusion of electrolyte, which was conducive to the

improvement of electrochemical behavior of elec-

trode materials. The samples of Co-MnO2/CFP-2 is

shown in Fig. 3e and f, the nanoflowers-like MnO2

structure disappear, and only the disorganized

nanorods was deposited onto the surface of CFP. The

main components of the material surface were ana-

lyzed by EDS element scanning, the atomic percent-

age of the constituent elements Co, O, K, C and Mn

for as-prepared materials were calculated from the

EDS spectrum in Table 1. It could see that the dis-

tribution of C element was so weak, indicate that a

large amount of MnO2 was grown on the surface of

CFP. In addition, the appearance of the K element

was due to the potassium permanganate, which used

in reaction process. According to SEM patterns and

EDS, it was confirmed that the morphology trans-

formation of MnO2 from nanoflowers-like structure

to disorganized nanorods-like structure could be

completed by adjusting the content of Co.

Figure 4a–c display a schematic illustration of

the changes in morphologies of the MnO2 nanos-

tructures. The corresponding TEM images are per-

formed in Fig. 4d–f. According to the ‘‘Ostwald

ripening process’’ [38], with the high temperature

decomposition of KMnO4, large initial particles were

gathered together to form thin nanosheets, and then

partially aggregation of MnO2 nanosheets occurs,

resulting in the formation of nanoflowers-like MnO2

structure as shown in Fig. 4d, which were uniform in

size with an average diameter of * 130 nm. As the

addition of Co, it may conducive to the formation of

nanowires, resulting in the hybrid nanoflowers

entwined with nanowires structure, with a diameter

of * 70 nm. When the amount of C4H6CoO4 was

added to 5.5 mmol, the dissolution of MnO2

nanosheets may occur due to the increase of Co

content, and then form MnO2 nanorods by oriented

growth [21], with an average diameter of * 110 nm.

Thus, the morphologies of MnO2 vary with the con-

tent of Co. The high-resolution TEM (HRTEM) ima-

ges of the as-prepared MnO2 were found in inset of

Fig. 4d–f, in which the lattice fringes with the spacing

Fig. 2 XRD patterns of MnO2/CFP (a), Co-MnO2/CFP-1 (b) and

Co-MnO2/CFP-2 (c)
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of 0.67 and 0.68 nm could be assigned to (001) planes

of d-MnO2, and the lattice fringe with the spacing of

0.24 nm could be indexed as the (211) of a-MnO2.

Nitrogen adsorption-dissorption isotherms and

porosity of the as-obtained material are shown in

Fig. 5a. The structural parameters of the prepared

materials are shown in Table 2. All of the materials

could be classified as type-IV adsorption isotherm

with a hysteresis loop observed at relatively high

pressure, proving the existence of mesoporous

structure [39]. Furthermore, the specific surface area

of Co-MnO2/CFP-1 (218 m2 g-1) increased signifi-

cantly compared with that of MnO2/CFP (39 m2 g-1)

and Co-MnO2/CFP-2 (113 m2 g-1) in Fig. 5a. The

pore volumes of MnO2/CFP, Co-MnO2/CFP-1 and

Co-MnO2/CFP-2 were calculated to be 0.16, 0.63 and

0.21 cm3 g-1, respectively. Among them, Co-MnO2/

CFP-1 with the largest pore volume was conducive to

provide the ion transport path. The Barrett-Joyner-

Halenda (BJH) analysis is shown in Fig. 5b, the pore

size of MnO2/CFP, Co-MnO2/CFP-1 and Co-MnO2/

CFP-2 were determined to be 3.8, 3.4, and 4.9 nm,

respectively, which revealed again the mesoporous

structure of the samples. Furthermore, the SEM

Fig. 3 SEM images of MnO2/

CFP (a, b), Co-MnO2/CPF-1

(c, ) and Co-MnO2/CPF-2 (e,

f)

Table 1 Atomic ratio of element Mn, Co, K, O and C for MnO2/

CFP, Co-MnO2/CFP-1 and Co-MnO2/CFP-2

Atomic% Co Mn O K C

MnO2/CFP 0 24.8 73.4 1.08 0.69

Co-MnO2/CFP-1 0.13 22.8 71.9 4.28 0.82

Co-MnO2/CFP-2 1.46 27.1 66.3 3.84 1.28

Fig. 4 Schematic illustrations

(a–c),the corresponding TEM

(d–f) and HRTEM (in inset of

Fig. 4d–f) images of MnO2/

CFP, Co-MnO2/CPF-1 and

Co-MnO2/CPF-2, respectively
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images (Fig. 3c, d) and BET results strongly showed

that the Co-MnO2/CFP-1 had a well-developed

interconnected hierarchical structure and relatively

high surface area which facilitated the diffusion of

electrolyte ions/electrons and offered more elec-

troactive sites to participate in the charge–discharge

process [40].

3.2 Electrochemical evaluation

The electrochemical behavior of as-obtained electrode

materials were investigated by the CV measure-

ments. In Fig. 6a, a comparative study of the CV

curves of different electrode materials at the scan

rates of 50 mV s-1 in a potential window of 0–1 V

(vs. SCE) was observed. The enclosed area of the CV

curves could suggest its specific capacity, the larger

the closed area was, the higher the corresponding

capacity was. The largest enclosed area was pos-

sessed by the Co-MnO2/CFP-1 electrode compared

with MnO2/CFP and Co-MnO2/CFP-2, demonstrat-

ing the higher capacitance behavior of the Co-MnO2/

CFP-1 electrode, which strongly benefits from the

appropriate Co doping content. Figure 6b–d exhibit

the CV curves for MnO2/CFP, Co-MnO2/CFP-1 and

Co-MnO2/CFP-2 at various scan rates of 5, 20, 50,

and 100 mV s-1. Figure 6b and c present almost

rectangular shapes when the scan rates at 5 and

20 mV s-1, demonstrating the good capacitive

behavior [41]. As the scanning rate increase from 50

to 100 mV s-1, its shapes deviate from rectangular,

which was mainly because that electrolyte ions could

not reach the interior of the electrode due to the

insufficient time, and the using efficiency of active

substances was reduced, leading to the deviation of

the curves [42].

To analyze the electrochemical behaviors of the as-

obtained electrodes more intuitively, GCD experi-

ments were characterized in the potential window

between 0–1 V versus SCE. Figure 7a displays a

comparative study of GCD profile for as-prepared

electrode materials at the current density of 1 A g-1.

Distinctly, the quasi-triangle shape of charge–dis-

charge curves further confirmed the good electro-

chemical reversibility of as-prepared electrodes. As

expected, the specific capacitance of Co-MnO2/CFP-1

was 161 F g-1 according to Eq. (1), exhibiting 40%

increased over MnO2/CFP (115 F g-1). In contrast,

Co-MnO2/CFP-2 had only 25 F g-1, such a low

specific capacitance was probably owing to the dis-

organized nanorods, which was not conducive to the

effective electrolyte access into the electrode. Above

Fig. 5 Nitrogen adsorption-dissorption isotherms (a) and BJH pore size distribution curves of MnO2/CFP, Co-MnO2/CFP-1 and Co-

MnO2/CFP-2 (b)

Table 2 The specific surface

areas, pore volumes and pore

size parameters of MnO2/CFP,

Co-MnO2/CFP-1 and Co-

MnO2/CFP-2

Specific surface areas(m2 g-1) Pore volumes(cm3 g-1) Pore size (nm)

MnO2/CFP 39 0.16 3.8

Co-MnO2/CFP-1 218 0.61 3.4

Co-MnO2/CFP-2 113 0.23 4.9

J Mater Sci: Mater Electron (2022) 33:18284–18293 18289



observed changes in these samples were consistent

with the CV analysis. Furthermore, the relationship

between the specific capacitance and current densi-

ties ranging from 0.5 to 8 A g-1 and the specific

charge–discharge behaviors of MnO2/CFP, Co-

MnO2/CFP-1 and Co-MnO2/CFP-2 are shown in

Fig. 7b–e. The specific capacitances of all samples

increased significantly with the decrease of current

densities, it is manly because that the slowly current

accumulating process facilitate fully contact of elec-

troactivity sites on the electrode, thereby leading to

the higher capacitances [43]. Impressively, the Co-

MnO2/CFP-1 achieved a prominent performance in

terms of supercapacitor behavior with an outstanding

rate performance of 57% when the current density

ranging from 1 to 8 A g-1. In contrast, only 2.1% of

the capacity retention for MnO2/CFP at 8 A g-1. The

above results showed that the capacitance and rate

performance could be improved owing to the adding

of appropriate Co content, which was ascribed to the

optimized hierarchical porous nanoflowers entwined

with nanowires structure, the high surface area and

porosity effectively facilitate the transport for elec-

tron in the electrode.

The EIS was performed at open circuit voltage to

estimate the influence of Co element for the detail

resistance of as-prepared electrodes, the correspond-

ing results are observed in Fig. 8. Notably, all of the

Nyquist plots consisted of a distorted semicircle in

the high frequency, following by a nearly vertical line

at low frequency. The conductivity of the as-prepared

electrode materials was measured by equivalent ser-

ies resistance (Rs), which originated from the intrinsic

resistance of current collector, ionic resistance of

electrolyte and contact resistance at the interface of

electrode and electrolyte [34, 44], obtaining from the

Fig. 6 CV curves of MnO2/CFP, Co-MnO2/CFP-1 and Co-MnO2/CFP-2 samples at 50 mV s-1 (a), CV curves of MnO2/CFP, Co-MnO2/

CFP-1 and Co-MnO2/CFP-2 at different scan rates, respectively (b–d)
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intercept at the real axis. According to Fig. 8, the Rs

values of MnO2/CFP, Co-MnO2/CFP-1, and Co-

MnO2/CFP-2 are found to be 5.53, 4.22, and 6.61 X,
respectively, the Co-MnO2/CFP-1 electrode exhibited

a higher electrical conductivity than other electrodes.

The slope of straight line within the low frequency

region represented the ions migration within the as-

prepared material. Obviously, the larger slope of the

Co-MnO2/CFP-1 was larger than that of other elec-

trodes. Among these as-prepared materials, the Co-

MnO2/CFP-1 had the minimum Rs and the largest

slope, which was conducive to ion diffusion and

charge transfer, and further demonstrated that the

electrochemical performance was superior to others.

In terms of microstructure, the Rs value of hierar-

chical porous nanoflowers entwined with nanowires

structure was smaller than that of nanoflowers and

disorganized nanorods structures, suggesting that

the hierarchical porous structure could provided

more shorter transport path for ions in electrolyte.

The cyclic performance of the MnO2/CFP and Co-

MnO2/CFP-1 materials was evaluated by sequential

charge–discharge cycling. As shown in Fig. 9a, the

specific capacitance of Co-MnO2/CFP-1 decreased

slightly and exhibited a higher capacitive retention

of 98% at the current density of 4 A g-1 after 10,000

cycles, showing an excellent cyclic stability of the

Co-MnO2/CFP-1 electrode. In contrast, the MnO2/

CFP had a relatively low cyclic stability with about

88% capacitance retention after 10,000 cycles. Fig-

ure 9b and c present the Nyquist plots of the MnO2/

CFP and Co-MnO2/CFP-1 before and after 10,000

cycles. After 10,000 cycles, the Co-MnO2/CFP has an

increase of Rs from 5.75 to 9.39 X, but only 4.22 to

Fig. 7 Charge–discharge curves of MnO2/CFP, Co-MnO2/CFP-1

and Co-MnO2/CFP-2 at 1 A g-1 (a), The relationship between the

specific capacitance and current densities ranging from 0.5 to 8 A

g-1 (b) and charge–discharge curves of MnO2/CFP, Co-MnO2/

CFP-1 and Co-MnO2/CFP-2 at different current densities (c–e)

Fig. 8 Nyquist plots of MnO2/CFP, Co-MnO2/CFP-1 and Co-

MnO2/CFP-2
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6.20 X was observed for Co-MnO2/CFP-1. These EIS

analysis further proved the excellent cycle stability

of the Co-MnO2/CFP-1 electrode, the unique hier-

archical porous nanoflowers entwined with nano-

wires structure could effectively adjust the volume

expansion of as-prepared MnO2 electrode during

redox process and ensured the required cycle sta-

bility [45].

4 Conclusion

In conclusion, MnO2 with different morphologies

was fabricated on carbon fiber papers using a

hydrothermal method by adjusting the the amount of

Co doping. It was found that the optimal Co-MnO2/

CFP-1 electrode showed the excellent electrochemical

properties due to its unique hierarchical porous

nanoflowers entwined with nanowires structure,

providing sufficient active sites and more shorter

transport path for ions in electrolyte. The SCs based

on Co-MnO2/CFP-1 showed a high specific capacity

values of 161 F g-1 at 1 A g-1, and the capacitance

retention was up to 57% as the current density

ranging from 1 to 8 A g-1. In addition, The Co-

MnO2/CFP-1 exhibited execllent cycle stability of

98% after 10,000 cycles. These work provided more

insight for the synthesis of electrode materials with

different morphologies in energy storage.
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