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ABSTRACT: Pristine and transition-metal-doped Mn;0, nano-
crystals shaped in octahedrons have been synthesized by
hydrothermal reduction of potassium permanganate and charac-
terized by SEM/TEM, X-ray diffraction, X-ray photoelectron
spectroscopy, and electrochemical experiments. The results reveal
that a multistep reduction process is taking place, and the
introduction of doping ions causes a direct synthesis of single-
phase Mn;O, nanocrystals. To assess the properties of Mn;O,
nanocrystals for their use in supercapacitors, cyclic voltammetry
and galvanostatic charging—discharging measurements are
performed. The phase stability during cycling and charge-transfer
behavior are greatly improved by doping with transition metal,
and Cr-doped Mn;O, nanocrystals exhibit a maximum specific
capacitance of 272 F g™ at a current density of 0.5 A g~'. These
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doped Mn;0, nanocrystals could be a promising candidate material for high-capacity, low-cost, and environmentally friendly
electrodes for supercapacitors. In addition, these results have verified the ability of doping to improve capacitive performances of

spinel-structured transition-metal oxides.
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1. INTRODUCTION

Supercapacitors (SCs) represent a new type of energy storage
device that have the advantages of high power density,
environmental friendliness, high safety, and convenient
operation over a wide temperature range, and they show
tremendous flexibility in complementing lithium-ion batteries.
On the basis of their energy storage mechanism, SCs can be
categorized into electric double-layer capacitors (EDLCs) and
pseudocapacitors." For EDLCs, the energy storage is based on
the adsorption of ions and the orientation of polar solvent
molecules or ions at the electrode/electrolyte interfaces in
which the accumulation of electrons at the electrode is a
nonfaradaic process. The EDLCs using porous carbon materials
have an excellent cyclic stability and a long service lifetime.
However, their capacitance (typically in the range of 75—175 F
g™') is restricted by the specific surface area and the pore-size
distribution.” Hence, most current research work on SCs has
been focused on pseudocapacitors to improve their energy
density and make them comparable to Li batteries.
Pseudocapacitance is originated from the fast and reversible
faradaic reaction of the electrode material with the electrolyte.
The electrons produced by the faradaic reaction are transferred
across the electrolyte/electrode interface, resulting in current
passing through the cell. Because of the high theoretical
capacitance of ~1370 F g!, Mn-based oxide has been one of
the most promising electrode materials for SCs. For MnO,, the
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piling up of [MnOg] octahedral enables the building of 1D
tunnel structures and layers of various sizes. Generally, MnO,
electrodes with a larger tunnel favored the storage of alkaline
cations (e.g, Na*, K%, and Li") and exhibited higher
capacitance.” > Ghodbane et al. demonstrated the structure-
dependent charge storage mechanisms of Mn oxides.®
However, because of the structural complexity of Mn(IV)
oxides, the relationships between microstructures and electro-
chemical performances are sometimes conflicting. On the other
hand, the mixed-valent Mn oxides also show high specific
capacitance, which is a good candidate for electrode material
toward SCs.” Mixed-valent spinel Mn;O, has attracted
significant interest because of its potential applications in
catalysis, rechargeable lithium-ion batteries, molecular adsorp-
tion, and gas sensing. In particular, the tunable capacitive
behavior of Mn;0, nanostructures have been investigated.® '
Nevertheless, the poor electrical intrinsic conductivity of
Mn;0, materials also severely affects their capacity. The
fabrication of a graphene—metal oxide hybrid nanostructure is a
facile way to promote the rate performance of electrode
materials with low conductivity."' ™'® Unfortunately, it did not
demonstrate a large rise in its capacity value at a low charge—
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discharge current density. Mn oxides with high capacity are still
needed to maximize the electrochemical performance of a
competitive supercapacitor.

To maximize Mn oxide for electrochemical utilization, a
series of alkali metal-ion intercalation-layered Mn compounds
were synthesized to improve the diffusion performance of
electrotype ions in an electrode’s solid phase.”'® The
enhancement in electrochemical activity indicated an effective
preintercalation effect. However, for a spinel-structure com-

ound, it is still unclear if the preintercalation effect will
work.'”*® Doping with transition-metal ions is another
frequently employed method to modify the properties of
functional materials. Because of the confinement of electronic
states and the tendency to occupy the sites in the crystalline
structure, doping Mn-based nanostructures may be inducing
new phenomena not found in bulk materials. For instance,
cationic doping using 3d transition metals have been adopted
to stabilize the spinel LiNiysMn, O, structure and eliminate
the impurity phase.”’ Also, doping is a powerful way to enhance
the intrinsic conductivity of Mn oxide as well as to improve the
capacitive performance of Mn oxides electrodes.”” However,
few reports have been published regarding transition-metal
doping into Mn;0,. In this work, we propose a hydrothermal
approach to incorporate a 3d transition metal into Mn;O,
nanocrystals. The effects of metal doping on crystal growth,
morphology, and electrochemical properties of Mn;O, nano-
crystals are investigated. The results provide clear evidence that
metal doping can promote the formation of single-phase
Mn;0, by preventing the presence of the MnOOH phase and
effectively improve the capacitive performance, which may be
provide new insights into establishing a doping model in SCs.

2. EXPERIMENTAL METHODS

All of the reagents were of analytical grade and used as received
without any further purification.

2.1. Synthesis. In a typical synthetic procedure to obtain doped
Mn;0, nanocrystals, 2.4 mmol of KMnO, was dissolved in 20 mL of
deionized water at room temperature. Then, 0.46 mmol of glucose, a
nontoxic and mild reducing agent, was gradually added into the
solution while stirring vigorously. The resultant brown suspension was
stirred for 10 min. The doping metal (Cr*, Co*, Ni*', and Cu*")
sulfates were introduced into the solution, with a molar ratio of doping
metal to Mn of 0.05. The mixture was stirred for another 30 min and
then transferred into a 25 mL capacity Teflon-lined autoclave and
maintained at 200 °C for 2 h. After the hydrothermal process, the
autoclave was allowed to cool naturally. The resulting solid product
was filtered, washed with distilled water and absolute ethanol, and
finally dried at 60 °C for 6 h.

2.2. Characterization. The structural phases of the products were
measured by powder X-ray diffraction (XRD) experiments on a
RigaKu D/max-RB diffractometer with Cu Ko radiation. A scanning
electron microscopy system (SEM, S-3400N, Hitachi) was used to
observe the morphology of the doped Mn;O, nanocrystals. A
transmission electron microscopy system (TEM, JEM-2010, JEOL)
with a 200 kV acceleration voltage was used to obtain the structural
information of the products. X-ray photoelectron spectroscopy (XPS,
Axis Ultra, Kratos) was used to establish the valence states of Mn in
the products. To correct for possible charging of the materials by the
X-ray irradiation, the binding energy was calibrated using the C 1s
(284.8 V) spectrum for the hydrocarbon that remained in the XPS
analysis chamber as a contaminant.

2.3. Electrode Preparation and Electrochemical Experiment.
To fabricate working electrodes, the prepared Mn oxide material (75
wt %), acetylene black (20 wt %), and poly(vinylidene) fluoride binder
(5 wt %) were mixed. A homogeneous slurry of the above mixture was
made using N-methyl-2-pyrrolidone as a solvent. The slurry was
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subsequently brush-coated onto Ni mesh. The mesh was dried at 60
°C in air for 8 h for the removal of the solvent. Each composite
electrode contained 0.3 mg of electro-active material and had a
geometric surface area of about 1 cm”. A typical three-electrode glass
cell equipped with a working electrode, a platinum foil counter
electrode, and a Ag/AgCl reference electrode was used for
electrochemical measurements. Cyclic voltammetry (CV) and
galvanostatic charge—discharge measurements were performed using
an electrochemical workstation (CHI660D, Shanghai, China) ina 1 M
Na,SO, aqueous solution. Electrochemical impedance spectroscopy
(EIS) was conducted by sweeping frequencies from 1 mHz to 100
kHz. The measured impendence data were analyzed using the
ZSimpWin program. Before the electrochemical tests, the working
electrodes were aged for 12 h to ensure good soakage of the active
material in the electrolyte.

3. RESULTS AND DISCUSSION

A complete understanding of the formation of Mn;O,
nanocrystals without any dopant is necessary to know the
determinant influences of the reductant on the crystalline
structure of manganese oxide. The XRD patterns of the
reduced products of KMnO, by glucose are shown in Figure 1.
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Figure 1. XRD patterns of the reduced products of KMnO, by
glucose. Precipitate prepared at room temperature (a) and hydro-
thermal products obtained at 140 °C for 2 h (b), 140 °C for 24 h (¢),
200 °C for 2 h (d), and 200 °C for 24 h (e).

The precipitate prepared at room temperature shows an
amorphous Mn oxide having peaks indexing to an a-MnO,
structure, suggesting a fast redox reaction between KMnO, and
glucose at room temperature (Figure 1a). There is an increase
in crystallinity with respect to the increase of the hydrothermal
dwell time, as evidenced by the appearance of sharp peaks. At
140 °C for 2 h, the two phases of MnOOH (JCPDS 41-1379)
and Mn;0, (JCPDS 80-0382) have both been confirmed in the
XRD patterns with the main phase of MnOOH (Figure 1b). An
elongated reaction time of 24 h at 140 °C leads to the
formation of the pure Mn;O, phase, as shown in Figure 1c. The
possible process may be a multistep reduction reaction. That is,
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Mn*" or MnOOH is formed first by reduction of MnO, under
hydrothermal conditions. Glucose is a hydroxyl-enriched
molecule, and plenty of —OH groups would be available to
facilitate the formation of MnOOH and prevent the trans-
formation of MnOOH to Mn,0;. Next, Mn?* is partially
formed by further reduction, and Mn;0, is achieved. This
reaction is accelerated at relatively high temperatures. When the
temperature is raised to 200 °C, the mixture of MnOOH and
Mn;0, is still achieved after 2 h of the hydrothermal reaction,
whereas the main phase changes to Mn;0, (Figure 1d). Hence,
the single-phase nature of resultant manganese oxides
(MnOOH or Mn;0,) is effectively controlled by tuning the
reaction time and temperature in a hydrothermal route.
However, an extension of the reaction time to 24 h at 200
°C leads to the formation of the MnCOj structure as a main
phase (Figure le). The generation of MnCOj is mainly due to
the deep oxidation of glucose by KMnO,.

Under the hydrothermal environment, the formation of
single-crystalline Mn;O, is favored with the coexistence of
Mn?* and Mn?* in the solution. By ionic replacement, a direct
synthesis of single-phase Mn;O, may occur with the
introduction of doping ions into the precursor solution. The
XRD patterns of the doped Mn;O,, synthesized at 200 °C for 2
h are shown in Figure 2. The patterns of four doped samples fit
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Figure 2. XRD patterns of the doped Mn;0, synthesized at 200 °C for
2 h.

basically to the spinel Mn;O, structure, and the phases of
doped metal oxide are not detected, indicating the effectiveness
of doping in eliminating the MnOOH phase. A comparison of
the XRD patterns of pristine and doped Mn;O, samples shows
the shifts of the peak position toward higher 26 angles for Co-,
Ni-, and Cu-doped Mn;O,, and the shift toward a lower angle
for Cr-doped Mn;0,, indicating the variation in the unit-cell
volume expected from the substitution of the dopant ions for
Mn ions in the Mn;O, host (Supporting Information Figure
S1). Hence, it is rational to assume that two types of effective
lattice substitution of Mn ions by doping ions might be taking
place depending on the matching of the oxidation state. The
possible substitution of metal ions Co**, Ni**, and Cu*" for
Mn?*" in the tetrahedral sites is primarily due to the comparable
ionic radii of Mn** (0.80 A), Co** (0.74 A), Ni** (0.69 A), and
Cu®* (0.73 A). A lattice substitution of Mn>" in the octahedral
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sites by Cr’* and a slight increase in cell volume are also
expected because the ionic radii of Cr** (0.61 A) is close to that
of Mn®* (0.58 A). The additional peaks at 26 of about 31.4° for
Co-, Ni-, and Cu-doped samples are due to diffraction from the
(104) plane of MnCO; (JCPDS 44-1472). For the Cr-doped
sample, only the pure Mn;O, phase is observed.

The XPS analysis is carried out to confirm the valence states
of the Mn and dopants in the pristine and doped Mn;0,
samples. As shown in Figure 3, the characteristic binding energy
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Figure 3. Mn 2p electron XPS spectra and its fitting curves for pristine
and doped Mn;0O, product.

of unfitted Mn 2p;,, peak for pristine Mn;0, is 641.3 eV. This
is in agreement with the data reported in previous work (with
the Mn 2p;, peak situated at 641.3—641.5 eV).>>"*” The
binding energies of Mn 2p;,, have a ~0.2 eV increase after Co
doping and a ~0.4 eV increase after Cr or Ni doping. Such a
shift in binding energy, which is probably due to electron
transfer between Mn;O, and the dopants, suggests a strong
interaction and competitive effect. Mn;O, is a mixed valence
oxide containing both Mn(II) and Mn(III) ions. Hence, the
XPS spectrum of Mn;O, has a larger doublet separation of the
Mn 2p,/, and Mn 2p;,, spin orbit levels compared to the
simple oxides because there is a weak interaction between the
different ion sites. In this work, an energy separation of 11.9 eV
between the Mn 2p,/, and Mn 2p,,, peaks can be found for
pristine and doped Mn;O, nanocrystals. To obtain further
information about the actual metal oxidation state in the
products, the XPS peaks were fitted using Gaussian functions to
achieve the relative intensities of the component. The Mn 2p;,
peaks can be fitted by three Gaussian functions. Two
components of peak are centered at 640.8 and 642.2 eV,
suggesting that the valence of the Mn ions is +2 and +3,
respectively. However, the identification of various Mn ionic
species present in the sample and the ability to obtain a
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Figure 4. XPS spectra of Cr 2p, Co 2p, Ni 2p, and Cu 2p for each doped Mn;0, product.

Figure 5. SEM images of the reduced products. Precipitate prepared at room temperature (a), pristine Mn;0, (b), Cr-doped Mn;0, (c), Co-doped
Mn;0, (d), Ni-doped Mn;0, (e), and Cu-doped Mn;0, (f). The scale bar is 200 nm.

consistent oxide composition is still difficult because of the
similar binding energy of the Mn 2p;/, peak components for
Mn in the different oxidation states. The fitting line featured at
644.8 eV is the satellite peak of the Mn(Il) 2p;,, peak, which
relates to the presence of the Mn(II) species. In fact, utilizing
the XPS intensity ratio of the Mn 2p;/, satellite to the main
peak (abbreviated as the c value in this work) may reveal the
valence change of Mn. For pristine Mn;0,, the ¢ value equals
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about 0.32, which is characteristic of Mn;O,. The ¢ values for
doped Mn;0, have respective changes. For Cr- and Ni-doped
Mn;0,, the ¢ values increase to about 0.35, revealing the high
level of Mn(1II) after doping. For Co-doped Mn;0,, the ¢ value
equals about 0.33, also indicating a slight content increase of
Mn(II). Cu-doped Mn;0, has the minimum ¢ value (~0.29),
suggesting a partial charge redistribution from Mn*" to Mn**
and the increasing average oxidation state of the Mn.

dx.doi.org/10.1021/am402257y | ACS Appl. Mater. Interfaces 2013, 5, 9508—9516
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Figure 6. TEM and HRTEM images of pristine (a), Cr-doped (b), Co-doped (c), Ni-doped (d), and Cu-doped (e) Mn;0, nanocrystals. The insets

show the SAED patterns.
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Figure 7. Electrochemical properties of pristine Mn3;O, nanocrystals. CV curves (a) and charge—discharge curves (b).

Figure 4 shows the binding energies of the doping metal 2p
core levels. In the Cr region, two characteristic peaks for Cr
2p3, and Cr 2p,, at 576.9 and 586.7 eV are observed, and
there is an energy separation of 9.6 eV between the Cr 2p,/,
and 2ps, peaks, which is characteristic of Cr’* having the d*
conﬁguration.28 In the Co region, the observed binding
energies of cobalt 2p;,, and 2p,/, are 780.6 and 796.1 eV,
respectively. However, the distinction between the oxidation
states among many Co compounds is vague because the
chemical shift of the main peaks of Co 2p electrons for Co**
and Co’" is not sufficiently obvious. The supposed binding
energies of Co 2p;,, are 780.4 + 0.2 eV for CoO and 780.0 +
0.2 eV for Co;0,. Nevertheless, the identical satellite structures
apart from the main peaks and the Co 2p;/,,—2p,/, spin—orbit
splitting of 15.5 €V are evidence of Co*" existence.””>' In the
Ni region, two major components at 855.3 and 873.0 eV are
attributed to Ni 2p;,, and Ni 2p;/,, and each of them has a
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satellite. The Ni 2p;/, spectra are fitted to two components.
The signal at 854.8 eV assigned to Ni*' ion is the main
component of the Ni 2p;,, peak. The peak at 856 eV is
assigned to Ni*" cations. The “shake up” satellite peak centered
at 862 eV might be due to both types of Ni.>* In the Cu region,
the board peaks for Cu 2p;,, and Cu 2p, /, locate at 933.7 and
953 eV, respectively. A satellite peak at about 944 eV is
observed, which is characteristic of a d’ configuration of Cu*" in
the ground state. Hence, the oxidation states of transition-metal
ions are still held after doping into Mn3;0, nanocrystals except
for the Ni ion in which a partial oxidation arises.

Figure S shows the morphologies of the obtained Mn oxides.
By mixing KMnO, and glucose at room temperature, Mn oxide
particles with sizes of 20—40 nm are homogeneously formed
(Figure Sa). After hydrothermal treatment at 200 °C, the
pristine and doped Mn;O, nanocrystals of tens of nanometers
in size are clearly found in Figure Sb—f. To investigate further

dx.doi.org/10.1021/am402257y | ACS Appl. Mater. Interfaces 2013, 5, 9508—9516
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the microstructure of the as-prepared nanocrystals, TEM
imaging analysis was employed, as shown in Figure 6 and
Supporting Information Figure S2. Pristine Mn;0, nanocrystals
are mostly faceted with an octahedral morphology, and the
sizes range between SO and 100 nm (Figure 6a). Octahedrons
should be the thermodynamic equilibrium shapes of Mn;0,,
which are determined by the surface energies of all of the facets
and the intrinsic structure.***> By doping with transition-metal
ions, the Mn;0, nanocrystals are changing in size, but they still
keep an octahedron shape (Figure 6b—e). A decrease in the
average rhombic length for Co- and Cu-doped nanocrystals and
a slight increase for Cr- and Ni-doped nanocrystals are
observed. There are a small amount of amorphous impurities
in the Cr- and Ni-doped nanocrystals, which results in the
partially covered and/or rude surface. In addition, two kinds of
nano-octahedrons, regular octahedrons, and truncated octahe-
drons with small rectangular facets at the vertices are formed.
Interestingly, the proportion of truncated octahedrons increases
by doping with Co and Cu ions. For all five kinds of
nanocrystals, the similar SAED patterns suggests the same
growth behavior. The interplanar spacing of 0.49 and 0.47 nm
in the HRTEM images corresponds to the interplane spacing of
the (101) and (200) planes of Mn;O,, respectively. The EDX
results of the doped nanocrystals indicate the existence of
doping element in the samples (Supporting Information Figure
$3).

The pristine and doped Mn;O, nanocrystals were inves-
tigated as supercapacitor electrodes using cyclic voltammetry
(CV) in a 1 M Na,SO, aqueous solution with a three-electrode
system. Representative CV curves of pristine Mn;O, nano-
crystals electrode over a range of scan rates from 10 to 200 mV
s' are shown in Figure 7a. The CV curves exhibit nearly
symmetrical shapes at a low scan rate, revealing the kinetic
reversibility of the redox process as well as the ideal capacitive
behaviors. The galvanostatic charge—discharge measurements
were carried out in a 1 M Na,SO, electrolyte between 0.0 and
1.0 V at various current densities. Figure 7b shows the charge—
discharge curves of pristine Mn;O, electrodes. The sloped
variation of the charge—discharge curves confirms the
pseudocapacitance nature resulting from the redox reaction.
However, the IR drop can be found, which is due to the
electrical resistance of the Mn;O, and the electrolyte diffusion
limitations. The specific capacitances of the electrode can be
estimated from the discharge curves according to the equation:
C = IAt/mAV, where C (F g™') is the specific capacitance, I (A
g”') is the constant discharging current, At (s) is the
discharging time, m (g) is the mass of the active material in
the working electrode, and AV (V) is the potential window.
The calculated specific capacitance values of the pristine Mn;0,,
electrode are 202, 164, 123, 77, 55, and 46 F g_1 at current
densities of 0.5, 1, 2, S, 10, and 20 A g_l, respectively.

The CV curves of the doped Mn;0, nanocrystal electrodes
are shown in Figure 8. At a low scan rate (10 mV s™'), the CV
curves for all electrodes remain symmetrical quasi-rectangular
shapes, which also reveals the kinetic reversibility of the redox
process as well as the ideal capacitive behaviors. The redox
peaks induced by the dopants are hardly found. We can
estimate the capacitive behaviors of the Mn;O, electrode by
counting the integral charge during the anodic and cathodic
scan. Cu- and Ni-doped Mn;O, electrodes exhibit the
minimum capacitance, and Cr-doped Mn;0, electrodes exhibit
the maximum capacitance. The large Cr- and Ni-doped Mn;0,
nanocrystals have different capacitive performances, suggesting
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Figure 8. Representative CV curves of doped Mn;O, nanocrystals at a
scan rate of 10 mV s™".

the enhancement in the capacitive performance is mainly due to
the type of dopant and is not related to the size effect in the
active electrode material. The individual CV results of doped
Mn;0, electrodes at various scan rates are shown in Figure S4
(Supporting Information).

The charge—discharge behaviors of the doped Mn;O,
electrode are also tested. A decrease of specific capacitance
with increasing current densities can be seen in Figure 9. The
higher specific capacitance at low current density is due to the
sufficient transfer time for ions between the electrolyte and the
electrode. In addition, for Cr-doped Mn;O,, the situation of the
IR drop is improved, which guarantees a better capacitive
performance. The specific capacitance values obtained from
discharge curves are 272, 209, 184, and 134 F g_1 for Cr-, Co-,
Ni-, and Cu-doped Mn;0O, electrodes at a current density of 0.5
A g7 The detailed specific capacitances at various current
densities are shown in Figure SS (Supporting Information).

To understand better the possible change of the Mn;O,
electrodes before and after doping, electrochemical impedance
spectroscopy (EIS) measurements were performed in the same
set up as the CV and galvanostatic tests. The Nyquist plots
extracted from the EIS of pristine and doped Mn;0, electrodes
are shown in Figure 10. In the high-frequency region, the
considerably distorted segments with a short length suggest
rapid ion transport within the electrode because of its enhanced
conductivity by the Ni mesh substrate. In the low-frequency
region, the Mn;O, electrodes exhibit a nearly linear branch,
indicating a decreased diffusion resistance of the electrolyte
ions in the electrode, as expected for a capacitor. The EIS data
can be fitted by an equivalent circuit illustrated in the inset of
Figure 10.>**> The elements in the equivalent circuit include
the solution resistance (R,), the double-layer capacitance (Cy),
the charge-transfer resistance (R.), the Warburg diffusion
element (W,), and the pseudocapacitance element (Cgeuq)-
The data of R; and R, obtained from the Nyquist plots are
listed in Table 1. These results demonstrate the reduced
charge-transfer resistance of the Cr-doped Mn;0O, electrode. In
addition, the long tail at low frequencies of the Cr-doped
Mn;0, is closer to a vertical line, also indicating that the Cr-
doped Mn;0, has high capacitance and low resistance.

The cycle life performances are of great importance for
supercapacitors. The cycling test of the Cr-doped Mn;0O,
electrode was carried out at 1 A g~ for 1000 cycles. For
comparison, the cycle performance of the pristine Mn;O,
electrode was also evaluated. The specific capacitances as a
function of the cycle numbers are presented in Figure 11. The

dx.doi.org/10.1021/am402257y | ACS Appl. Mater. Interfaces 2013, 5, 9508—9516
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Table 1. Summary of the Impedance Curve Fitting Results of
the Mn;0, Electrodes

R (@) Ry (@)
Mn,0, 2.507 7.842
Cr-doped Mn;0, 2.401 6.079
Co-doped Mn;0, 2.408 7.038
Ni-doped Mn,O, 2.494 7.792
Cu-doped Mn;0, 2.457 8.153

results showed pristine and Cr-doped Mn;O, nanocrystals
having different cyclic behaviors. For pristine Mn;O, nano-
crystals, the specific capacitance increased continuously during
the first 50 cycles. However, the degradation in specific
capacitance started around 150 cycles. About a 70% capacitance
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Figure 11. Variations in the capacitance retention of pristine and
doped Mn;0Oy electrodes as a function of the cycle number.

retention compared to the maximum capacitance was observed
until 1000 cycles. Meanwhile, for the Cr-doped Mn;0,
nanocrystals, during the first 10 cycles, the specific capacitance
increased slightly due to the activation effect and was almost
maintained at the same value over the following cycles,
suggesting an almost 100% capacitance retention and a good
long-term electrochemical stability.

For Mn oxide-based supercapacitors, the general charge-
storage mechanism have been proposed as an adsorption/
desorption (a/d) process at the electrode surface and/or an
insertion/extraction (i/e) process in the electrode bulk. The a/
d process takes place on the compounds with a high surface
area, whereas the i/e process occurs mostly on crystalline Mn
oxide compounds. Because of the high degree of crystallinity of
the Mn;0, nanocrystals, the i/e process and the strong bulk
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Figure 12. CV curves after the Sth and 300th cycles at a scan rate of 0.5 mV s~ for pristine and Co-doped Mn;0, electrodes.

interaction is expected. However, the capacitive behavior of
Mn;0, is regarded as the activation effect of electrochemical
cycling. According to previous work, the increased capacitance
of Mn;O, nanostructures and a structural transformation of
spinel Mn;0, to layered birnessite or stable Mn oxy-hydroxides
gradually occurred with the increasing number of the potential
cycling in which a pair of redox peaks for the kinetic
irreversibility of the redox process are visible in the initial CV
curves.**~® However, the redox peaks are restricted in the CV
curves of the Mn;O,-graphene composite electrode, which may
due to the fast electron transfer to promote the faradaic
process.39 In the present work, the redox peaks were found to
be significant in the CV curves for pristine Mn;O, at low scan
rates, and the CV curve showed a significant alteration in shape
after cycling 300 times (Figure 12a). However, for doped
Mn;0, nanocrystals, the weak redox peaks were insignificant,
and the CV curve kept its shape after 300 cycles (Figure 12b).
To confirm further the evolution of the Mn oxidation state,
Mn;0, nanocrystals before and after cycles were studied by
XPS (Supporting Information Figure S6). The binding energy
of Mn is significantly different for the two samples. The peak
position of Mn 2p;,, for Cr-doped sample is still located at
641.7 eV. Meanwhile, the slight peak shift to the higher binding
energy (from 641.3 to 642.0 eV) occurs for the pristine sample,
suggesting the formation of Mn oxide with higher oxidation
state.

Further insights into the evolution occurring in the
electrodes can be achieved by EIS patterns (Supporting
Information Figure S7). As shown in Figure S7a, the general
characteristics of the Nyquist plots for Cr-doped Mn;0,
electrode are almost similar before and after cycling. However,
for the pristine Mn;O, electrode, the Nyquist plots change
obviously at a moderate frequency (Figure S7b). Such change
also confirms a structural transformation in the bulk of the
electrode because the ac signal can penetrate into the interior of
the electrode at a moderate frequency (250—0.1 Hz). Bode
plots provide more information about the structural trans-
formation (Figure S7c,d). For the pristine Mn;0, electrode, a
dramatic splitting of the impedance occurs at a moderate
frequency, whereas the phase angle shifts to a lower frequency.
Meanwhile, a stable situation is expected for the doped Mn;0,
electrode, suggesting that the phase stability is greatly improved
by doping with transition metal, which could be conducive to
the practical use of Mn;O, in supercapacitors.

Herein, several transition-metal ions, including Cr, Co, Ni,
and Cu, were adopted as dopants. Actually, Ni and Co oxides
are proved conclusively to be excellent electrode materials for
electrochemical supercapacitors.**~* At present, Ni and Co
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oxides, including their Ni—Co—O composites, were extensively
reported to show excellent pseudocapacitive properties that
excel over Mn oxides. However, Ni and Co oxides have a
narrower operation potential window of approximately 0.5 V.
Many research works demonstrated the fabrication of oxide
composite electrodes containing a Mn and Ni/Co compo-
nent.**”>> Fan et al. reported a synergistic effect using 3D
tubular arrays of MnO,—NiO nanoflakes and hybrid structures
of Co;0, nanowire@MnO, ultrathin nanosheet core/shell
arrays as high-rate supercapacitors electrodes.”">> However,
such a synergistic effect in the capacitive performance is
insignificant for Co-doped Mn;O, even though nanocrystals
with a smaller size are achieved, and it is negative for Ni-doped
Mn;0,. Therefore, the interaction between Mn;O, and
dopants or the doping effect on the Mn;O, nanostructures
should play a significant role in the improvement of the
electrochemical performance. In the present work, each
component of the doped Mn;O, nanocrystals electrode is
functional: Mn;O, nanocrystals enable the strong bulk
interaction within the electrode and provide the main
pseudocapacitance and the dopants act in the key role of
tuning the phase stability during cycling, facilitating rapid
charge transfer and increasing the electrochemical utilization of
Mn;0, nanocrystals. These features facilitate the i/e process
and electron transport in the electrode, resulting in an
enhanced capacitance of doped Mn;0,.

4. CONCLUSIONS

The Mn;0, nanocrystals shaped as octahedrons with different
sizes are achieved by doping with different transition-metal
ions. The phase stability during cycling and the charge-transfer
resistance of Mn3;0O, nanocrystals are obviously improved by Cr
doping. The obtained Cr-doped Mn;O, nanocrystals possess a
high specific capacitance and excellent cycling stability
compared to pristine Mn;O,, suggesting a doping effect for
the growth and electrochemical performance of mixed-valent
Mn oxides. The results in this study may be applied to many
mixed-valent oxide materials to improve their electrochemical
capacitance by the doping with transition metals. Therefore,
this study may provide a new way to improve the capacitive
properties of transition-metal oxides for high-performance
supercapacitors and batteries.
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Enlarged XRD patterns, TEM images, EDX spectra, and CV
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