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Abstract

By adjusting the amount of Cu(NO3),-3H,0, Cu?*-doped birnessite §-MnO, spherical substances were synthesized by a
simple hydrothermal synthesis process without any templates and surfactants. The structure, morphology, and specific
surface area were characterized by XRD, SEM, TEM and BET. Further study shows that the 0.25 mmol Cu-doped MnO,
sample is expected to provide higher specific capacitance (636.3 F g'! at 1 A g™! current density) compared with pure
8-MnO, (335.6 F g'! at the current density of 1 A g™!) and long-term cyclic stability (105.01% capacitance retention after
1500 cycles at current density of 5 A g™!). Electrochemical impedance spectroscopy proved the low resistance character-
istics of the prepared samples. All the results show that the copper-doped MnO, material is not only low cost, but also of
excellent electrochemical performance, thus possesses great potential in future energy development.
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1. Introduction

The increasing environmental problems and the con-
sumption of natural energy resources such as coal, natural
gas and oil have created the need to develop green and sus-
tainable energy sources that have the capacity to convert
and store energy. Researchers have been focused on the de-
velopment of energy storage devices, such as capacitors,
batteries, supercapacitors and batteries.!”> Among various
energy storage devices, supercapacitors(Scs) is a new type
of environmentally friendly energy storage device with high
power density (more than 10 kw kg™!), fast charge and dis-
charge speed, long cycle life (>10° cycles),5 etc. Yet, in or-
der to meet the requirements of rapid growing technology,
supercapacitor also faces some challenges, such as low ener-
gy density and short lifespan.!%-!3 There are two types of
energy storage mechanisms for supercapacitors, double-lay-
er capacitors and pseudo-capacitors. The common elec-
trode material used for double-layer capacitors is carbon
material. Whereas, transition metal oxides are the most
commonly used materials for pseudo-capacitors.”!41°
Many researchers have been working on transition metal

oxides, which exhibit high specific capacitance and good
stability for pseudocapacitors.!61° So far, various transition
metal oxides have been used as electrode materials in
pseudocapacitors, including Co;0,2° MnO,,2! NiO,?>%
Ru0,,2* V,05,% etc. Compared with other transition metal
oxides, MnO, has the advantages of low cost, high natural
abundance, high theoretical capacity (1370 Fg™'), high volt-
age window, etc.26-3! It is considered to be the most promis-
ing electrode material. However, its capacitance is much
lower and its conductivity and structural stability are also
relatively poor which restricts its application in real world.>?
In order to improve these problems, MnO, has been com-
bined with other materials to obtain good electrochemical
performance, such as graphene@MnQO,,* carbon nano-
tubes@MnO,,*** CuO@MnO,,*® Co;0,@Mn0,*"3# na-
nocomposites. Moreover, cationic doping has been proved
to be an effective way to improve the conductivity of mate-
rials. As an effective doped cation, copper cations are con-
sidered as one of the most suitable candidates for cationic
doping to improve electrochemical performance.>® Howev-
er, it is still a challenge to obtain high-performance MnO,
electrode materials with a simple and low cost preparation
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process. In addition, Cu-doped MnO, is also used in other
applications, such as the nanostructured copper manganese
oxide (CMO) thin films*® and selective absorbers.*!

In this work, we designed and prepared Cu?*-doped
MnO, by a simple one-step hydrothermal method. X-ray
powder diffraction (XRD), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were
used to analyze the morphology and microstructure of the
samples. The electrochemical test results showed that the
capacitance of 0.25 mmol Cu?*-doped MnO, mixed elec-
trode was 636.3 F g! at 1 A g! current density and the
capacitance retention was 105.01% after 1500 cycles at cur-
rent density of 5 A gL

2. Experimental
2. 1. Synthesis of Cu?* Doped MnO,

All chemicals used in this experiment were analytical
grade. MnO, was synthesized using a typical hydrothermal
method. Firstly, KMnO, and MnSO, (the molar ratio of 3:1)
were added into deionized water (25 mL) respectively and
stirred continuously. Then, Cu(NO;), - 3H,0 salt of various
doping contents (0.1, 0.25, 0.35, 0.45 mmol) was added into
the above potassium permanganate solution during the
stirring stage. Then, the manganese sulfate solution was
slowly poured into the mixture. The mixture was stirred
continuously until the solid was completely dissolved at
room temperature, and a piece of the pretreated foam nick-
els were put vertically into the autoclave. The resultant
product was transferred into a Teflon-lined stainless-steel
auto-clave and heated to 80 ° for 3 h. Lastly, the vessel was
allowed to be cooled to room temperature naturally and the
NFs substrate with the active materials were taken out and
labeled as M1, the brown precipitates were collected and
washed with distilled water and ethanol for several times,
then the filtrate were dried at 60° for 12 h under vacuum.

2. 2. Characterization

The surface morphology and microstructure of sam-
ples were characterized by field emission scanning elec-
tron microscope (SEM, JSM-7500F) and transmission
electron microscopy (TEM, Tecnai G2 F20 S-TWIN). The
X-ray powder diffraction (XRD) measurements were per-
formed on Bruker D8 Advance. N, absorption-desorption
were performed with a Micromeritics TristarII 3020. The
surface area was computed from the Brunauer-Em-
mett-Teller (BET) equation, and the pore size distribution
was calculated from desorption curve by the Barrette-Joy-
nere-Halenda (BJH) model.

2. 3. Electrochemical Measurement

Electrochemical properties were measured in a three
electrode system employing the Electrochemical Worksta-

tion (INTERFACE 1000, GAMRY, US) in which the NF-
Cu-MnO, was used as working electrode, saturated calo-
mel electrode (SCE) as a reference electrode and a plati-
num wire as counter electrode. Cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemi-
cal impedance spectra (EIS) were performed using work-
station in 1 mol L~! KOH electrolyte. The capacitance for-
mula is:

IAf

C,=——
e 1)

where I/m is the current density, t is the discharge time, V
is the potential window, and m is the mass of the MnO,
material.

3. Results and Discussion

3. 1. Structure and Morphology

The X-ray diffraction (XRD) patterns of the two
samples are shown in Figure. 1 to determine the phase
composition of the product , in which curve A represents
the pure MnO, sample and B represents the 0.25 mmol
Cu?*-doped MnO, sample. It can be clearly seen from
curve A that the main characteristic peaks are located at
12.9°,37.3° and 65.6° which correspond to the (001) (“!11)
and (020) planes of MnO,, respectively. These characteris-
tic peaks indicate that the sample belongs to the birnessite
8-MnO, structure. The wide and weak reflection peaks can
be seen from the XRD patterns, indicating that the struc-
ture of pure MnO, is amorphous. The XRD pattern is in
good agreement with the diffraction peaks reported in
JCPDS card no. 80-1098.** In addition, it can be clearly
seen from curve B that it also shows peaks at 26.1° and
55.9° of the plane corresponding to the (011), (0-24)
planes of CuSO, - H,O (JCPDS 21-0269). At the same
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Figl. XRD patterns of the samples.
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time, it can be seen that the peak at 011 corresponds to the
crystal structure of CuSO, - H,0O formed in amorphous
manganese dioxide. §-MnO, has a two-dimensional(2D)
layered structure, which is considered to be a convenient
structure to promote the migration of metal ions or water
molecules and to allow ions and water molecules to exist
in the inter-laminar region.*> Due to the relatively open
layered structure, Cu?* and SO,2~ are embedded in the
structure of MnQ,.

The morphologies of pure MnO, and 0.25 mmol
Cu?* doped-MnO, electrodes were investigated by scan-
ning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Figure. 2 shows the SEM and
TEM images of MnO, and 0.25 mmol Cu?*-doped MnO,
electrodes. As can be seen from Figure 2a and 2b, the syn-
thesized pure MnO, and 0.25 mmol Cu?*-doped MnO,
showed a surface morphology similar to that of a mi-
cro-flower consisting of a stack of vertically aligned thin
nanosheets. It can be seen that there is no difference be-
tween the morphology of the two samples, which may be
due to the fact that the amount of Cu?* doped is too small
to affect the morphology of MnO,. Figures 2c and 2d show
TEM images of MnO, and 0.25 mmol Cu?** doped MnO,.
As can be seen from the figure, the internal structure of the
gate of the synthetic material is that the ultrathin
nanosheets are connected to each other to form a layered
and porous 3D structure. However, compared to MnO,
(Fig. c), the internal structure of MnO, doped with Cu?*
(Fig. d) is made by more compact ultrathin nanosheets.

Figure. 3 shows the N, adsorption-desorption iso-
therms of MnO, and 0.25 mmol Cu?* doped MnO,. It can
be seen from the diagram that the isotherm can be identi-

fied as type III, which can be attributed to the slit pores
formed by the self-assembled nanocrystals. There is no
obvious narrow hysteresis ring between the two substanc-
es at relatively low pressure which also indicates that the
porous characteristics of the sample are open and the cap-
illary condensation of nitrogen has no significant delay.
However, 0.25 mmol Cu?* doped MnO, has obvious hys-
teresis loops in the region of relative high pressure (P / P,
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Fig. 3. Nitrogen adsorption-desorption isotherms of MnO, and
0.25 mmol Cu?* doped MnO, electrode

Fig. 2. SEM and TEM images of MnO, (a and c) and 0.25 mmol Cu?**-doped MnO, (b and d)
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Fig. 4. BJH pore size distribution plot from the desorption branch
of the MnO, and 0.25 mmol Cu?* doped MnO, electrode.

> 0.45). The Brunauer-Emmett-Teller (BET) surface area
of MnO, and 0.25 mmol Cu?* doped MnO, is calculated to
be 20.0 and 26.8 m? g1, so the MnO, doped with Cu?* can
exhibit better electrochemical performance due to its larg-
er surface area which can provide more electroactive sites
for electrochemical reaction.** In addition, the Barre-
te-Joynere-Halenda (BJH) method was used to further de-
termine the pore size distribution of the two samples by
desorption isotherms (Figure. 4). The pore volumes of
MnO, and 0.25 mmol Cu?* doped MnO, are 0.067 and
0.10 cm?® gL, respectively. According to the pore size dis-
tribution of the corresponding desorption branches of the
nitrogen adsorption isotherm, the average pore sizes of the
two samples are 13.4 and 14.8 nm, indicating that they are
mesoporous. Therefore, it is shown that the doping of cop-
per ions has an effect on the surface area and pore size of
MnO,, thus improving the electrochemical performance.

3. 2. Electrochemical Performance

To investigate its electrochemical performance thor-
oughly, the electrochemical behavior of pure MnO, and
Cu?*-doped MnO, solid electrodes was studied by cyclic
voltammograms (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy
(EIS). Figure 5 demonstrates the CV curves for MnO, and
Cu?*-doped MnO, with different proportions at the scan
rate of 5 mV s7! in the potential window of 0 to 0.6 V in 1
M KOH electrolyte. This figure shows that 0.25 mmol
Cu?*-doped MnO, exhibits the largest coverage area and
the highest current, which indicates its ideal pseudo-ca-
pacitance properties and rapid charging and discharge
processes. Figure. 6 shows the GCD cures of MnO, and
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Fig. 5. CV curves of the as-prepared electrodes at 5 mV s,
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Fig. 6. Galvanostatic charge-discharge curves of as-prepared elec-
trodes at a current density of 1 A g%,

Cu**-doped MnO, electrodes with current density rang-
ing from 1 to 10 A g! in the 0-0.52 V voltage window. It
shows that the electrode has the longest discharge time
when the amount of doped copper is 0.25 mmol. The spe-
cific capacitance of the corresponding MnO, electrode cal-
culated from this GCD curves is shown in Figure. 7. The
results show that the specific capacitance of the electrodes
by pure MnO, and Cu**-doped MnO, with different cop-
per contents are 335.6, 433.5, 636.3, 431.9 and 243.7 F g}
at current density of 1 A g7, respectively.
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Fig. 7. Capacitance comparison curve of MnO, electrode doped
with Cu?* with different copper proportions.

Figure. 8 shows the CV curves of 0.25 mmol Cu?*-
doped MnO, at the scan rate of 5 mV s! at a potential
window of 0 to 0.6 V. It can be seen that the MnO, with
0.25 mmol Cu?* has regular and symmetrical shape, which
proves that it has the typical pseudo-capacitance proper-
ties in the process of rapid charging and discharging.
When the scanning rate is increased from 5 mV s~! to 100
mV s7, the specific capacitance tends to decrease gradual-
ly. The CV curve is nearly symmetrical in the voltage win-
dow from 0 to 0.6 V without noticeable deflection, indicat-
ing its desirable reversibility and stability. This proportion-
ality corresponds to the behavior of ideal capacitors.*®
Figure. 9 shows the GCD process of 0.25 mmol Cu?'-
doped MnO, electrodes. As the current density increases,
the discharge time decreases, so the capacitance becomes
smaller. Moreover, when the current density is 1A g™, the
capacitance of 0.25 mmol Cu?**-doped MnO, electrode is
636.3 F g7!, which is nearly twice as high as that of pure
MnO, (335.6 F g! at the current density of 1 A g™!). The
almost symmetrical charge / discharge curves further con-
firm the ideal charge-discharge characteristics and excel-
lent reversibility, which is in good agreement with the CV
curves. The charge-discharge curve deviates from the
straight line obviously, especially the curves obtained at
low currents, indicating the pseudo-capacitance behavior
of the composite material. When the current density is
low, the ions have enough time to penetrate and enter the
interior. However, under the condition of high current
density, due to the rapid charge / discharge time, the inter-
nal components cannot be used effectively, resulting in
weaker electrochemical performance.*® In order to further
understand the transport kinetics of electrochemical be-

havior, the EIS spectra of MnO, and 0.25 mmol Cu?*-
doped MnO, electrode shown in Figure. 10 were obtained
at open circuit potential in the frequency range from 0.01
Hz to 100 kHz. Typically, R (the composite resistance of
electrolyte resistance, inherent resistance of substrate and
contact resistance at active material / collector interface)
can be obtained from the point where high frequency
semicircle intersects crosses real resistance axis. And the
Warburg impedances can be obtained from the slope of
the diagram near the straight line in the low frequency re-
gion, and the larger the slope is, the smaller the resistance
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Fig. 8. CV curves of 0.25 mmol Cu?*-doped MnO, electrode at var-
ious scan rates.
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Fig. 9. Charge-discharge curves of the 0.25 mmol Cu**-doped
MnO, electrode at different current density.
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Fig. 10. Nyquist plots of the as-prepared electrodes.

is.748 As shown in figure 10, the intersection point be-
tween Cu?*-doped MnO, electrode and point axis is small-
er than that of MnO,, so the R of Cu?*-doped MnO, is
lower than that of MnO,. In addition, the slope of Cu?*-
MnO, electrode is larger than that of MnO, electrode, so
the Weinberg impedance is smaller. Since the electrolyte
solution resistance of the two electrodes and the intrinsic
resistance of NF should be the same, it can be concluded
that the doping of Cu?* reduces the R, and Weinberg im-
pedance of the MnO, electrode and decreases the contact
resistance between the MnO, / NF interfaces.
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Fig. 11. Cycling stability of the 0.25 mmol Cu?**-doped MnO, elec-
trodesat5 A g™l

In order to further demonstrate the superior perfor-
mance of the as-synthesized 0.25 mmol copper doped
MnO, electrode, as shown in Figure. 11, the long-term sta-
bility test of the 1500 cycles at the current density of 5A g™
was carried out. From figure 11, it can be seen that the ca-
pacitance retention ratio of 1 to 500 cycles increases as the
capacitance increases with the number of cycles. This is
because the Cu?*-doped MnO, is in an activated state
during this process, and the activity gradually increases.
After 500 cycles, the capacitance began to decrease slowly.
Yet, even after 1500 cycles, the capacitance was still very
good, showing a capacitance retention rate of 105.01%
compared with the initial capacitance (100%) showing a
good cycle stability.

4. Conclusions

In this work, Cu**-doped MnQO, were synthesized
by hydrothermal method and the optimum doping
amount of Cu?* was investigated. The results of XRD,
SEM, TEM, BET test showed that the prepared samples’
structure, morphology and pore distributions. The exper-
imental results show that the 0.25 mmol Cu?*-doped
MnO, sample is expected to provide higher specific ca-
pacitance (636.3 F g! at 1 A g™! current density) com-
pared with pure §-MnO, (335.6 F g™! at the current densi-
ty of 1 A g7!) and long-term cyclic stability (105.01% ca-
pacitance retention after 1500 cycles at current density of
5 A g!). The EIS proved the lower resistance characteris-
tics of the prepared electrodes. All the results show that
the doping of Cu?* has great influence on the improve-
ment of MnO, electrochemical performance. The results
are expected to pave the way for the development of low-
cost and high-performance supercapacitors and other en-
ergy storage devices.
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Povzetek

S prilagajanjem mnozine dodanega Cu(NO;), - 3H,O smo s preprostim hidrotermalnim sinteznim postopkom sin-
tetizirali birnesite §-MnO, dopiran z Cu?*. Strukturo, morfologijo in specifi¢no povrsino smo dolo¢ili z naslednjimi
metodami: rentgensko praskovno difrakcijo (XRD), vrsti¢no elektronsko mikroskopijo (SEM), presevno elektronsko
mikroskopijo (TEM) in meritvami specifiéne povr$ine (BET). Nadaljnje $tudije so pokazale, da naj bi se pri vzorcu
MnO,, dopiranim z 0,25 mmol Cu?*, zvidala specifi¢na kapacitivnost (636,3 F g! pri gostoti toka 1 A g™!) v primerjavi
s Cistim 8-MnO, (335,6 F g™! pri gostoti toka 1 A g!) in dolgoro¢no cikli¢no stabilnost (105,01 % zadrZzevanje kapaci-
tivnosti po 1500 ciklih pri gostoti toka 5 A g™1). Z elektrokemijsko impedanéno spektroskopijo (EIS) smo doloili nizke
upornosti pripravljenih vzorcev. Vsi rezultati kaZejo, da je MnO, material, dopiran z bakrom mogoce pripraviti z razmer-
oma nizkimi stroski. Material pa ima tudi odli¢ne elektrokemijski lastnosti in posledi¢no velik potencial v prihodnjem
razvoju energetike.
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