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Abstract

Four types of flowerlike manganese dioxide in nano scale was synthesized via a liquid
phase method in KMnO,4-H>SO, solution and Cu patrticles, wherein the effect of Cu particles
was investigated in detail. The obtained manganese dioxide powder was characterized by
XRD, SEM and TEM, and the supercapacity properties of MnO, electrode materials were
measured. The results showed that doping carbon black can benefit to better dispersion of
copper particles, resulting in generated smaller size of Cu particles, and the morphology of
MnO, nanoparticles was dominated by that of Cu particles. The study of MnO, synthesis by
different sources of Cu particles showed that the size of MnO, particles decreased signifi-
cantly with freshly prepared fine copper powder compared with using commercial Cu pow-
der, and the size of MnO, particles can be further reduced to 120 nm by prepared Cu
particles with smaller size. Therefore, it was suggested that the copper particles served as
not only the reductant and but also the nuclei centre for the growth of MnO,, particles in syn-
thesis process MnO,, and that is the reason how copper particles worked on the growth of
flower-like MnO, and electrochemical property. In the part of investigation for electrochemi-
cal property, the calculated results of b values indicated that the electrode materials have
pseudo capacitance property, and the highest specific capacitance of 197.2F g at2mV s’
"and 148 F/g at 1 A/g were obtained for MCE electrode materials (MnO, was synthesized
with freshly prepared copper particles, where carbon black was used and dispersed in etha-
nol before preparation of Cu particles). The values of charge transfer resistance in all types
of MnO, materials electrodes were smaller than 0.08 Q. The cycling retention of MCE mate-
rial electrode is still kept as 93.8% after 1000 cycles.
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1. Introduction

Recent years, environmental issues and diminishing supply of fossil fuels push us to put more
efforts on the research of sustainable and renewable energy resources. Therefore, energy stor-
age devices including electrochemical capacitors (ECs) and batteries have received intensive
attentions, especially for ECs, processing higher power density and longer cycle life compared
with batteries [1, 2]. Carbon, conducting polymers and transition metal oxides are the most
widely investigated ECs electrode materials [3-8]. Among these types of ECs electrode materi-
als, manganese dioxide (MnO,) has attracted significant interests for ECs electrode materials
owing to the characters of high specific capacitance, low cost, abundance and environment
friendly [9]. However, the most challenging issue for ECs devices facing today is to increase
the energy density. Thus, seeking out the solution to this problem can help ECs move closer to
batteries and cut down on the manufacture costs at the same time [10, 11]. These problems
enable the nanomaterials, offering greatly improved ionic transport and electrical conductiv-
ity, to be the most promising candidate in energy storage field [12].

Currently, the guiding principle to solve the problems mentioned above is to form vari-
ous composite structures, which can take fully advantages of the feature of every single
component. The composite structures follow the strategy of the alliance of different com-
ponents of active materials. Some scientists enhanced the electrochemical property with
the help of graphene [13-15]. For example, Zhai et al. fabricated MnO, on porous graphene
gel/Ni foam(denoted as MnO,/G-gel/NF) with a large areal capacitance of 234.2 F g and
good rate capability [14]. This material worked as the positive electrode and the G-gel/NF
worked as the negative electrode, resulting in the supercapacitor achieving a remarkable
energy density of 0.72 mW h cm™". Moreover, the combinations of metal oxides/ carbide,
conducting polymers and MnO, can improve the electrical conductivity and charge-dis-
charge transport on the electrode surface and in the bulk materials effectively [16-21]. Rah-
manabadi et al. prepared nickel-manganese dioxide and cobalt-manganese dioxide, and
the specific capacitance values of 377 and 307 F g™' were obtained at a high CV scan rate of
200 mV s™' [13]. Ansari et al. investigated the electrochemical behavior of the fibrous poly-
aniline-MnO, nanocomposite, and the results showed that a high capacitance of 525 F g
at the current density of 2 A g”' was achieved [18]. This improved electrochemical behavior
was attributed to the enhanced electrical conductivity caused by a larger surface area of the
electrode and the electrolyte. In addition, the combinations of polymer, graphene and
metal oxides with MnO, make MnO, based electrode materials more promising for energy
storage [17, 22, 23]. Muhammad et al. fabricated MnO,@polymer/graphene nanocompo-
site electrode material by hydrothermal method, and the nanocomposite exhibited a spe-
cific capacitance of 1369 Fg ' at 3 A g™ [22].

Much effort has been put to explore the application of MnO, in energy storage field due
to the large theoretical capacity of 1370 F g'. Building the composite structure is an effec-
tive approach to improve the electrochemical property of MnO,, and several methods were
widely used for the synthesis of MnO, nanomaterials, including hydrothermal synthesis,
electrochemical preparation and sol-gel method [24-29]. Besides, it is found that electro-
chemical performance can be improved under condition of high temperature and carefully
technological design, however it consumes too much energy and needs complex operation
steps during the preparation process [30-32]. For example, trio-composite was prepared at
400°C for 2 h in continuous nitrogen gas flow [33] and carbon decorated MnO, was synthe-
sized at temperature increasing up to 800°C under argon [34]. Hydrothermal method is
much easier to operate at lower temperature and with a wide range of reagent candidates,
which can be achieved in aqueous solution and organic solution [35-37]. Chemically liquid
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phase method can be operated at milder conditions compared with hydrothermal method,
including normal temperature and pressure, and it was a more convenient method for syn-
thesis of nanomaterials [38]. Based on this, our study will be devoted to synthesis of MnO,
via simple procedure and low energy consumption, and it is the novelty and the biggest dif-
ference in our research.

In this work, flower-like MnO, nanostructure is synthesized with a facile one-step route at
room temperature, where copper (Cu) particles work as reducing agent and the nuclei site of
fabricated flower-like MnO, nanostructure. MnO, nanostructure with size of 120nm can be
obtained by using 100 nm of copper particles. The specific capacitance of the MnO, synthe-
sized by prepared copper particles is higher than that of obtained by commercial copper.
Besides, the electrochemical performance of prepared MnO, structure was compared with the
recently leading-edge reports, and it is suggested that the performance in this work is compa-
rable with that of reports using simple MnO, microstructure, however, the work of synthesis
procedure and structure design still need to be improved for a better capacitance. The pro-
found finding is that doping carbon black can fine size of synthesized powder. In this respect,
a novel approach of adjusting morphology was proposed.

2. Experimental
2.1. Materials and reagents

Cu powder(<425um) (99.5%), Cu(CO,CHs;),-H,0(98%), hydrazine hydrate (N,H,-H,0)
(78-82%), NH3- H,O (28%), carbon black(Super P* Conductive, 99%), H,SO, (98%) and
KMnOy, (99.5%) were all purchased from Sigma (Australia). All of the chemicals were used as
received without further treatment.

2.2. Synthesis of Cu powder and with carbon doped Cu powder

Cu nano powder was prepared via one-step chemical reduction at room temperature. In this
process, 0.5mmol Cu(CO,CHj;), was added into deionized (DI) water followed by magnetic
stirring for 15min. After an even solution was obtained, 3ml NH;-H,O and 1ml N,H,-H,O
were added into the solution with stirring for 15min and 60min, subsequently, and the Cu par-
ticles obtained via this way can be abbreviated as C.

For the carbon doped Cu powder fabrication, 0.002 g carbon black was added before addi-
tion of N,H,4-H,O via two routes. One way was adding the carbon black into solution directly
abbreviated as CCD, while the other way was dispersing the carbon black in ethanol (10 ml) in
advance abbreviated as CCE. The products were washed successively by centrifuging and re-
dispersion in ultrasonic bath with DI water and dehydrated ethanol several times. The Cu
powder was dried under vacuum at 60°C for 4 h.

2.3. Synthesis of the MnO, powder

Four types of the MnO, powders were synthesized via four types of Cu particles and abbrevi-
ated as M, MC, MCD and MCE. M sample was obtained by using commercial Cu powder, and
the other samples were synthesized by freshly prepared Cu particles, including C, CCD and
CCE in section of 2.2. For synthesis of MnO, powder, 0.0553 g KMnO, and 3 ml H,SO, (1
mol/L) were added into 35 ml DI water followed by magnetic stirring for 15 min. Then 0.0448
g of commercial Cu powder, prepared Cu powder, CCD powder and CCE powder were added
into the above solutions, respectively, with magnetic stirring for 2 h. Washing and drying pro-
cesses were the same as the fabrication of the Cu powder.
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2.4. Preparation of the MnO, electrode materials

First, 0.035 g of active material (MnO, nanoparticles) and 1.2 mL NMP (1-Methyl-2-pyrrolidi-
none) were added into a small vial (vial A). Then, 0.01 g of carbon black (Super P) and 0.8 mL
NMP were added into another small vial (vial B). In the next step, both vial A and vial B were
ultrasonically treated for 1 h with an ultrasonic cleaner. Once finished, 0.005g of PVDF pow-
der was added to vial B, and 0.05g powder totally with mass radio of 70%MnO,-20%CB-10%
PVDF was used for the preparation of electrode materials. Then, vial B was treated in an ultra-
sonic cleaner for another hour. Next, the slurries in vial A and vial B were mixed, and the
mixed slurry was treated in an ultrasonic cleaner for one more hour. The mixed slurry contain-
ing active material was then ready for use.

Several pieces of nickel foam (2cmx1cmx0.1cm) were put in 2 mol-L™ HCI for 12 hours in
standing to remove the oxide layer. Once finished, these nickel foams were thoroughly washed
with water and acetone sequentially and dried in an oven. These nickel foam pieces were then
folded in half along their length. Dividing by the indentation, a half of each nickel foam piece
was squeezed using a hydraulic machine. The non-squeezed half of each was dipped and
soaked into the slurry prepared previously. Next, the nickel foams soaked with slurry were
transferred to a vacuum drying oven and heated at 110°C for 8 h. Once finished, the nickel
foam pieces with active material were pressed into thin foils and ready to be used. The mass
for samples was around 2mg, and the prepared electrode material the thickness fluctuated
between 1.0 mm and 1.1 mm.

2.5. Electrochemical measurements

The measurements of electrochemical property were performed in 1 M Na,SO, aqueous
solution with a conventional three-electrode system, where the prepared samples (MnO,),
Pt mesh(10 mmx10 mm) and the saturated Ag/AgCl electrode were served as working elec-
trode, counter electrode and reference electrode, respectively. Electrochemical measure-
ments including cyclic voltammetry (CV) (at scan rates ranging from 2 to 100 mV's™'),
galvanostatic charge-discharge (GCD) studies (at current densities increasing from 1 to 40
A g-1) and electrochemical impedance spectroscopy (EIS) (at frequencies between 100
KHz and 10 mHz) were performed using an electrochemical work-station (PARSTAT
4000). The specific capacitance was calculated from cyclic voltammogram using the follow-
ing formula:

:(fl-dV)/v~m~V

C
2

(1)

Where I (A) is the charge-discharge current, v (V/s) is scan rate, m is total mass (g) of elec-
trode material, and V (V) is the applied potential window.

Specific capacitance based on GCD measurement was calculated using the following Eq (2),
and for a linear discharge curve, it can be calculated with Eq (3):

20y [vdt

= @)
I-At

C:m-AV G)

where [v dt is the integral area of the discharging curves, i4 is the discharging current density,
At is the discharging time and AV is the operating potential window.
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2.6. Characterization

The phase composition of the product was analyzed by X-ray diffraction (XRD), a Rigaku
Miniflex 600 diffractometer (Japan) with Cu Ko radiation (A% = 1.5418 A) at 40 kV, 15 mA
and a scanning rate of 5°/min. The morphology and element distribution of the products were
characterized by SEM (FEI Magellan, America) with EDS detector attached at an acceleration
voltage of 5 kV and 15 kV, respectively. The morphology and microstructure of the synthe-
sized particles were analyzed using transmission electron microscope (TEM, FEI Tecnai T20,
America).

3. Results and discussion
3.1. Characterization of the fabricated MnO,

For the preparation of manganese dioxide powder, four typical products named M, MC, MCD
and MCE are derived from reactions with commercial Cu powder, prepared Cu, CCD powder
and CCE powder as shown in section of 2.2 and 2.3, respectively.

The typical XRD pattern of MCE is shown in Fig 1(A), and it can be found that the pre-
pared powder exhibits poor crystallinity. It is suggested that the powder may be composed of
MnO, (PDF#42-1316 and PDF#12-0141). A further phase identification with XPS analysis is
shown in Fig 1(E), and it will be discussed later. However, the intensity of these peaks is low,
which means that MCE is not well crystallized. It should be noted that although MnO, powder
was synthesized by using copper, the X-ray diffraction pattern shows no characteristic peaks of
Cu particles. It means that all of the added Cu powder is consumed in the reactions. Two pos-
sible reaction routes are proposed as shown following reactions (1) and (2). Due to the amount
of reactants, especially in strong acid condition, the reaction (1) tends to attribute to the

/\\/\\ (a)
@
§ H PDF# 12-0141
ST I I O
PDF# 42-1316
L ! |1L I" | | A T T | :
10 20 30 40 50 70 30 9 |
2Theta/® T
2p3/2,642.4eV Mn 2p (e)
N 2p1/2, 653.9eV

Counts/s

L L . L
635 640 645 650 655 660
Binding Energy/eV

Fig 1. Characterization of the flower-like MCE particles: (a) XRD pattern, (b) SEM image, (c) TEM image at a low
magnification, (d) TEM image at a high magnification, and (e) XPS spectrum.

https://doi.org/10.1371/journal.pone.0269086.9001
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formation of MnO, phase in our synthesis process. Even though byproduct of Cu,0 according
to reaction (2), Cu,O could be converted to CuSO, due to excess sulfuric acid.

3Cu + 2KMnO, + 4H,80, = 3CuSO, + 2MnO, + K,SO, + 4H,0 (1)

6Cu -+ 2KMnO, + H,S0, = 3Cu,0 + 2MnO, + K,S0, + H,0 (2)

The SEM image (Fig 1(B)) shows that the shape of MCE particles is flower-like, and the
flower-like shape is composed of thin slices. The thickness of the slice is around 5nm, and the
diameter of the flower is about 120nm. It can be observed from the TEM image (Fig 1(C)) that
the distribution of the slices is very loose and a flower-like shape is formed. The TEM image at
high magnification reveals that the slice is 4nm in thickness, which is in good agreement with
SEM images. X-ray photoelectron spectroscopy (XPS) is used to further identify the composi-
tion of the product and is shown in Fig 1(E). The high resolution spectrum of Mn 2p is ana-
lyzed by XPS PEAK program. The fitted peaks at 653.9 eV and 642.9 eV are assigned to the
Mn 2p orbital in the MnO, phase, which can be a further evidence for that the product is man-
ganese dioxide.

In order to verify elements distribution of the fabricated MCE product, EDS mapping anal-
ysis was carried out and the results are shown in Fig 2, wherein color of orange, red and green
represents for Mn, O and C element respectively. It can be found that Mn, O and C elements
are well-distributed in the particles, indicating that carbon is doped and the product is com-
posed of Mn and O elements. Besides, it should be noted that Cu element is also detected, but
the intensity is weak. Thus, it is indicated that the content of copper compounds is lower com-
pared with that of MnO,, suggesting that it is residual copper sulfate not Cu,O exist onto the
surface of prepared powder. For Cu elemental mapping (blue color), the circular region shows
strong color contrast, while the circular region of other elements shows weak color contrast.
Especially for O elemental mapping, the existing O in circle area exhibits weaker contrast than
other area, while in Mn elemental mapping, it shows no signal in the circle area. The results
indicate that only few amount of copper materials exists in the prepared product, and it sup-
poses to be Cu,O according to the reaction (2). The major procedure follows Eq (1) and pure
MnO, powder is obtained. But with the consumption of sulfuric acid and the insufficiency of
ion diffusion, Cu,0 is formed in certain sites based on reaction (2). Although the reaction (2)
occurs, it just happens in some spot area, resulting in slight amount of Cu,O, and it can not be
detected by XRD. Therefore, it is suggested that the formation of MnO, follows the reaction 2
dominantly.

For comparison, the other three types of MnO, powder, including M, MC and MCD, are
characterized by SEM and TEM, as shown in Fig 3.

It can be seen from the SEM image that product M are micro sized with flower shape, and
particles are gathered together forming large clusters. The size of flower-like particles ranges

Fig 2. SEM image (a) and O (b), Mn (C), Cu (d) and C (e) elements mapping of the fabricated MCE powder.
https://doi.org/10.1371/journal.pone.0269086.9002
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Fig 3. Characterization of produced manganese dioxide particles: (a) SEM image, TEM images at (b) a low magnification and
() high magnification of product M; (d) SEM image, TEM images at (e) a low magnification and (f) high magnification of
product MC; and (g) SEM image, TEM images (h) at a low magnification and (i) high magnification of product MCD.

https://doi.org/10.1371/journal.pone.0269086.9003

from 0.6 pm to 1 um. Compared with the product obtained by using commercial Cu particles,
the size of particle MC decreases to 400 nm as shown in Fig 3(D). Fig 3(G) shows that the
product MCD is more dispersed and the diameter of the flower shaped particles is only 200
nm.
From the TEM images shown in (Fig 3B, 3E and 3H), it can be observed that the product M
has a poor dispersibility compared with the products MC and MCD, and a large size of 700
nm is obtained. However, the size of the fabricated MnO, decreases significantly by using pre-
pared copper particles, which can be found in (Fig 3E and 3H), and the details will be discussed
later. The TEM images in Fig 3 show that the of four types of MnO, nanostructure have the
same slices width of 4 nm, which matches well with the SEM images in Fig 2(A).

By comparing the characterization results in Figs 2 and 3, it can be found that the morphol-
ogies of MCD and MCE are obviously different, although both are obtained by using doping
carbon black in the synthesis of copper particles. The morphology of the product MCD is ram-
butan like and the edge is round, while the out edge of nano flower MCE is not as round as
that of MCD. The gap between the slices in MCE is much larger than that of in MCD, which
maybe owed to the distinctive function of doped carbon black. With doped carbon black dis-
persed in ethanol first, carbon black behaves together with ethanol like solvent. While it
behaves closer to a dependent particle with doped carbon black directly added into aqueous
solution, preventing the growth and aggregation of as-prepared particles. Therefore, it can be
found that carbon black with different doping route has an important effect on the morphol-
ogy of the fabricated MnO,.
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Fig 4. Characterization of various copper particles (a) typical XRD pattern of CCE; (b)-(e)SEM images of (b) commercial Cu (c)
prepared Cu (d) CCD powder (e) CCE powder; and (f)-(h) SEM image and elements mapping of CCD powder.

https://doi.org/10.1371/journal.pone.0269086.9004

Four types of copper powder including doping carbon black are further studied to investi-
gate the effect of Cu on MnO, morphology as shown in Fig 4. The typical XRD pattern of as
prepared CCE is shown in Fig 4(A), it can be found that the characteristic peaks are closely
matched with copper, indicating that the prepared Cu particles are pure without other impuri-
ties. SEM images of four types of copper particles are shown in Fig 4(B)-4(E), and it can be
found that commercial copper powder is very dense, and the size of particles reaches tens of
micro meters. In contrast, the average size of CCD and CCE is reduced to about 100nm as
shown in Fig 4(D) and 4(E), and the particles are well dispersed compared with commercial
copper. Especially for the product CCD, it can be found that there is distinguished space
between particles with uniform size. These results reveal that the size of copper particles can be
effectively reduced by doping carbon black, which may be owed to more nuclei sites during
copper synthesis process.

To confirm that carbon black is successfully doped into copper particles, a typical SEM
image of CCD particles and the corresponded elements mapping are shown in Fig 4(F)-4(H),
wherein purple is assigned to Cu element, and yellow represents C element. From the elements
mapping, it can be clearly seen that Cu and C elements are well-distributed in the Cu particles,
and the distribution area overlaps completely, verifying the C is doped successfully on the sur-
face of Cu particles.

From the above analysis, it can be found that MnO, with good morphology can be obtained
by using freshly prepared copper particles, which has smaller size and better dispersion.
Besides, carbon black dispersed in ethanol in advance is facile to make the copper particle size
more uniform, thus resulting in synthesis of nano-scaled MnO,.

The growth mechanism of MnO, is proposed via four steps as shown in Fig 5. First, copper
particles act as the nuclei cores for the formation of MnO, in Fig 5(A). When the reaction
between Cu and KMnO, occurs with the assist of H,SO,, and MnO, nucleus was formed, then
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the process moves to step two in Fig 5(B). MnO, nucleus grows to slice shape. Then, the pro-
cess goes to step three with time prolongs as shown in Fig 5(C). In this step, most of the sphere
particles transform to MnO,, slice, only a small percent of Cu particles is remained. Finally,
copper particles are consumed, and MnO, nucleus converts to slice completely. The slices are
assembled together with Cu particles as the core, which leads to the formation of flower-like
shape in rectangle area in Fig 5(B). They grow and aggregate gradually, and finally form nano-
structure with a diameter of about 120 nm. Therefore, Cu particles are consumed, and flower-
like nanostructure are formed, where the size and dispersity of copper particles play an impor-
tant role in the morphology of fabricated MnO,.

3.2. Electrochemical property of the fabricated manganese dioxides

To study the electrochemical performance of the manganese materials, electrochemical mea-
surements are conducted in a three-electrode electrochemical cell, including CV curves and
charge-discharge tests, where the fabricated MnO, was used as the working electrode material.
The collected cyclic voltammogram (CV) curves of the product M, MC, MCD and MCE at
scan rates of 2 mV s’l, 10 mV s'l, 20 mV s'l, 50 mV s’l, 75mV s and 100 mV s are com-
pared in Fig 6. It can be found that CV curves show quasi-rectangular shapes, indicating the
double layer capacitance of the electrode material. Especially, CV curves obtained at low san
rate present double layer capacitance and good electrochemical reversibility. However, high
scan rate causes the shape of CV curves a slight deviation from the rectangle shape, mainly due
to the incomplete adsorption of electrolyte ions on the electrode surface caused by the polari-
zation phenomenon. No redox peaks are observed in the curves at different scanning rates,
suggesting that the electrode materials have pseudo capacitance property.

It can be found that the character of CV curves is similar with the geometric features of
pseudo capacitance [39, 40]. Furtherly, b value can be used to evaluate the type of energy stor-
age, herein, b value of 1 means a double layer type, and a range from 0.8 to 1 indicates the
pseudo capacitance type [40, 41]. In our research, b values of 0.87, 0.91, 0.94 and 0.92 were
achieved for M, MC, MCD and MCE electrode materials respectively. The calculated b value
of MCE electrode material was shown in in Fig 6(E) as a sample. It can be found that all of the
b values are bigger than 0.8, taking a further prove that the electrode materials prepared belong
to pseudo capacitance type.

Fig 5. Growth process of nano flower MnO: (a) original Cu particles; (b) a small part of copper particles take part in
reactions and slices form; (c) most of the copper particles convert to slice MnO,; and (d) copper particles are
consumed completely and slices assemble themselves, and flower-like shape is formed.

https://doi.org/10.1371/journal.pone.0269086.9005
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Fig 6. CV density curves collected for (a) product M (b) product MC (c) product MCD and (d) product MCE electrodes at
various scan rates, (e) the typical calculated b value from CV curves for MCE.

https://doi.org/10.1371/journal.pone.0269086.9006

Charge—discharge curves of electrode material were obtained at different current densities
(1Ag,2Ag" ,5Ag",10Ag",15A g" and 40 A g'") as shown in (Fig 7A-7D). The symme-
try of the charge—discharge curves indicates that all the material electrodes have good electro-
chemical reversibility. Specific capacitance can be calculated according to the charge—
discharge curves. From the calculated capacitance values from GCD as shown in Fig 7(E), it
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Fig 7. Charge/discharge curves of the electrodes at various current density: (a) product M (b) product MC (c) product
MCD and (d) product MCE, (e) the specific capacitance at various current density, (f) specific capacitances of the
fabricated M, MC, MCD and MCE at varied scan rates.

https://doi.org/10.1371/journal.pone.0269086.9007

can be found that the MCE electrode material has the highest capacitance at small current den-
sity among four samples, achieving 148 F/g at 1 A/g. MC, MCD and MCE samples showed bet-
ter electrochemical performance compared with M sample at low current density, proving the
feasibility of the fabrication procedure with freshly prepared Cu particles. However, electro-
chemical performance dropped at high current density. Besides, specific capacitance also can
be calculated from CV curves as shown in Fig 7(F), it can be found that the specific capacitance
of the product MCE achieves the highest value of 197.2 F g at 2mV s™. Even for the worst
performance, the value could reach 156.2 F g'. With scan rates increasing, the product MC
exhibits the superiority than other samples. The specific capacitance of the product MC
achieved 177 F g* at 10mV s, It is known that the electrode materials show better specific
capacitance performance at low scan rate, due to a higher transport efficiency of the electrons
and ions [20, 27]. MnO, prepared by using the CCE or carbon doped copper showed relatively
high transport efficiency advantages among all of electrode materials due to a bigger gap
between slices.
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Table 1. Comparison of specific capacitance with other studies on Ni substrate.

Composite Substrate Polymorph and morphology of MnO, Specific capacitance Ref.
MnO, Ni foam urchin-like nanoparticles 151.5 F/gat1 Alg [42]

Ni foam flower-like 197.3F/gat1 A/g [43]

Ni mesh flower-like 168 F/gat 0.2 A/g [44]

Ni mesh nanorods 166.2 F/g at 10mV/s [45]

CNT@MnO, carbon fibre paper nanosheet 393.0 F/gat 0.25 A/g [46]
Mn;0,/MnO,/N-doped graphene Ni foam nanosheet covered octahedrons 739.0 F/gat 0.5 A/g [47]
MnO, Ni foam flower-like 148 F/gat 1 A/g; 197.2 F/gat 2 mV/s this work

https://doi.org/10.1371/journal.pone.0269086.t001

Table 1 shows the comparison of specific capacitance between this work and other similar
reports. It can be found that the value of specific capacitance is quite closely with Zhao’s work
[42, 43], and much higher than that of Li and Subramanian’s works [44, 45], where electrode
active materials of single MnO, was used. However, the electrochemical performance in not
good enough when comparing with recent reports, using composites as electrode materials.
Generally, a satisfied performance of MnO,-based electrode materials benefits from composite
structure, the morphology and substrate electrode material. The comparison pushes us to
improve and develop the as-prepared MnO, in future, and composite structure based on the
as-prepared MnQO, particles will be investigated.

To understand of the electrochemical performance further, the test of electrochemical
impedance spectroscopy (EIS) was carried out in the frequency range between 100 KHz-10
MHz as shown in Fig 8. The impedance plots are composed of a circle arc-like shape at high
frequency and an oblique line at low frequency. It can be found that the line region at the low
frequency shows an angle between 45° and 90° relative to the real axis, indicating the pseudo-
capacitance nature with diffusion control. At the high frequency, the intercept at real axis rep-
resents internal resistance (Ry), including the combined resistance of the electrolyte, the
electrode material and the contact resistance. The diameter of semicircle indicates the charge
transfer resistance (R.) at the interface, and the R, and R, data collected from Fig 8 is shown
in Table 2. It can be observed that MC, MCD and MCE electrode materials shows slightly
higher R value than that of M electrode material (2.66 Q), which should be caused by an
increased contact resistance by doping carbon black. Moreover, it can be found that the R; and
R, value of MCE electrode material is small, indicating a superior property of conductivity
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Fig 8. The Nyquist plots of the EIS of various electrode materials (left) and the cycling durability of various electrodes
for 1000 cycles at 50 mV s-1 (right), wherein (a) product M (b) product MC (c) product MCD and (d) product MCE.

https://doi.org/10.1371/journal.pone.0269086.g008
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Table 2. Data collected from EIS curves.

Sample M MC MCD MCE
R 0.06 0.08 0.05 0.04
R, 2.66 2.92 3.1 2.82

https://doi.org/10.1371/journal.pone.0269086.t002

and electron transfer. However, the angle of line region at the low frequency for MCE material
is smallest, which shows an unsatisfied mass diffusion compared with other samples. Also, this
result can be proved in Fig 7(E) and 7(F). It can be found that MCE electrode material shows
excellent electrochemical property at low scan rate and small current density, which maybe
owed to a smaller particle size. While, the specific capacitance of MCE electrode material
drops heavily at high scan rate and current density, maybe attributing to a weak diffusion
nature with scan rate and current density increasing, and this result matches well with the EIS
data in line region.

Cycle life is an important parameter for supercapacitor materials, and cycling durabilities
of the electrode materials was measured as shown in Fig 8(B). It can be found that the capaci-
tance retention of the product MCE electrode reaches 93.8% after 1000 cycles, which is the
highest among all samples, However, the lowest capacitance retention with 89.2% is obtained
from MC electrode material, resulting from an increased charge transfer resistance. Moreover,
the result of cycling durability for four types of electrode materials matches well with the EIS
data. The cycling results show that no significant structural changes are induced in the charge
and discharge processes within the voltage window of 0 —1.0 V for 1000 cycles, suggesting that
the prepared electrode materials are reliable candidates for pseudocapacitance reactions.

Based on the above results, it comes to a conclusion that the prepared M, MC, MCD, and
MCE behave excellently as supercapacitor electrode, especially when prepared CCD and CCE
copper particle is used. By using CCE and CCD with a smaller size, the electrochemical prop-
erty of the fabricated electrode materials is improved significantly. It means that the particle
size of the reactants has a crucial influence on the morphology of the resulting products. More-
over, it has influence on the performance of supercapacitor further, and this result has been
described as shown in Fig 5. The size of the copper particles can be significantly reduced by
directly doping carbon black, which could be caused by that doping carbon black increases the
fresh nucleus. Moreover, when the carbon black is dispersed into ethanol, it behaves like sol-
vent rather than solid particles together with ethanol. Therefore, when the reactions take place,
carbon is closely contacted with produced copper particles. Otherwise, carbon is only doped in
the synthesized copper particles, leading to bigger charge transfer resistance of MCD is com-
pared with that of MCE. Therefore, MCE electrode material prepared by dispersing carbon
black in ethanol shows better electrochemical performance. But both of MCD and MCE elec-
trodes have larger contact resistances due to the doping carbon, which leads to the unsatisfac-
tory specific capacitance at high scan rate.

Generally, there are two possible mechanisms for charge storage in MnO, electrodes. One
is the intercalation of Na* cations during the redox process, and the other one is based on the
adsorption of Na™ ions onto the surface of MnO, particles [41]. In this study, the electrochemi-
cal processes are mainly based on the former one, which involve the insertion and deinsertion
of Na* cations from the electrolyte into the nanostructured MnO,. Due to the small size of pre-
pared flower-like MnO, nanostructure and large gaps between slices, the electron tunnels
spaces are enlarged. Therefore, the electrochemical process on MnO, nanostructure can be
carried on more efficiently, leading to the better specific capacitance.
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4. Conclusions

This research proved that four types of MnO,, including M, MC, MCD and MCE, were pre-
pared by different copper sources in KMnO,-H,SO, solution, and the synthesis of MnO, via
liquid phase method was suggested as a type of feasible route. The results showed that the size
of copper particles had an important impact on the morphology of MnO, powders as a result
of copper acting as the nuclei centre during the formation-growth process. Electrochemical
performance was measured using the obtained MnO, as a working electrode material. The
supercapacitor performance of the MCE materials electrode with a highest specific capacitance
of 197.2 F g at2 mV s and 148 F/g at 1 A/g was obtained. The results of CV curves and cal-
culated b values showed that the electrode materials exhibited the character of pseudo capaci-
tance. Moreover, EIS results showed that the values of charge transfer resistance in all
materials electrode were smaller than 0.08 Q. The cycling retention of MCE material electrode
can reach 93.8% even after 1000 cycles. In general, this study may open a path for the synthesis
of flowerlike MnO, nanoparticles for achieving good performance in supercapacitors.

Supporting information

S1 Data.
(Z1P)

Author Contributions

Formal analysis: Linghui Peng.
Investigation: Runfang Fu.
Methodology: Zichuan Liu.

Project administration: Lingling Shen.
Resources: Xuchuan Jiang.
Supervision: Ali Reza Kamali.
Validation: Dexi Wang.

Visualization: Zhongning Shi.

References
1. Kim C, Yang K. Electrochemical properties of carbon nanofiber web as an electrode for supercapacitor
prepared by electrospinning. Applied physics letters. 2003; 83(6):1216-8.
2. Reddy M, Rao GS, Chowdari B. Synthesis and electrochemical studies of the 4 V cathode, Li (Ni2/
3Mn1/3) O2. Journal of power sources. 2006; 160(2):1369-74.

3. Nelson PA, Owen JR. A high-performance supercapacitor/battery hybrid incorporating templated meso-
porous electrodes. Journal of the Electrochemical Society. 2003; 150(10):A1313.

4. WuN-L, Wang S-Y, Han C-Y, Wu D-S, Shiue L-R. Electrochemical capacitor of magnetite in aqueous
electrolytes. Journal of Power Sources. 2003; 113(1):173-8.

5. HuX-W, LiuS, QuB-T, You X-Z. Starfish-shaped Co304/ZnFe204 hollow nanocomposite: synthesis,
supercapacity, and magnetic properties. ACS applied materials & interfaces. 2015; 7(18):9972-81.

6. ZhangdJ, Zhao X, Huang Z, Xu T, Zhang Q. High-performance all-solid-state flexible supercapacitors
based on manganese dioxide/carbon fibers. Carbon. 2016; 107:844-51.

7. Noh E-K, Boampong A, Konno Y, Shibasaki Y, Lee J-H, Choi Y, et al. Effect of buffer layer capacitance
on the electrical characteristics of ferroelectric polymer capacitors and field effect transistors. Materials.
2021; 14(5):1276. https:/doi.org/10.3390/ma14051276 PMID: 33800191

PLOS ONE | https://doi.org/10.1371/journal.pone.0269086  June 2, 2022 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269086.s001
https://doi.org/10.3390/ma14051276
http://www.ncbi.nlm.nih.gov/pubmed/33800191
https://doi.org/10.1371/journal.pone.0269086

PLOS ONE Synthesis of flower-like MnO, nanostructure with freshly prepared Cu particles performance in supercapacitors

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Lu R, Ren X, Wang C, Zhan C, Nan D, Lv R, et al. Na0. 76V6015/Activated Carbon Hybrid Cathode for
High-Performance Lithium-lon Capacitors. Materials. 2021; 14(1):122.

Wei W, Cui X, Chen W, lvey DG. Manganese oxide-based materials as electrochemical supercapacitor
electrodes. Chemical society reviews. 2011; 40(3):1697—721. https://doi.org/10.1039/c0cs00127a
PMID: 21173973

Burke A. R&D considerations for the performance and application of electrochemical capacitors. Elec-
trochimica Acta. 2007; 53(3):1083-91.

Wang G, Zhang L, Zhang J. A review of electrode materials for electrochemical supercapacitors. Chem-
ical Society Reviews. 2012; 41(2):797-828. https://doi.org/10.1039/c1cs15060j PMID: 21779609

Pomerantseva E, Bonaccorso F, Feng X, Cui Y, Gogotsi Y. Energy storage: The future enabled by
nanomaterials. Science. 2019; 366(6468). https://doi.org/10.1126/science.aan8285 PMID: 31753970

Rahmanabadi F, Sangpour P, Sabouri-Dodaran A. Electrochemical Deposition of MnO 2/RGO Nano-
composite Thin Film: Enhanced Supercapacitor Behavior. Journal of Electronic Materials. 2019; 48
(9):5813-20.

Zhai T, Wang F, Yu M, Xie S, Liang C, Li C, et al. 3D MnO 2—graphene composites with large areal
capacitance for high-performance asymmetric supercapacitors. Nanoscale. 2013; 5(15):6790-6.
https://doi.org/10.1039/c3nr01589k PMID: 23765341

Qiu F, Suo L, Xiao W, He Z, Du Q, Chen J. Few-Layer Graphene Functionalized by Carbon Nanotubes
and MnO 2 Nanopatrticles for High-Performance Supercapacitors. Journal of Materials Engineering and
Performance. 2019; 28(7):4095—-101.

Prasad KR, Miura N. Electrochemically synthesized MnO2-based mixed oxides for high performance
redox supercapacitors. Electrochemistry Communications. 2004; 6(10):1004-8.

Wang X, Zhao J, Li Z, Xiao T, Li Z, Wang X. Effects of preparation conditions on the supercapacitor per-
formances of MnO 2-PANI/titanium foam composite electrodes. Journal of Nanoparticle Research.
2019; 21(6):1-15.

Ansari SA, Parveen N, Han TH, Ansari MO, Cho MH. Fibrous polyaniline @ manganese oxide nano-
composites as supercapacitor electrode materials and cathode catalysts for improved power production
in microbial fuel cells. Physical Chemistry Chemical Physics. 2016; 18(13):9053-60. https://doi.org/10.
1039/c6¢cp00159a PMID: 26967202

Wen J, Ruan X, Zhou Z. Preparation and electrochemical performance of novel ruthenium—manganese
oxide electrode materials for electrochemical capacitors. Journal of Physics and Chemistry of Solids.
2009; 70(5):816—20.

ChenL, Song Z, Liu G, QiuJ, Yu C, Qin J, et al. Synthesis and electrochemical performance of polyani-
line—MnO2 nanowire composites for supercapacitors. Journal of Physics and Chemistry of Solids.
2013; 74(2):360-5.

Chen S, Xiang Y, Xu W, Peng C. A novel MnO 2/MXene composite prepared by electrostatic self-
assembly and its use as an electrode for enhanced supercapacitive performance. Inorganic Chemistry
Frontiers. 2019; 6(1):199-208.

Asif M, Tan Y, PanL, Li J, Rashad M, Fu X, et al. Improved performance of a MnO 2@ PANI nanocom-
posite synthesized on 3D graphene as a binder free electrode for supercapacitors. RSC advances.
2016; 6(52):46100-7.

Kharismadewi D, Shim J-J. Ultralong MnO2 nanowires intercalated graphene/Co304 composites for
asymmetric supercapacitors. Materials Letters. 2015; 147:123-7.

Subramanian V, Zhu H, Wei B. Nanostructured MnO2: Hydrothermal synthesis and electrochemical
properties as a supercapacitor electrode material. Journal of Power Sources. 2006; 159(1):361—4.

Wang X, Yuan A, Wang Y. Supercapacitive behaviors and their temperature dependence of sol—gel
synthesized nanostructured manganese dioxide in lithium hydroxide electrolyte. Journal of Power
Sources. 2007; 172(2):1007-11.

SuZ, Yang C, Xu C, Wu H, Zhang Z, Liu T, et al. Co-electro-deposition of the MnO 2—-PEDOT: PSS
nanostructured composite for high areal mass, flexible asymmetric supercapacitor devices. Journal of
Materials Chemistry A. 2013; 1(40):12432—40.

ChenY, Qin W, Fan R, Wang J, Chen B. Hydrothermal Synthesis and Electrochemical Properties of
Spherical a-MnO2 for Supercapacitors. Journal of nanoscience and nanotechnology. 2015; 15
(12):9760-5. https://doi.org/10.1166/jnn.2015.10490 PMID: 26682409

Aghazadeh M, Maragheh MG, Ganjali MR, Norouzi P, Faridbod F. Electrochemical preparation of
MnO2 nanobelts through pulse base-electrogeneration and evaluation of their electrochemical perfor-
mance. Applied Surface Science. 2016; 364:141-7.

Wang L, MaW, Li Y, Cui H. Synthesis of 8-MnO 2 with nanoflower-like architecture by a microwave-
assisted hydrothermal method. Journal of Sol-Gel Science and Technology. 2017; 82(1):85-91.

PLOS ONE | https://doi.org/10.1371/journal.pone.0269086  June 2, 2022 15/16


https://doi.org/10.1039/c0cs00127a
http://www.ncbi.nlm.nih.gov/pubmed/21173973
https://doi.org/10.1039/c1cs15060j
http://www.ncbi.nlm.nih.gov/pubmed/21779609
https://doi.org/10.1126/science.aan8285
http://www.ncbi.nlm.nih.gov/pubmed/31753970
https://doi.org/10.1039/c3nr01589k
http://www.ncbi.nlm.nih.gov/pubmed/23765341
https://doi.org/10.1039/c6cp00159a
https://doi.org/10.1039/c6cp00159a
http://www.ncbi.nlm.nih.gov/pubmed/26967202
https://doi.org/10.1166/jnn.2015.10490
http://www.ncbi.nlm.nih.gov/pubmed/26682409
https://doi.org/10.1371/journal.pone.0269086

PLOS ONE Synthesis of flower-like MnO, nanostructure with freshly prepared Cu particles performance in supercapacitors

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44,

45.

46.

47.

Dong YA, Rw A, Xw B, Xin LA, Hui LA, Hw A. Effects of synthesis methods on the physicochemical
properties and Hg 0 capture capability of MnO 2 -CeO 2 mixed oxides. Applied Surface Science. 2021;
578:151998.

XuJ, HouK, JuZ,Ma C, Wang W, Wang C, et al. Synthesis and Electrochemical Properties of Carbon
Dots/Manganese Dioxide (CQDs/Mn0O2) Nanoflowers for Supercapacitor Applications. Journal of The
Electrochemical Society. 2017; 164(2):A430-A7.

Dupont MF, Forghani M, Cameron AP, Donne SW. Effect of electrolyte cation on the charge storage
mechanism of manganese dioxide for electrochemical capacitors. Electrochimica Acta. 2018; 271:337—
50. https://doi.org/10.1016/j.electacta.2018.03.141 WOS:000430369800039.

Wadekar PH, Khose RV, Pethsangave DA, Some S. Waste-Derived Heteroatom-Doped Activated Car-
bon/Manganese Dioxide Trio-Composite for Supercapacitor Applications. Energy Technology. 2020;8.

Xie'Y, Yang C, Chen P, Yuan D, Guo K. MnO 2 -decorated hierarchical porous carbon composites for
high-performance asymmetric supercapacitors. Journal of Power Sources. 2019; 425:1-9.

Xu M, Kong L, Zhou W, Li H. Hydrothermal synthesis and pseudocapacitance properties of a-MnO2 hol-
low spheres and hollow urchins. The Journal of Physical Chemistry C. 2007; 111(51):19141-7.

XuC, LiB, DuH, Kang F, Zeng Y. Electrochemical properties of nanosized hydrous manganese dioxide
synthesized by a self-reacting microemulsion method. Journal of Power Sources. 2008; 180(1):664—70.

Xu C, Kang F, Li B, Du H. Recent progress on manganese dioxide based supercapacitors. Journal of
materials research. 2010; 25(8):1421-32.

Lu X, Zheng Y, Zhang Y, Qiu H, Zou H. Low-temperature selective catalytic reduction of NO over carbon
nanotubes supported MnO2 fabricated by co-precipitation method. Micro & Nano Letters. 2015; 10
(11):666-9. https://doi.org/10.1049/mnl.2015.0247 WOS:000364829100015.

YanL, Shen C, NiuL, Liu M-c, Lin J, Chen T, et al. Experimental and Theoretical Investigation of the
Effect of Oxygen Vacancies on the Electronic Structure and Pseudocapacitance of MnO2. Chem-
suschem. 2019; 12(15):3571-81. https://doi.org/10.1002/cssc.201901015 WOS:000479276700018.
PMID: 31127866

Okhay O, Tkach A. Graphene/Reduced Graphene Oxide-Carbon Nanotubes Composite Electrodes:
From Capacitive to Battery-Type Behaviour. Nanomaterials. 2021; 11(5). https://doi.org/10.3390/
nano11051240 WOS:000657016300001. PMID: 34066730

Gogotsi Y, Penner RM. Energy Storage in Nanomaterials—Capacitive Pseudocapacitive, or Battery-
like? Acs Nano. 2018; 12(3):2081-3. https://doi.org/10.1021/acsnano.8b01914
WOS:000428972600001. PMID: 29580061

Zhao S, Liu T, ShiD, Zhang Y, Zeng W, Li T, et al. Hydrothermal synthesis of urchin-like MnO2 nano-
structures and its electrochemical character for supercapacitor. Applied Surface Science. 2015;
351:862-8. https://doi.org/10.1016/j.apsusc.2015.06.045 WOS:000359496600110.

Zhao S, Liu T, Hou D, Zeng W, Miao B, Hussain S, et al. Controlled synthesis of hierarchical birnessite-
type MnO2 nanoflowers for supercapacitor applications. Applied Surface Science. 2015; 356:259-65.
https://doi.org/10.1016/j.apsusc.2015.08.037 WOS:000365351600033.

Subramanian V, Zhu HW, Vajtai R, Ajayan PM, Wei BQ. Hydrothermal synthesis and pseudocapaci-
tance properties of MnO2 nanostructures. Journal of Physical Chemistry B. 2005; 109(43):20207—-14.
https://doi.org/10.1021/jp0543330 WOS:000232959800023. PMID: 16853612

Li Y, Xie H, Wang J, Chen L. Preparation and electrochemical performances of alpha-MnO2 nanorod
for supercapacitor. Materials Letters. 2011; 65(2):403-5. https://doi.org/10.1016/j.matlet.2010.10.048
WOS:000286158000075.

WuK, Ye Z, Ding Y, Zhu Z, Ma G. Facile co-deposition of the carbon nanotube @ MnO2 heterostructure
for high-performance flexible supercapacitors. Journal of Power Sources. 2020; 477:229031.

CuiM, Tang S, Ma Y, Shi X, Syed JA, Meng X. Monolayer standing MnO 2 -Nanosheet covered Mn 3 O
4 octahedrons anchored in 3D N-Doped graphene networks as supercapacitor electrodes with remark-
able cycling stability. Journal of Power Sources. 2018; 396(aug.31):483-90.

PLOS ONE | https://doi.org/10.1371/journal.pone.0269086  June 2, 2022 16/16


https://doi.org/10.1016/j.electacta.2018.03.141
https://doi.org/10.1049/mnl.2015.0247
https://doi.org/10.1002/cssc.201901015
http://www.ncbi.nlm.nih.gov/pubmed/31127866
https://doi.org/10.3390/nano11051240
https://doi.org/10.3390/nano11051240
http://www.ncbi.nlm.nih.gov/pubmed/34066730
https://doi.org/10.1021/acsnano.8b01914
http://www.ncbi.nlm.nih.gov/pubmed/29580061
https://doi.org/10.1016/j.apsusc.2015.06.045
https://doi.org/10.1016/j.apsusc.2015.08.037
https://doi.org/10.1021/jp0543330
http://www.ncbi.nlm.nih.gov/pubmed/16853612
https://doi.org/10.1016/j.matlet.2010.10.048
https://doi.org/10.1371/journal.pone.0269086

