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Abstract

Fe-doped NiMnO; nanosheet electrode material was successfully synthesized by convenient and efficient microwave-assisted
hydrothermal method. The crystal structure, chemical composition, morphology, and specific surface area of the electrode
material were analyzed by X-ray diffraction, Fourier transform infrared, X-ray photoelectron spectroscopy, scanning electron
microscopy, transmission electron microscopy, and Brunner—Emmet—Teller testing. Results showed that Fe doping changed not
only the crystal structure but also the morphology of the NiMnO; nanosheet electrode material. Moreover, the electrode material
exhibited a high specific surface area and outstanding conductivity. Electrochemical performance was analyzed by cyclic
voltammetry, galvanostatic charge—discharge, and electrochemical impedance spectroscopy. The outcome of these experiments
demonstrated that the Fe-doped NiMnOj electrode material exhibited optimum electrochemical performance when the mass ratio
was 15 wt%. The specific capacitance reached 732.7 F g ' at a current density of 1 A g™', and capacitance retention was
approximately 78.3% after 10,000 cycles at 3 A g '. The Fe-doped NiMnOj; electrode material is thus a promising next-

generation supercapacitor material because of its high specific capacitance and long cycle life.
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Introduction

Owing to the increasing demand for energy and high utiliza-
tion of nonrenewable resources, finding new energy sources
and energy storage devices has become essential [1, 2]. Some
novel energy storage devices, such as Li-ion batteries, and
supercapacitors have emerged [3, 4]. Supercapacitors, known
as electrochemical capacitors, have attracted considerable in-
terest because of their long cycle lives, high power densities,
and fast charging—discharging rates [5—7]. However, their low
energy densities remain a major obstacle. According to the

calculation formula for energy density (E=%2 ), energy den-
sity (E) can be enhanced by two strategies [8]. Some re-
searchers focused on electrolytes or assembled an asymmetri-
cal supercapacitor device to enlarge potential windows (V),
while other researchers focused on increasing the specific
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surface area and conductivity of electrode materials to im-
prove specific capacitance (C).

Electrode material is a key factor for the electrochemical
performance of supercapacitors and is usually categorized as
carbon-based materials [9], conducting polymers [10], and tran-
sition metal oxide/hydroxide [11]. Carbon-based materials store
energy through ion reversible electrostatic adsorption at the
electrode/electrolyte interfaces, such as activated carbon, car-
bon nanotubes, and graphene [12]. Carbon-based materials are
widely used as electrode materials because of their high elec-
tronic conductivity, abundant reserves, and outstanding specific
surface areas. Conducting polymers, such as polyaniline, poly-
pyrrole, and polythiophene, have high pseudocapacitance and
electrical conductivity [13—15]. However, conducting polymers
often show poor electrochemical stability because their shapes
easily change during long-time charging/discharging process.
Transition metal oxide/hydroxide electrode materials
possessing broad potential windows and high
pseudocapacitance, such as NiO [16], MnO, [12], CosO4 [17,
18], V,0s5 [19, 20], and Fe,O5 [21], have gained considerable
attention. However, they have lower electrical conductivity than
carbon materials [16]. Measures for improving electrochemical
performance have been proposed, such as synthesizing binary
transition metal oxides, such as NiCo,0O4 [22-24], MnCo0,04
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[25, 26], ZnCo,04 [27, 28], NiM0Q4 [29]; fabricating compos-
ite structures and combining them with transition metal oxide/
hydroxide and carbon-based materials or conducting polymers;
and turning to metal sulfides [30].

One of the binary transition metal oxides, NiMnO;, has
attracted considerable attention. On the one hand, it possess
higher theoretical specific capacitance and electrical conduc-
tivity than NiO and MnO, because of the two redox reactions
of Mn**/Mn** and Ni**/Ni** on the electrode material. These
reactions provide more electrons than the single reaction of
Mn**/Mn** or Ni**/Ni**. On the other hand, it has simple and
low-cost synthesis. Kakvand’s group reported NiMnQO5/C
composite electrode materials for capacitors with high specific
capacitance of 285 F g' at 1 A g ' and an excellent cycle
stability of 93.5% at 2 A g ' after 1000 charge—discharge
cycles [31]. Giri et al. proved that NiMnOs/“nitrogen-doped”
graphene nanocomposites have good electrochemical perfor-
mance at current density of 1 A g~ ' and specific capacitance of
523.5 F g ' [32]. Recently, some achievements have been
made on NiMnOj electrode materials. Nevertheless, more ef-
forts should be made for further developments.

In our work, we successfully synthesized Fe-doped
NiMnO; nanosheet electrode materials by microwave-
assisted hydrothermal method. Electrochemical testing
showed that the optimum mass ratio was 15 wt% Fe, and its
specific capacitance reached 732.7 F ¢! ata current density of
1 A g"in6 mol L' KOH electrolyte. The specific capaci-
tance retention reached approximately 78.3% after 10,000 cy-
clesat3 A g . The as-prepared material is a potential candi-
date for next-generation supercapacitors.

Experimental
Synthesis of materials

All the reagents used in our work were of analytical grade and
used directly without any further purification. According to
the following process, the Fe-doped NiMnOj3 nanosheets were
synthesized by microwave-assisted hydrothermal condition.
First, 1 mmol Ni(NO3),-6H,0, 1 mmol KMnO,4, 6 mmol
NH,F, and 12 mmol urea were dissolved in 30 mL of deion-
ized water under continuous stirring for 30 min. Second,
Fe,(SO4)3°9H,0 was added into the solution, which was then
stirred for an hour. The mass of Fe;(SO4)3-9H,0 was X%
(X=0, 6,9, 15, 20) of the sum mass of Ni(NOs),"6H,0 and
KMnQ,. Third, the solution was transferred into a Teflon-
lined autoclave, which was specially used for microwave
heating and occupied 30% of the total volume. Then the so-
lution was treated at 160 °C for 3 h in XH-800G microwave
hydrothermal reactor and cooled to room temperature. Finally,
the Fe-doped NiMnO; nanosheet black powder was obtained
after the solution was centrifuged, washed with deionized
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water and then with ethanol, dried for one night at 60 °C,
and calcined in pipe furnace at 450 °C for 2 h. The
Fe»(S04)3-9H,0 mass denoted the electrode materials as
0 wt%, 6 wt%, 9 wt%, 15 wt%, and 20 wt%, respectively.

Characterization

The crystal structural analysis of the obtained powder was
examined by X-ray diffraction [XRD, Rigaku, D/MAX-
Ultima™ diffraction meter, using Co-Ko radiation (A=
1.7902 A)] ranging from 10 to 90° at a scan rate of 8°/min.
The functional groups on the surface were tested by Fourier
transform infrared (FT-IR) spectroscopy (Frontier, America).
The chemical composition and distribution of products were
determined by energy dispersive spectroscopy. The X-ray
photoelectron spectroscopy (XPS) was conducted on
Thermo ESCALAB 250 XPS system using Al-K« radiation.
The morphology and microstructure of the powder were de-
termined by scanning electron microscopy (SEM, SUPRA 55
SAPPHHIRE) and transmission electron microscopy (TEM,
JEOL JEM-2100). Brunner—Emmet-Teller (BET, WBL-810)
was used to measure the specific surface area and pore size
distribution of the samples.

Electrochemical measurement

The electrochemical performance were analyzed by cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD),
and electrochemical impedance spectroscopy (EIS) on a
VMP3 (EG&G) electrochemical workstation in 6 mol/L
KOH electrolyte solution by a three-electrode system. The
nickel foam coated by the black mud, which was composed
of Fe-doped NiMnO; powder, conductive additive (XC-72),
and binder (mass ratio of 75:15:10) as the working electrode,
platinum net as counter electrode, and saturated calomel elec-
trode as reference electrode. The binder was a mixture of
polyvinylidene fluoride and N-methyl-2-pyrrolidone with
weight ratio of 1:10. The loading mass of mud on nickel foam
was approximately 2.5 mg/cm?. EIS measurements were ac-
complished in the frequency range of 0.01 Hz to 100 kHz at
open circuit potential. Using CV and GCD curves, specific
capacitance (C) was calculated using Egs. (1) and (2).
Equation (3) is the Debye—Scherrer equation:

1 Ve
€= 2mv(Ve—Va) Il (V)dV m
IAT
_ = 2
¢ mAV )
_ Ky
"~ Bcosf (3)

where C is the specific capacitance (F g '), v is the
potential scan rate (mV s, (V.—V,) and (AV) are the



J Solid State Electrochem (2019) 23:63-72

(a) . o 20 Wt%

i N . . 15 wt%

- R . 9Wt%
i m
% * . M ot 6 wt%
c
£
£

. 0 wi%

.

JCPDS card PDF#75-2089

NIRRT
1 N 1 N 1 M 1
20 40 60 80
2 theta (°)

65
(0) | 5w
°\° <
< |+
Q
o
c
£
£
[}
c
o
a 5 3
© o
0
o
S o
p © 2 1 R 1 .
400 500 600 700 800

Wavenumber / cm™’

Fig. 1 XRD and FT-IR patterns of different mass ratios of Fe-doped NiMnOj; nanosheet materials

operational potential window (V), [ is the current (mA),
m is the deposited mass on 1 cm® (mg), Az (s) is the
discharge time, D is the crystal size (nm), K is the
Scherrer constant, v is the X-ray wavelength, B is the
half peak width (rad), and 6 is the Prague diffraction
angle (°).

Fig. 2 Morphology of Fe-doped
NiMnO; electrode material:

0 wt% (a), 6 wt% (b), 9 wt% (c),
15 wt% (d, 1), and 20 wt% (e)

Results and discussion

Figure la shows the XRD image of the Fe-doped NiMnOj
electrode material with different Fe ion mass ratios. The
characteristic peaks were mainly located at 28.8°, 39.4°,
42.8°, 49.0°, 59.6°, 65.0°, 76.1°, and 78.3°, which
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Fig. 3 EDX map of 15 wt% Fe-
doped NiMnOj; nanosheet
electrode materials

corresponded to crystal plane (110), (121), (= 110), (120), doped Fe ion mass ratio increasing, the characteristic peaks
(220), (231), (130), and (—211) of NiMnO5; (JCPDS card exhibited no deviation, and no other characteristic peaks ap-
PDF#75-2089) [31], respectively. As indicated by the XRD  peared. With increasing mass ratio, the half peak width (B) of
curves, NiMnO; was successfully synthesized. With the  the characteristic peaks became broader, and the crystal size
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Fig. 4 XPS spectra of 15 wt% Fe-doped NiMnO; nanosheet/nanomesh electrode materials: a survey spectrum, b Ni 2p, ¢ Mn 2p, and d Fe 2p

@ Springer



J Solid State Electrochem (2019) 23:63-72

67

Fig. 5 TEM images and SAED
pattern of 15 wt% Fe-doped
NiMnOj; nanosheet electrode
materials

(D) decreased (Eq. (3), K, 7, 6 constants). Given that doped
Fe ion may replace the Mn ion in NiMnOs, crystal size de-
creased. At increased number of doped of Fe ions, the crys-
tallinity decreased. FT-IR spectra were used for the detection
of functional groups on the surfaces of electrode materials.
As shown in Fig. 1b, the 0 wt% Fe-doped NiMnOs electrode
material has two absorption peaks at 519 cm™ ' and 581 cm .
This result explained NiMnO; material has successful ob-
tained. The 15 wt% Fe-doped NiMnO; sample has three
absorption peaks at 414, 533, and 584 cm'. The absorption
peaks at 414 cm ! can be attributed to the Fe-O vibration,
and the absorption peaks at 519 and 581 cm ™' can be attrib-
uted to the NiMnO; material [32—34]. The slight deviation of
the absorption peaks may be attributed to the effect of Fe
doping on the intrinsic functional groups.

The morphological changes of Fe-doped NiMnO; elec-
trode material with increasing Fe ion mass ratio are displayed
in Fig. 2a—f. The 0 wt% Fe sample is shown in Fig. 2a, and
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flower-like nanosheets were successfully synthesized. With
the mass ratio of up to 6 wt% (Fig. 2b), the nanoball agglom-
eration of flower-like nanosheets can be detected. When the
mass ratio reached 9 wt% (Fig. 2¢) and 15 wt% (Fig. 2d), the
nanosheets became porous and thin, and the latter linked to
each other formed nanoballs. With the mass ratio reaching
15 wt%, nanosheets became thinner and more porous. At a
mass ratio of 20 wt% (Fig. 2¢), thin and small nanosheets grew
on porous nanosheets. Figure 2f shows off the morphology of
the 15 wt% sample at high magnification, and thin and porous
nanosheets were found. The morphology changed due to the
effect of Fe ion doping. When Fe ions are doped, Fe and Mn
ions compete to form microspheres. After the rearrangement,
nanoballs are eventually formed. When too much Fe ions are
doped, nanoballs contact with each other and nanosheets grow
on them. Hence, the morphology confirms the change after Fe
doping, which is in accordance with the previous report on the
Zn-doped Ni-MOF electrode material [35].
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Fig. 6 Nitrogen adsorption—desorption isotherms and pore size distribution of Fe-doped NiMnOs electrode material with different Fe ion mass ratios
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Fig. 7 Electrochemical performance of Fe-doped NiMnOj; electrode material with different Fe ion mass ratios: a CV, b GCD, ¢, d specific capacitance,

and e cycle life

For further investigating the chemical elemental character-
istics of the electrode material, an EDX map (Fig. 3) was
made. Figure 3a—d shows the elemental distribution of
15 wt% Fe-doped NiMnOj electrode material. Ni, Mn, and
Fe were found to be uniformly distributed as shown in the
EDX map, indicating that Fe ion was successfully doped into
electrode materials.

The composition of the elements and the chemical state of
15 wt% Fe-doped NiMnO; nanosheets/nanomeshes electrode
materials are shown in Fig. 4a—d. The survey spectra (Fig. 4a)
showed C 1's, O 1 s, Mn 2p, Fe 2p, and Ni 2p peaks, and no
other peaks appeared, indicating that Fe ion was successfully

@ Springer

doped into NiMnOj; electrode materials. The Ni 2p peak is
shown in Fig. 4b, and 2p3/2 and 2pl/2 peaks appeared at
854.11 and 871.58 eV, respectively. By Gaussian fitting meth-
od, Ni** corresponded to 854.20 and 871.63 eV, and Ni**
corresponded to 855.88 and 872.97 eV. By the same method,
for the Mn 2p peak, the 2p3/2 and 2p1/2 peaks appeared at
641.37 and 653.12 eV; Mn>* corresponded to 641.33 and
652.78 eV, and Mn** corresponded to 643.00 and
653.96 eV. For the Fe 2p peak, the 2p3/2 and 2p1/2 peaks
appeared at 710.64 and 723.22 eV, Fe** corresponded to
710.05 and 723.14 €V, and Fe** corresponded to 712.67 and
725.30 eV [34, 36-38]. Moreover, a couple of satellite peaks
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Fig. 8 a Nyquist plots of different electrode materials. b /-V plots of 15 wt% Fe-doped NiMnO; and NiMnO; powders

were observed in both Ni 2p and Fe 2p. According to the XPS
results, the chemical state of elements was NiZ*/Ni**, Mn**/
Mn**, and Fe**/Fe**. The Fe-doped NiMnOs electrode mate-
rial was successfully synthesized, corresponding to the XRD
and FT-IR results.

TEM and selected area electron diffraction (SAED) pattern
were used to further study the morphology and crystallinity of
15 wt% Fe (Fig. 5). From Fig. 5a, b, the morphology of 15%
Fe consisted of two parts: flower-like and ball-like nanosheets,
which corresponded to SEM images (Fig. 2). The SAED pat-
tern shown in Fig. Sc exhibits well diffraction ring, which
demonstrates the polycrystalline nature of the materials.
Figure 5d shows the HR-TEM image and the lattice space
were 0.270 and 0.465 nm, which were assigned to the (121)
and (111) planes of NiMnOs.

The specific surface area and pore size distribution of Fe-
doped NiMnOj electrode material with different Fe ion mass
ratios are shown in Fig. 6a, b. Figure 6a shows the nitrogen
adsorption—desorption isotherms, where the Fe-doped
NiMnOj electrode material belongs to typical type-IV iso-
therm and is an H3-type hysteresis loop. The specific surface
areas of the samples were 74.9, 97.2, 101.92, 118.23, and
122.8 m? gfl, corresponding to 0, 6, 9, 15, and 20 wt%, re-
spectively. With the increasing of Fe ion doping, the morphol-
ogy of the obtained material changed from flower-like nano-
sheets to ball-like porous and thin nanosheets, and its specific
surface area also gradually increased.

The electrochemical performance of the NiMnOj electrode
material having different mass ratios of Fe ion was tested in

Table 1 Comparison of Rs and Rct values of Fe-doped NiMnO;

6 mol/L KOH electrolyte with three-electrode systems
(Fig. 7). Figure 7a shows the CV curves of different samples
at a scan rate of 10 mV s~ between — 0.25 and 0.45 V. A pair
of redox peaks appeared on the CV curves, indicating that the
Fe-doped NiMnOs; electrode is a pseudocapacitive material.
Figure 7b displays the GCD curves of different samples in a
potential range of —0.20-0.35 V at a current density of
3 A g '. The platform at the discharge time confirms that the
prepared materials exhibited pseudocapacitive characteristics,
corresponding to the CV curve results. A negligible IR drop
indicated smaller resistance compared with other materials.
The specific capacitance of electrode materials was calculated
by CV and GCD curves according to Egs. (1) and (2). From
Fig. 7c, d, the 15 wt% Fe-doped material possessed maximum
specific capacitance. At a scan rate of 5 mV s~ ', the specific
capacitance was 210.6 F g '. At a current density of 1 A g ',
the specific capacitance was 732.7 F g . The capacitance
retention and Coulombic efficiency as important factors are
presented in Fig. 7e. The results show that the specific capac-
itance retention of the 15 wt% Fe-doped NiMnOj electrode
material after 4000 charge/discharge cycles was 78.3%, and
no obvious change occurred. The Coulombic efficiency
reached 99.1% after 2500 charge/discharge cycles, and no
large change was observed from beginning to ending. The
result indicated 15 wt% Fe-doped NiMnOj; electrode material
possessing good cycle stability.

The Nyquist plots of the EIS spectra illustrated the resis-
tance of systems (Fig. 8a). Generally speaking, the Nyquist
plots are divided into two parts: semicircular at higher

Electrode material

Equivalent series resistance (Rs) 2

Charge-transfer resistance (Rct) €2

0 wt% Fe doped 0.2087
6 wt% Fe doped 0.1755
9 wt% Fe doped 0.1199
15 wt% Fe doped 0.0668
20 wt% Fe doped 0.0917

17.79

14.87

11.85
8.8
9.88
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Fig 9 Electrochemical performance of 15 wt% mass ratio Fe-doped NiMnOj; electrode material: a CV and b GCD curves

frequency regions and straight line at lower frequency regions
[39]. At high frequency, the intercept of the semicircle on the
real axis represents the equivalent series resistance (Rs), and
the diameter corresponds to the charge-transfer resistance
(Rct) [40, 41]. From Table 1, the Rs values of 0 and 15 wt%
Fe doping are 0.2087 and 0.0668 €2, respectively, and the Rct
values are 17.79 and 8.8 (2, respectively. From Fig. 8b, one
can see that 15 wt% Fe-doped NiMnOj increased the conduc-
tivity of NiMnOs electrode material from 1.236 x 107° to
8.732x10*Sm .

The 15 wt% Fe Fe-doped NiMnOs electrode material pos-
sessed maximum specific capacitance and stable cycle life.
The electrochemical performance at high scanning rates and
current densities is shown in Fig. 9. From the CV curves, with
increasing scanning rates, the redox peak positions hardly be-
came broader, which indicated less polarization of the elec-
trode material. With increasing scanning rates, the shape of the
CV curves exhibited no obvious change, indicating that
15 wt% possessed outstanding rate performance. Figure 8b
describes the GCD curves at different current densities. At a
current density from 1 to 10 A g ', the specific capacitance
was 732.7, 620.2, 535.5, 355.5, and 220.3 F gfl, respectively.
The capacitance retention was approximately 30.1%, which
was attributed to the high surface area morphology and low
resistance of electrode material.

The superior electrochemical performance of 15 wt% Fe-
doped NiMnOj electrode material can be attributed to the
following reasons. First, part of the Mn atoms can be replaced
by some Fe atoms, and the synergism of Ni-Fe—Mn can gen-
erate some holes and increase the conductivity. Second, the
XRD result indicated that Fe ion doping will damage or even
destroy the crystal structure. This amorphous surface structure
provides more active sites to improve electrochemical perfor-
mance [42—44]. Third, the sufficient surface area can provide
more transport channels for electrolyte ions and redox reaction
sites. Furthermore, the reasonable pore distribution (from 3 to
65 nm) can reduce the obstacle when the ions are transported,
leading to high specific capacitance and superior cycling life.
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Conclusions

Fe-doped NiMnOj; electrode material was successfully pre-
pared by microwave-assisted hydrothermal method. The re-
sults demonstrated that the morphology of the material
changed from flower-like nanosheets to ball-like porous and
thin nanosheets at increased Fe ion doping mass ratio, and the
15 wt% Fe ion-doped NiMnO; electrode material exhibited
optimum electrochemical performance. In 6 mol/L KOH elec-
trolyte, the specific capacitance reached 732.7 F g ' at a cur-
rent density 1 A g ', and the capacitance retention was ap-
proximately 78.3% after 10,000 cycles at 3 A g '. The mor-
phology of the ball-like porous and thin nanosheets exhibited
enlarged specific surface areas and active sites, which im-
proved the electrochemical performance of the material.
Therefore, 15 wt% Fe-doped NiMnOj electrode material has
high potential as new-generation high-performance
supercapacitors.
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