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from a precursor mixture were electrochemically deposited on both 201
a cathode and an anode. On the Ni foam cathode, the complex 154
metal hydroxides precipitated as nanolayers at —0.9 V. 104

Simultaneously, the metal ions were oxidized and deposited as
blocks on the Ni foam anode. While the concentrations of
Ni(NO;), and Mn(NO;), were constant (80 mM for Ni** and 40
mM for Mn?*, respectively), the concentration of Co(NOj;), was
varied from 20 to 120 mM, which affected the morphology and
electrochemical properties of the electrode: a Co:Ni:Mn molar
ratio resulted in the highest specific capacitance (at a scan rate of 5
mV s}, 1800 F g_1 for the cathode material and 720 F g_1 for the
anode material). This cathode material was assembled into symmetric supercapacitors, which demonstrated an excellent energy
density of 39 Wh kg™ at a power density of 1300 W kg™' and a high capacitance retention of 90% after 3000 charge/discharge
cycles. This high electrochemical performance was attributed to the optimized ratio of metal oxides, and this simple preparation
strategy can be applied to other nanocomposites of complex metal oxides/hydroxides with desired characteristics for various
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1. INTRODUCTION

Electrochemical capacitors have attracted the attention of
researchers in recent decades as a major key to meeting the
growing demands of energy storage and conversion due to
their high power density, rapid charge—discharge rate, broad
operating temperature ranges, and long life cycles, thus fillin
the gap between conventional capacitors and batteries.'
These benefits give supercapacitors enormous potential for
utilization in next-generation environmentally friendly energy
conversion and storage devices, especially in transportation,
electronic products, smart grids, and aerospace applications.”
Supercapacitors can be categorized into three broad classes:
electrochemical double-layer capacitors (EDLCs, non-Fara-
daic), pseudocapacitors (Faradaic), and hybrid capacitors
(combinations of the other two).” In pseudocapacitors,
electrodes are reduced/oxidized to store electrical energy, and
therefore, the electrode materials should be reactive over the
proper range of potentials, stable to reversible reactions, and
mechanically stable during redox processes. Considering the
stability of the whole system, the difference in potential
between electrodes is also limited to <1.8 V in acid/alkaline
aqueous media or ~2 V in neutral media.” To satisfy such
requirements, transition metal oxides (TMOs) can be used as
electrode materials for energy storage. Several metals have
been examined, not only because of their redox properties but
also because of their abundance and environmental friendliness
for practical applications. Currently, Mn, Fe, Ni, Co, and W are
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frequently used as active materials in pseudocapacitor
electrodes.”™'" These TMOs have high theoretical specific
capacitance, and their electrochemical performance can be
enhanced by controlling and adjusting the morphologies and
structure to the nanoscale. On the other hand, their low
electrical conductivity, volume expansion during charge/
discharge, and stagnant ion movement in the bulk phase
limit their practical applications. To overcome these
limitations, many researchers have reported the use of
inexpensive composites of TMOs with conductive polymers,"’
carbon materials,'> and secondary metal oxides."” It should
also be noted that these metallic species are known as
electrochemical catalysts, and the effects of chemical states and
nanostructures on electrochemical reactions such as water
electrolysis should be considered for their usage in aqueous
media.'*"

Among these composites, complex TMOs can improve the
electrochemical performance compared to single constituents
due to their enhanced electrical conductivity, physical and
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chemical stability, abundant active sites for redox reactions,
shape control, and other synergetic effects.'“™'" Currently,
nickel, cobalt, and manganese are widely used to prepare TMO
nanocomposites with different morphologies suitable for
pseudocapacitors. To prepare complex TMOs for pseudoca-
pacitors, stepwise deposition can be applied. In our previous
study, ZnO nanotubes were first deposited, and then secondary
Co hydroxide nanoplates were hybridized.” In this study, the
simultaneous deposition of Zn and Co hydroxide/oxide was
not effective because the structure of the obtained Zn/Co
oxides was not adequate for rapid ion adsorption/desorption
and charge transfer. The simultaneous deposition of multiple
metal ions is a simple method; however, investigations of the
simultaneous deposition of complex TMOs for pseudocapaci-
tor electrodes are rare. MnO, and Mn(OH), were synthesized
simultaneously using the electrodeposition method from a
single electrolyte and reported as promising electrodes for
supercapacitor applications.”’ Double-shelled tremella-like
NiO@Co;0,@Mn0O, as a high-performance supercapacitor
with a specific capacitance of 792 F ¢! was reported by Hui
Wang et al””> A flexible and binder-free PPy and MnO,
electrode was also simultaneously prepared as a supercalpacitor
electrode using a simple electrodeposition method.'' The
electrochemically deposited Mn(OH), formed nanoplates,
which could be suitable for pseudocapacitors and further
calcined to Mn oxides.

However, the effect of simultaneous deposition of NiO@
C0;0,@Mn0O, as the cathode and anode material and the
precise optimum ratios of the Co** reactant remain
unidentified. Electrochemical deposition is a promising
method to simultaneously prepare complex TMOs from
mixtures of corresponding precursors, and the chemical states
of the obtained TMOs can be controlled by the applied
potential.

In this study, we electrochemically prepared complex TMOs
on the cathode and anode simultaneously from a precursor
solution containing a mixture of nickel, cobalt, and manganese
salts. Compared to the anode material, the cathode material
had a larger surface area due to nanolayer structures and
exhibited high electrochemical performance. Here, to our
knowledge, a simple, efficient, and cost-effective solution-
reaction method for the simultaneous synthesis of complex
TMOs with different nanostructures and high electrochemical
supercapacitive performance has been reported for the first
time. Both the cathode and anode materials possessed different
morphologies and exhibited high specific capacitances of 1800
Fg'and 720 F ¢! at 5 mV s/, respectively. A symmetric
supercapacitor with a KOH electrolyte was further assembled
to demonstrate an opportunity for a facile and effective energy
storage device using the approach described in this study.

2. EXPERIMENTAL SECTION

2.1. Materials. The reagents nickel(II) nitrate hexahydrate
(Ni(NO,),-6H,0, Alfa), cobalt(II) nitrate hexahydrate (Co-
(NO,),-6H,0, Acros), manganese(Il) nitrate tetrahydrate
(Mn(NO;),-4H,0, Alfa Aesar), sodium nitrate (NaNO;,
Acros), and potassium hydroxide (KOH, Fisher Chemical)
were of analytic grade and were used as received without
further purification. Nickel foam (110 PPI, approximately 1.7
mm X 1 cm X 3 cm, Fucell CO., Ltd.) was washed with 6 M
hydrochloric acid solution (HCI, Fisher Chemical) in an
ultrasonic bath for 30 min to remove the NiO layer on the
surface and then subsequently rinsed with deionized water and

isopropanol (Acros Organics) for 10 min in an ultrasonic bath
and dried at room temperature. The Ni foam was covered with
a Kapton film with adhesive to control the surface area to be
exposed to the electrolyte solution. Throughout the experi-
ments, ultrapure water with a resistivity of 18.2 MQ-cm
(Yamato, Japan) was used.

2.2. Electrochemical Deposition. For electrochemical
deposition, a potentiostat/galvanostat (Hokuto-Denko, model
HA-151B, Japan) was used. The electrolyte solution for
deposition was prepared from a powder of Ni(NO;),-6H,0,
Co(NO;,),-6H,0, and Mn(NO;),-4H,0 dissolved in S0 mL of
deionized water. The Ni** (80 mM) and Mn** (40 mM)
concentrations were fixed, whereas that of Co®* was varied (20,
40, 80, and 120 mM). Electrodeposition was carried out in a
standard three-electrode glass cell consisting of two pieces of
precleaned Ni foam with an apparent exposed area of 2 cm” as
the working electrode and counter electrode and Ag/AgCl in a
saturated KCI solution as the reference electrode. From the
electrolyte solution, deposition was performed at a potential of
—0.90 V vs Ag/AgCl. After deposition for 5 min, a greenish
material was directly deposited on the working electrode
(cathode), and a black material was formed on the counter
electrode (anode). Then, the obtained samples (both the
cathode and the anode materials) were rinsed with water to
remove any residual electrolyte and dried at 100 °C for 30 min,
followed by calcination at 400 °C for 1 h on a hot plate. The
mass of each deposited material was calculated by subtracting
the weight of the electrode before and after the deposition.
The weight was measured to the order of 0.01 mg and rounded
off to two significant digits.

2.3. Material Characterization. The surface morphology
of the deposited materials on the Ni foam was revealed by
scanning electron microscopy (SEM) at an acceleration rate of
S kV using field emission scanning electron microscopy (FE-
SEM; JEOL JSM-6S00F). The elemental composition was
analyzed with energy dispersive X-ray spectroscopy (EDS) at
an acceleration rate of 10 kV using FE-SEM equipment.
Fourier transform infrared (FTIR) absorption spectra of the
deposited materials were recorded in the range 500—4000
cm™' using the KBr plate method using a Nicolet Thermo
Scientific 6700 spectrometer. The crystal structure of the
deposited materials was recorded using X-ray diffraction
(XRD, Bruker, D2 phaser USA) with Cu Ka radiation (1.54
A) at 40 kV and 30 mA at room temperature with a step size of
0.05° and a step time of 5 s in the 26 range 10—80°. The
chemical state and elemental valence state of the samples were
characterized using X-ray photoelectron spectrometry (XPS,
Auger electron microbe (VG Scientific Microlab 350) with an
EXO0S ion gun (S kV, maximum beam current >S5 pA at 4 kV).

2.4. Electrochemical Measurement. Electrochemical
measurements were performed in a 1 M KOH aqueous
electrolyte solution using a three-electrode cell consisting of a
deposited material/Ni foam as the working electrode, platinum
wire as the counter electrode, and Ag/AgCl in a saturated KCI
solution as the reference electrode on an electrochemical
workstation (ZAHNER mess system, model XPot-26366,
Germany). Cyclic voltammetry (CV), galvanostatic charging/
discharging (GCD), and cycling tests were conducted over the
potential range —0.2 to 0.5 V vs Ag/AgCl Electrochemical
impedance spectroscopy (EIS) measurements were carried out
in the frequency range 10 mHz to 100 kHz with a perturbation
amplitude of 10 mV at the open circuit potential. To evaluate
the practical applicability, a symmetric supercapacitor was
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Figure 1. (a) Cathodic polarization curves of a nickel foam electrode in nitrate solutions. (b) CV curves at the scan rate 10 mV s™". For each metal

species, the concentration was 40 mM.

fabricated by assembling two electrodes both made of cathode
material with a comparable mass. Filter paper (Whatman, pore
size 045 pm) was immersed in a 1 M KOH aqueous
electrolyte and assembled as a separator before the electro-
chemical measurements. Then, CV curves of the two-electrode
system were recorded at different potential ranges from —0.4
to 0.4 V and from —0.8 to 0.8 V at 20 mV s~

3. RESULTS AND DISCUSSION

3.1. Electrochemical Reactions of Precursor Solu-
tions. Prior to the electrodeposition of the complex TMOs,
the components of the TMOs were first characterized by both
the cathodic and anodic polarization curves of the correspond-
ing precursor solution (Figure 1).

Cathodic polarization was performed in the potential
window from —2.0 to 0.3 V vs Ag/AgCl at the scan rate 10
mV s~ For all species, the current was nearly zero in the
potential range from —0.3 to 0.3 V vs Ag/AgCl, while
Na(NO,), as a control exhibited zero current between —0.5
and 0.3 V vs Ag/AgCl. At lower than —0.3 V vs Ag/AgCl, the
reduction current increased as the potential shifted lower,
which may be mainly due to the reduction of nitrate ions, since
these metal ions cannot be reduced at higher than —0.9 V vs
Ag/AgCl (=1.1 V vs SHE).”> Compared with the Na(NO,)
solution, the solutions of transition metal ions (Ni**, Co**, and
Mn?*) exhibited higher current in this range (—0.3 to —0.9 V
vs Ag/AgCl), which suggested that these metal species
promoted the reduction of nitrate ions. The polarization
curve of Ni*" shifted slightly to a more positive potential than
those of other transition metals (Figure 1a). For the mixture of
Co?* and Ni**, the polarization curve shifted to a more positive
potential in the cathodic reactions. The addition of Mn**
resulted in the most positive potential for the polarization
curve. At —0.9 V vs Ag/AgCl, the current values for both 40
mM Co(NO,), and Ni(NO;), electrolytes were nearly 5.10
mA, and that of the mixture of Ni(NO;), and 40 mM
Co(NO;), was 16.88 mA. The mixture of 40 mM Ni(NO;),,
40 mM Co(NO;),, and 40 mM Mn(NO;), resulted in a
current value of 21.03 mA. This increase in current was
attributed to the increase in concentrations of NO;~ ions in
the solutions; however, the current was not proportional to the
concentration of NO;™ ions. Then, a synergistic effect of the
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metals involved in the electrolytic activities was suggested,
especially for the mixture of Ni** and Co*"***

On the other hand, the anodic current for single
components, Co*" and Ni**, increased slowly at potentials
greater than 0.2 V vs Ag/AgCl (Figure 1b). The mixture of
Co®* and Ni** and the mixture of three metal ions resulted in a
steeper increase in the anodic current. These anodic currents
suggested that the oxidation of these metal ions took place at
potentials >0.2 V vs Ag/AgCl. Compared to these ions, Mn**
was less active for the anodic reaction. The currents reached
1.76, 1.17, and 0.17 mA at 0.9 V vs Ag/AgCl for single-
component solutions of Ni**, Co?*, and Mn** precursors,
respectively. For the mixture of Co** and Ni**, the current was
enhanced to 2.80 mA, which corresponded to the sum of
anodic currents from individual components. For the mixture
of three metal ions, the current reached 2.97 mA. These results
suggest that mixing different metal ions had an additive effect
on the oxidation reaction. To balance the currents on the
cathode at —0.9 V, the anode potential should be higher than
the range measured in this study.

3.2. Electrodeposition and Calcination of Cathode
and Anode Materials. The electrodeposition of the cathode
and anode materials was conducted using electrolyte solutions
consisting of three metal precursors (nitrates of Ni*, Co**, and
Mn?*). At the cathode, nitrate ions (NO;~) were reduced to
produce hydroxide ions (OH™), which reacted with M** ions
to form metal hydroxides on the Ni foam.” Visually, the
hydroxides deposited on the Ni foam were observed as green
materials (Figure S1 in the Supporting Information). After heat
treatment at 400 °C, the green materials were converted into
black materials, which were thought to be the complex TMOs
formed by air oxidation. On the other hand, the deposited
materials on the anode were black before calcination (Figure
S2). The metal ions were electrochemically oxidized to
precipitate their insoluble metal oxides and oxyhydroxides on
the anode. Typically, at neutral pH, Co®" ions can be oxidized
to form Co;0, or CoO(OH);***” Ni** ions can be oxidized to
form NiO(OH);*® and Mn** can be oxidized to form
MnOOH, Mn,0;, Mn;0,, MnO(OH),, and MnO,.'"*'
Hereafter, the cathode materials after calcination were named
cathode-1, cathode-2, cathode-3, and cathode-4, and the
corresponding anode materials were named anode-1, anode-
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Figure 2. SEM image of cathode materials: (a) cathode-1, (b) cathode-2, (c) cathode-3, (d) cathode-4, (e) anode-1, (f) anode-2, (g) anode-3, and

(h) anode-4.
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Figure 3. SEM images of (a-1) cathode-3 and (b-1) anode-3 and their EDS spectra (a-2 for cathode-3 and b-2 for anode-3).

2, anode-3, and anode-4 for the sample prepared using
precursor Co** at 20, 40, 80, and 120 mM, respectively.

3.3. Morphological and Structural Characterization.
The morphology of both the cathode and anode materials was
observed by SEM (Figure 2). The cathode materials exhibited
nanosheet structures and changed their morphologies from
spherical nanoflowers (cathode-1) to flat porous films as the
concentration of the Co®" precursor increased, as reported
previously for Mn oxides and Co oxides.'"”*° The nanosheets
of cathode-3 had a mean thickness and length of ~10 and 197
nm, respectively, and interconnected with each other. The
thickness and length of the nanosheets increased and
decreased (to ~22 and 87 nm), respectively, as the precursor

concentration of Co** increased to 120 mM (cathode-4); that
is, the network density of the metal oxides increased. These
nanosheet formations are advantageous for applications in
electrochemical devices since the open space between each
nanosheet provides effective transport of electrolyte ions into
the inner surface of the electrode, which can enhance the rapid
diffusion of electrolyte and decrease the internal resistance.””*’
Interestingly, the nanosheets were interconnected with each
other and formed network structures, which enabled electron
movement throughout the nanosheet network.

Furthermore, the morphology of the anode materials was
different from that of the cathode materials (Figure 2e,f). The
anode materials were generally observed as blocks with
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powders. This structure suggests that the oxidation and
deposition of metal ions could simultaneously occur on the
electrode: since the conductivity of metal oxides was low, the
oxidation reaction preferentially occurred at the thinner part in
the film, and then the metal oxide formed at the thinner part
filled up the pocket to make the film flat. Although cracks and
powders could be formed by the drying process, the surface
area of the anode materials is expected to be low.

The elemental compositions of the cathode-3 and anode-3
nanocomposites were assessed using EDS (Figure 3). The EDS
spectra of both nanocomposites clearly showed the presence of
Co, Ni, Mn, and O. (An additional peak due to the platinum
coating used for SEM measurement was also observed.) The
atomic weight percentage of each element confirmed the
successful synthesis of cathode-3 and anode-3 on the Ni foam
(Table 1). The molar ratio of these elements in the precursor

Table 1. Elemental Compositions of the Cathode and
Anode Materials

atomic weight percentage of elements

sample Co Ni Mn (€]
cathode-3 30.95 10.37 1.32 54.58
anode-3 28.82 7.76 3.02 58.5

solution was 2:2:1 for Ni, Co, and Mn. In the cathode and
anode materials, the ratios of the metal species were similar:
the amount of Co was the highest, and that of Mn was the
lowest. The deviation of the molar ratios of cathode/anode
materials from the precursor ratio could be due to many
factors, such as the solubility of metal hydroxides (for cathode
materials) and redox potentials (for anode materials);
however, these results are consistent with the results of
electrochemical reactions of precursor solutions in terms of the
synergetic reaction of Co’* and Ni** and the low efficiency of
Mn?*,

3.4. Chemical States and Crystallinity of the Cathode
and Anode Materials. The FTIR spectra of the cathode and
anode materials are shown in Figure 4a. The wide band at
approximately 3460 cm™" for both cathode-3 and anode-3 was
ascribed to the O—H stretching vibration mode.’’ The weak

band at approximately 1625 cm™" for the cathode and anode
films was assigned to the bending vibration of the O—H groups
with metal atoms.*” The peaks at approximately 1140 and 921
cm ™! were attributed to the bending vibration of -OH groups
combined with metal atoms and could be due to O—H
stretching vibrations.”>** The broad peak at approximately
1114—1178 cm™ (centered at 1140 cm™) for the anode
suggested disordered structures or hydrogen bonding inter-
actions. Thus, hydrated properties were suggested for both
materials. The strong sharp peak at 1384 cm™ was attributed
to the stretching vibration of NO;~, which is due to the residue
of nitrate ions, and the high intensity of this peak indicates a

significant amount of nitrate ions in the materials.>>>¢ The

bands in the range from 400 to 600 cm™' were assigned to
stretching vibration modes of metal—oxygen bonds. In detail,
stretching vibration modes appeared at 586, 520, and 457
cm™}, corresponding to Co—O, Mn—O, and Ni-O,
respectively.”*”’

The XRD spectra of the cathode and anode electrodes are
shown in Figure 5b. The strong peaks for both electrodes at
44.78°, 52.19°, and 76.59° were assigned to the (111), (200),
and (220) planes, respectively, of metallic nickel, which come
from the Ni foam substrate (JCPDS-2865). For both the
cathode and anode materials, diffraction peaks centered at
31.57°, 36.74°, 59.40°, and 77.80° were observed, and they
were indexed to the lattices of (220), (311), (224), and (226)
of the spinal Co;0, crystal structure, respectively (JCPDS card
no. 42-1467). However, the peaks at 38.67°, 43.3°, and 73.86°
corresponded to the (111), (200), and (220) planes of the
face-centered cubic phase of NiO (JCPDS card no. 47-1049).
For the cathode material only, the diffraction peaks observed at
50.27°, 65.34°, and 70.54° were assigned to the lattices of the
(114), (020), and (415) planes of @-MnO, (JCPDS card no.
44-0141). For the anode electrode only, diffraction peaks were
observed at 14.53°, 27.01°, 67.17°, and 69.83°, which were
indexed to the lattices of the (001), (220), (112), and (541)
planes of the birnessite type of MnO, (JCPDS card no. 80-
1098). The broad and strong diffraction peak at a low angle of
14.53° suggested swelled structures of the birnessite. Birnessite
can exchange intercalated ions, and therefore, high electro-
chemical performance is expected, although the block
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Figure 4. (a) FTIR spectra of cathode-3 and anode-3. (b) XRD patterns of cathode-3 and anode-3 with standards: (s-1) Co;0,, JCPDS card no.
42-1467; (s-2) NiO, JCPDS card no. 47-1049; (s-3) a-MnO,, (JCPDS card no. 44-0141); (s-4) birnessite type of MnO,, JCPDS card no. 80-1098.
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Figure S. XPS spectra of the cathode material (upper row) and anode material (bottom row).

morphology can limit the access of ion diffusion inside. For
cathode-3, the crystal size of this electrode is the grain size,
which contributes to a higher specific capacitance because of
the more active sites.’®

XPS spectra were further used to examine the chemical
status and elemental valence state of cathode-3 and anode-3
(Figure S and Tables 2 and 3). The survey spectra of both
cathode-3 and anode-3 are shown in Figure S3. In the range
0—1200 eV, the Co 2p, Ni 2p, Mn 2p, and O 1s orbitals were

confirmed.

Table 2. Detailed Analysis of the Deconvoluted Cathode-3
XPS Spectra

samples species peak position (eV) peak area % area
cathode-3  Ni 2p;,, Ni¥* 856.64 1030.94

Ni 2p;,, Ni** 854.86 504.23

Ni 2p, ), Ni** 874.25 54841 4579

Ni 2p,,, Ni** 872.46 21023

Sat.1 862.19 1345.88

Sat.2 880.39 1073.82

Co 2p;,, Co™* 780.27 440.81

Co 2p,), Co™* 781.76 73585  26.84

Co 2p,/, Co™* 795.54 260.13

Co 2p,;, Co™ 797.42 228.54

Sat.1 787.21 293.94

Sat.2 803.66 58.75

Mn 2p,/, Mn* 641.61 368.14

Mn 2p;,, Mn** 639.06 187.2 13.28

Mn 2p,/, Mn** 637.21 146.25

Sat.1 643.91 220.7

Sat.2 646.09 290.9

Sat.3 649.2 153.5

In the XPS spectra of the cathode material, the Ni 2p
spectrum consisted of two main peaks at the binding energies
873.86 and 856.63 eV, which were attributed to Ni 2p;,, and
Ni 2p, ), respectively, and two shake-up satellite peaks.”” In
detail, the Gaussian fitting peaks at the binding energies 872.23
+ 0.23 and 854.43 + 0.43 eV were attributed to Ni**, whereas
the peaks at the binding energies 873.92 + 0.33 and 856.60 +
0.4 eV corresponded to Ni**."”*" That is, the Ni hydroxides
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Table 3. Detailed Analysis of Deconvoluted Anode-3 XPS
Spectra

samples species peak position (eV) peak area % area
anode-3  Ni 2p;,, Ni** 856.2 876.71
Ni 2p,/, Ni** 854.43 383.78
Ni 2p, ), Ni** 873.92 349.62 4115
Ni 2p,,, Ni** 872.23 170.83
Sat.1 861.7 1123.95
Sat.2 879.84 895.49
Co 2p;,, Co™* 780.63 134.48
Co 2p;,, Co** 782.99 56.63 12
Co 2p,,, Co™* 795.89 30.72
Co 2p,/, Co** 797.18 19.24
Sat.1 788.33 16.18
Sat.2 802.18 79.28
Mn 2p;;, Mn** 642.32 901.18
Mn 2p;,, Mn** 644.15 1018.57 2795
Mn 2p,/, Mn* 653.81 451.18
Mn 2p,,, Mn* 655.87 210.77

deposited by the electrochemical reaction were partially
oxidized in air during calcination, which could introduce
defects into the NiO. For Co 2p, two distinct peaks at 780.38
and 795.29 eV were attributed to Co 2p;,, and Co 2p,,,
respectively, along with two satellite (Sat.) peaks at 785.88 and
803.38 eV. The Co 2p;/, spin orbital was decomposed into two
distinct peaks located at the binding energies 780.27 + 0.36
and 781.76 + 0.23 eV, which were attributed to Co*" and Co?**
cations, respectively."”*' Co 2p ;, and Co 2p,, were
separated by an energy of 14.91 eV, which indicates the
presence of a Co;0, cubic phase. The two satellite peaks of Co
2p at the binding energies 803.66 and 787.02 eV further
confirm the presence of cobalt oxides.”” The Co 2p,,, spin
orbital gave rise to two distinct peaks located at the binding
energies 795.54 + 0.35 and 797.42 + 0.24 eV, which also
indicated the presence of Co®" and Co®* cations, respectively.
The Mn 2p;, spectrum indicated three characteristic peaks—a
main peak at 641.61 eV, which was attributed to Mn**, and
two peaks at the binding energies 639.06 and 637.21 eV, which
were attributed to Mn®" and Mn>*—along with three satellite
peaks at 643.91, 646.09, and 649.20 eV." The high-resolution
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O 1s spectrum indicated four oxygen species with the main
characteristic peak at the binding energy 529.68 eV, which was
ascribed to the oxygen bound to the metals. The binding
energy at 530.2 eV was attributed to the adsorbed oxygen on
the surface hydroxyl species. The peak at 531.54 eV was mostly
related to the defect site with low oxygen coordination in the
small material. The additional peak centered at 532.79 eV was
related to absorbed water on the surface of defects.'

The presence of redox couples, Ni**/Ni** and Co*"/Co™,
could improve the structural stability, charge transfer efficiency,
lattice parameters, thermal stability, and electrochemical
performance.** ™ The various oxidation states of Mn ions
(Mn**, Mn*", and Mn*") in the cathode material could lead to
high electrochemical activity for supercapacitor applications.*’
Thus, the high electrochemical performance of cathode-3
could be explained in terms of chemical states, in addition to
morphological factors.

For the anode material, the peaks in the high-resolution Ni
2p spectrum were assigned to two spin—orbit doublets and two
shake-up satellite peaks. The peaks at 856.2 and 874.0 eV were
attributed to Ni**, and the peaks at the binding energies 854.5
and 872.2 eV corresponded to Ni**.*® Similarly, the Co 2p
spectrum contained two spin—orbit doublets. The peaks at the
binding energies 780.7 and 795.8 eV were attributed to Co*,
while the peaks at the binding energies 783.0 and 797.2 eV
corresponded to Co*".*’ For Mn species, the spin—orbit
doublet of Mn 2p;,, was decomposed into two peaks, which
were centered at 642.32 and 644.1S eV and assigned to Mn**
and Mn*, respectively. The peaks at the binding energies
653.81 and 655.87 were also from Mn*" and Mn**.*" The lack
of Mn** in the anode material indicated that the Mn ions were
effectively oxidized during electrochemical deposition.
Although Mn*" was less active than the other metal ions for
the anode reaction (Figure 1b), a high potential was applied to

the anode, as discussed in section 3.1. This could explain why
the birnessite confirmed by XRD (Figure 4b) was formed only
on the anode in the same precursor solution. The chemical
status of O 1s was similar to that of the cathode material.

As seen by comparing the elemental composition (% area),
the ratio of Mn species was higher in the XPS results than in
the EDS results (Tables 1—3). Since XPS is sensitive to the
surface components, these results indicate the inhomogeneous
structures of the cathode and anode materials. The surface of
the active material provides contact and reactive sites in the
electrochemical reactions, and this inhomogeneity of the
components could affect their capacitive properties.

3.5. Electrochemical Characterization. The cathode and
anode materials prepared with different mole ratios of
Ni:Co:Mn were electrochemically analyzed by CV measure-
ments at the scan rate S mV s~ within the potential window
—0.2 to 0.5 V vs Ag/AgCl in 1 M KOH aqueous electrolyte.
The CV curves of both the cathode and anode materials
exhibited pseudocapacitive behavior (Figure 6). Ideally, the
CV curves of pseudocapacitors show rectangular shapes;
however, the obtained materials exhibited deviations from
the rectangular shape, suggesting several redox reactions at
specific potentials. These characteristic capacitive behaviors of
the materials could be attributed to the Faradaic reactions of
Ni, Co, or Mn species.M’51 The cathode and anode materials
exhibited different structures in the CV curves Figure 6a and b,
and as expected from the XPS results, the cathode materials,
including low-valent ions, were more active under oxidative
conditions (at higher potential) than the anode material Figure
6¢.

In detail, cathode-1 exhibited a broad and weak reduction
wave at ~0.38 V vs Ag/AgCl. As the Co concentration in the
precursor increased from 20 to 80 mM (from cathode-1 to
cathode-3), the current increased, and the reduction wave

https://doi.org/10.1021/acsomega.2c00826
ACS Omega 2022, 7, 17161-17174


https://pubs.acs.org/doi/10.1021/acsomega.2c00826?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00826?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00826?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00826?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
0.6
(a)
Cathode-1
Cathode-2
S 04 - Cathode-3
2 Cathode-4
>
<
¢ 0.2
Z 027
S
=
Q
E 0

(b) 0.6
= Anode-1
% 0.4 1 Anode-2
%) Anode-3
< Anode-4
¢ 02
S0
K]
<
[}
é 0
-0.2 +

0 500 1000 1500 2000 2500 3000 3500 4000
Time (sec)

Potential (V vs. Ag/AgCl)

—~~
o
~

Time (sec)

Figure 7. GCD curves of the (a) cathode and (b) anode materials at 0.5 A g~

current densities.

0 500 1000 1500 2000 2500 3000 3500 4000

0 200 400 600 800 1000 1200 1400
Time (sec)

Potential (V vs. Ag/AgCl)

0 200 400 600 800 1000 1200 1400
Time (sec)

1

current density and (c) cathode-3 and (d) anode-3 at different

became prominent. A new reduction wave also appeared at
~0.065 V vs Ag/AgCl (Figure 6a). Thus, these reduction
waves could be related to the Co species. However, the Co
precursor concentration at 120 mM (cathode-4) resulted in a
decrease in the reaction current. This decrease could be
explained by the structural effect; that is, the thick wall of the
cathode-4 film could decrease the specific surface area and
then the active sites on the surface (Figure 2). Meanwhile, the
anode materials showed a reduction wave at ~ —0.01 V, which
increased as the Co concentration increased (Figure 6b). This
wave can be associated with the reduction wave in the cathode
materials at 0.065 V, although the potential was slightly
changed due to the surrounding conditions (e.g, nanostruc-
tures and chemical species). The increase in Co concentration
also resulted in the higher reaction current in the oxidation
process, particularly in the lower potential region. This
tendency was in contrast with the cathode materials: the
oxidation reaction of the cathode materials was enhanced in
the higher potential region by the increasing Co concentration.
These differences could be explained by the valences of
metallic ions in both materials (Tables 2 and 3):
representatively, cathode-3 contained more Co®* than Co®"
and, therefore, was ready to be oxidized, while the Co®>" was
dominant in anode-3 and, therefore, the reactions in anode-3
preferentially occurred in the reductive condition. At the
highest concentration of Co precursor (anode-4), the redox
reactions decreased as with cathode-4.

The specific capacitance (C;) of the active material was
calculated from the CV curve using eq 1.”

1 v
C=———— / (V) dv
mu(Ve = V) Jv,

(1)
where m is the mass of the active material (g), v is the scan rate
(mV s7'), V; and V; are the final and initial potentials of the
voltammetric curve (V), respectively, and I is the voltammetric
current (A). The mass (m) of active material loaded on the
current collector (Ni foam) was 1.7, 1.8, 1.9, and 2.1 mg for
cathode-1, cathode-2, cathode-3, and cathode-4, respectively,
and 2.0, 2.0, 2.3, and 2.4 mg for anode-1, anode-2, anode-3,
and anode-4, respectively.

Cathode-3 exhibited the highest specific capacitance (1800 F
g™') compared to cathode-1 (890 F g™'), cathode-2 (1200 F
g™"), and cathode-4 (1400 F g™'). Considering the theoretical
specific capacitance of the components (3650 F g~* for Co;0,,
2584 F ¢! for NiO,, and 1370 F ¢! for MnO,), cathode-3
was half pure Co;0,, which was rather effective as the active
material in the pseudocapacitor.’>>* The high specific
capacitance of cathode-3 could be attributed to the honey-
comb nanosheets (~10 nm in thickness; see Figure 2c)
providing a higher specific surface area, abundant electroactive
sites, and open channels that enhance the contact area between
the electrolyte and electrode to improve the diffusion of
electrolyte ions into the entire surface of the material.>> Thus,
the effects of Co species should be for both morphological and
electrochemical aspects.

Furthermore, the specific capacitance of the anode materials
was calculated to be 420, 490, 720, and 650 F g_l for anode-1,
anode-2, anode-3, and anode-4, respectively. These values were
lower than those of the corresponding cathode materials (40—
50% of the cathode materials). Anode-3 exhibited the highest
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Figure 8. EIS measurements of the (a) cathode and (b) anode materials.

capacitance, which was consistent with the cathode behavior.
The reduction waves at approximately 0.0 V, which were
commonly observed in the cathode and anode materials,
became stronger as the Co precursor concentration increased
to cathode/anode-3, but the wave decreased for cathode/
anode-4. At the reductive potential (in the range between —0.2
and —0.1 V), the reaction current of the anode materials was
not significantly different from that of the cathode materials
(Figure 6¢), and the low specific capacitance of the anode
materials was due to the low activity at the oxidative potentials,
as mentioned above. This could indicate that the valence state
of the metal ions in the TMO active material is crucial for
pseudocapacitive properties. Although the redox reactions in
TMOs are reversible, the material structures are arranged to
stabilize their initial components in their formation processes
(i.e., the deposition and calcination processes). Therefore, the
deposition potential strongly affects the redox reaction of the
TMOs. Since the components of both the cathode and the
anode materials were not substantially different (Table 1), the
morphology, chemical structure, and crystallinity of the active
materials should be considered to determine the specific
capacitance, as mentioned above: the block structures of the
anode materials limited the surface area. The second main
component in the surface of the anode material was Mn
species, which theoretically possessed low capacitance, while
the birnessite in the anode material could intercalate cations to
enhance the non-Faradaic reaction as an EDLC.

Figure 6d depicts CV curves of cathode-3 at various scan
rates from S to SO mV s™'. Cathode-3 exhibited quasi-
rectan§ular loops with pseudocapacitive properties at all scan
rates;>° however, the reductive wave at ~0.38 V decreased, and
the line in the reductive process (from 0.2 to —0.2 V) became
flatter as the scan rate increased. This suggests that the
reduction reaction at ~0.38 V was slower than the other
energy storage mechanism in the cathode materials and could
be the bottleneck of the pseudocapacitive property. Since this
slow reduction process became more prominent as the Co
precursor concentration increased (except for cathode-4:
Figure 6a), the excess Co compounds could form an
independent pathway for the redox reactions. The specific
capacitance of cathode-3 declined from 1800 F g' at SmV s~
to 1100 F g™' at the scan rate SO mV s™". On the other hand,
the CV curves of anode-3 at different scan rates from 5 mV s
to SO mV s~ are also depicted in Figure 6e. The specific
capacitance of anode-3 was 720 and 420 F g~" at the scan rates
5 and 50 mV s7’, respectively. The quasi-rectangular curve
shape showed a slight distortion in the oxidation process even
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up to 50 mV s~ except for the edges of the scan range where
the switching of the oxidative/reductive processes limited the
response. The reduction current was enhanced as the potential
became lower, and the reduction wave at 0.065 V became less
prominent. These rate dependencies were in contrast with
those in cathode-3 (Figure 6d) and support the discussion on
the effects of valence state. The specific capacitance at 50 mV
s™! was ~60% of that at 5 mV s™! for both the cathodic and
anodic materials. Since the morphologies of both materials
were substantially different, the rate-determining process of
both materials could be Faradaic reactions, not the ion
diffusion process.

Then, the electrochemical performance of both the cathode
and anode materials was further investigated by GCD
measurements (Figure 7). Similar to other cathode materials,
cathode-3 demonstrated distinct plateaus at approximately
0.36 and 0.06 V vs Ag/AgCl, which is consistent with the redox
peaks of the CV curve of cathode-3. At the current density 0.5
A g7!, the cathode-3 and anode-3 nanocomposites had the
longest GCD times among the series. The C, of the active
material from the GCD curve can be calculated using eq 2.

_IAt
' mAV (2)

where m is the mass of active material (g), I is the constant
current (A), At is the discharging time (s), and AV is the
potential range (V).

The specific capacitance calculated from the GCD curve was
470, 620, 1400, and 750 F g_1 for cathode-1, cathode-2,
cathode-3, and cathode-4, respectively, at the current density
0.5 A g/, while the results for anode-1, anode-2, anode-3, and
anode-4 were 180, 370, 650, and 450 F g™, respectively, at the
same current. This was consistent with the results obtained
from CV curves. The discharging curves of cathode-3 showed
very small iR drops even at a high current density of 2 A g™*
(Figure 7c), suggesting that the material had a low internal
resistance.”” On the other hand, the discharging curve of
anode-3 at different current densities exhibited two stages: an
initial fast iR drop and then a slow potential drop followed by a
nonlinear slope. This behavior is consistent with the low
activity of anode materials under oxidative conditions, as seen
in the CV curves (Figure 6e).

To further study the electrochemical behavior of the cathode
and anode materials, EIS measurements of each sample were
conducted (Figure 8). In the high-frequency regions, the
Nyquist plots showed semicircles, where their diameters
represent the charge transfer resistance (R,) and their real
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axis intercepts correspond to the solution resistance (R,) of
these nanocomposite electrodes. In the low-frequency region,
the Nyquist plots appeared as straight lines, which represent
the typical Worburg resistance (W,). Using an equivalent
circuit model, the R values of the cathode material and the
anode materials are given in Table 4. The cathode-3 electrode

Table 4. R, and R, Values of Different Electrodes and
Specific Capacitances Calculated from CV Curves

electrode materials R, (Q) R, (Q) specific capacitance (F g™")
cathode-1 1.27 1.52 890
cathode-2 1.24 1.41 1200
cathode-3 1.07 1.14 1800
cathode-4 1.12 1.32 1400
anode-1 2.56 1.58 420
anode-2 2.34 1.28 490
anode-3 1.24 1.12 720
anode-4 1.94 1.23 650

had good conductivity to the electrolyte, low internal
resistance, and the fastest charge transfer among the electrodes,
which is consistent with the highest specific capacitance of
cathode-3. Considering the high R, and R of cathode-4, the
excess Co precursor resulted in denser pores to limit surface
area and ionic diffusion and probably thick walls to increase
the resistance due to many defects, as shown in Figure 2. In the
series of anode materials, anode-3 had the lowest R, and R_. As
shown by the larger iR drops in the GCD curves, the anode
materials had higher R, values than the cathode materials.>®
However, the R values were not significantly different
between the cathode and anode materials. Since the
morphology of the anode materials was significantly different
from that of the cathode materials, the effects of precursor

components affected not only the morphology but also the
microstructures for ionic diffusion and conductivity.

To evaluate the durability of the electrodes, their cycling
properties were investigated (Figure 9). During the GCD
cycles at the constant current density 10 A g, the specific
capacitance of cathode-3 decreased gradually during the first
70 cycles, which could be attributed to the partial exfoliation of
active materials by a mechanical stress caused by swelling of
the material during the ion diffusion process. After 2000 cycles,
90% of the initial specific capacitance of cathode-3 was
retained, and its Coulombic efliciency remained above 99%. If
the first 70 cycles were ignored, the specific capacitance
remained at 97%. The first and last five cycles of the GCD
curves (inset in Figure 9a) show similar potential—current
responses, suggesting that the electrochemical response of
cathode-3 was quasi-reversible. The CV curves for cathode-3
before and after the 2000 cycle test at 5 mV s~ were nearly
identical (Figure 9c). The calculated specific capacitance from
the CV curves of cathode-3 before and after the cycle test was
1800 and 1600 F g~', respectively, and only 11% of the initial
capacitance was reduced, which was consistent with the results
of GCD measurements. For anode-3, the cycle stability was
also investigated at the constant current density 2.2 A g7,
which was much lower than that for cathode-3, for 2000 cycles
(Figure 9b). The capacitance retention and Coulombic
efficiency were 76% and 99%, respectively. The initial (after
70 cycles, ~17%) and subsequent (after 1100 cycles, ~11%)
decreases in the specific capacitance were larger than those of
the cathode material, which could be attributed to the blocky
structure with cracks (therefore, mechanically weak in the
swelling process) of the anode material (Figure 2e—h). Figure
9d shows the CV curves of anode-3 before and after the 2000
cycle test at the scan rate S mV s~'. Both CV curves were
similar; however, the reduction wave decreased in the whole
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Figure 10. Electrochemical performance of the symmetric electrode system using cathode-3: CV curves (a) at different potential windows and (b)
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compared with reported data. (f) Cycling stability and Coulombic efficiency tested at 11.11 A g™".

region and particularly in the low-potential region (<0.08 V)
after the cycling test, while the oxidation wave decreased in the
range from —0.14 to 2.8 V and slightly increased at >0.35 V.
These changes suggest that the repeated redox processes
decreased the active sites working at low potential and
probably shifted the chemical states in anode-3 to be more
active in oxidative conditions. The specific capacitance
decreased from 720 to 530 F g™ (by ~26%) after the cyclic
test, which supported the results of the GCD measurements.
EIS measurements of the cathode-3 and anode-3 electrodes
were also conducted before and after the cycling stability test
(Figure 9e and f). The R, values for cathode-3 increased from
1.14 to 1.29 €, and the R values of anode-3 changed from 1.12
to 1.35 Q after 2000 cycles. The R, values changed more in
anode-3 (increased by ~21%) than in cathode-3 (increased by
13%). The R values of cathode-3 changed from 1.07 to 1.14
Q (increased by 6%), while those of anode-3 changed from
1.12 to 1.29 Q (increased by 16%). These results suggest that
the cathode material was more stable than the anode material.
To investigate the structural and chemical components of the
cathode and anode after cycling stability, the SEM image and
EDS measurements were recorded after the 2000 cycle test
(Figure S4 and Table S1). In both of the cathode and anode
materials, their structures were not significantly changed: the
cathode material maintained the nanosheet structure with
small voids, and the anode material was blocks (see Figure 2c
and g). In their chemical compositions, the ratio of oxygen
seems to increase, which could be explained as the adsorption
of water and a partial hydration of TMOs after the
electrochemical processes in the aqueous medium (see Table
1). Considering the accuracy of the EDS measurements,
substantial changes in the ratio of metallic components in these
complex TMOs were not observed.
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Thus, a simple preparation method of complex TMOs (Ni,
Co, and Mn) and their electrochemical properties were
studied. From an aqueous solution of the precursor mixture,
nanostructured TMOs were deposited on both the cathode
and the anode via different reaction processes. The structures
of the obtained TMOs were different between the cathode and
anode and further changed by adjusting the mixing ratio of the
precursors. The electrochemical performance of the obtained
TMOs was also changed by adjusting the cathode/anode and
mixing ratio. The cathode material with a proper mixing ratio
resulted in a very high specific capacitance (1800 F ¢”') and
sufficient stability. This approach can be applicable and useful
for designing complex TMOs for pseudocapacitors and other
electrochemical applications.

3.6. Electrochemical Measurement of the Two
Electrode System. The symmetric electrode system was
fabricated by assembling two cathode-3 electrodes with a filter
paper separator to test the practical performance of super-
capacitors (Figure 10). In the potential window ranging from
+0.4 to +0.5 V, the CV curves were rectangular shapes (Figure
10a). When the potential range increased from +0.6 to +0.8 V,
the CV curves exhibited broad anodic and cathodic peaks
centered at ~0.12 and —0.056 V, which was attributed to
reversible redox reactions. As the operating potential window
increased, the current intensity of the anodic and cathodic
peaks increased, and the peak positions shifted toward lower
potentials. When the potential range increased to +0.9 V, the
CV curve exhibited a sharp peak around 0.9 V, which suggests
water decomposition.'”"> Thus, we chose the potential range
+0.8 V as the operating potential window for the symmetric
supercapacitor working with aqueous electrolyte. At different
scan rates, the shapes of the CV curves were nearly the same,
and the current response was enhanced with a shift in peak
positions toward more positive (oxidation peak) and more
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negative (reduction peak) as the scan rate increased (Figure
10b). The GCD measurements were also conducted in the
potential range +0.8 V at different current densities from 1.67
to 5.56 A ¢! (Figure 10c). The GCD curve exhibited potential
plateaus at approximately 0 V, which corresponded to the
redox peaks in the CV curves.

Then, the gravimetric capacitance (Cg), energy density (E),
and power density (P) of the symmetric electrode system were
calculated using the formulas given in eqs 3—5, respectively.””

_ 4IAt
8 mAV 3)
0.5C,(AV)?
T 4x36 4)
p= L3600
At (5)

where C, is the gravimetric capacitance (F g7'), I is the
discharging current (A), At is the discharging time (s), m is the
total mass (3.8 mg) of active material on both the positive
electrode (m') and negative electrode (m™) (g), AV is the
potential window (V), E is the energy density (Wh kg™"), and
P is the power density (W kg™'). The specific capacitance
calculated from the GCD curve at 1.67 A g~' was 440 F g™
and decreased to 330 F g~ at 5.56 A g ' with a good
capacitance retention of 75% (Figure 10d). At a higher scan
rate, the limitation of ion diffusion decreased the specific
capacitance, as observed above in the characterization of
cathode-3. As indicated in the Ragone plots (Figure 10e), the
symmetric electrode system demonstrated a high energy
density of 39 W h kg™! and a power density of 1300 W kg™
at the current density 1.67 A g '. When the current density
reached 5.58 A g/, the energy density was 29 Wh kg™', and
the power density was 4400 W kg™". These relations between
the energy and power density of the symmetric electrode
system in this study were higher than those of the other
systems reported previously.””~** This high performance could
be due to the high activity of cathode-3 in the wide operational
potential window (i.e., 1.6 V). The cycle stability was tested at
a high current density of 11 A g~' for 3000 GCD cycles in the
potential range +0.8 V (Figure 10f). After 3000 cycles, the
capacitance retention was 90% of the initial specific
capacitance, and the Coulombic efficiency was 99%, indicating
a sufficient cycle stability and reversibility of the symmetric
electrode system designed in this study.

4. CONCLUSION

Binder-free electrodes consisting of complex TMOs on Ni
foam were simultaneously prepared from mixtures of Ni, Co,
and Mn nitrates using a simple and cost-effective electro-
deposition approach. The deposited materials on both the
cathode (which required a thermal treatment to oxidize to
TMOs) and the anode exhibited different nanostructures:
nanosheets on the cathode and blocks on the anode. Their
electrochemical performance changed as the molar ratio of
Co:Ni:Mn varied from 0.5:2:1 to 3:2:1. The cathode material
prepared from the electrolyte of Co:Ni:Mn = 2:2:1 (cathode-
3) exhibited the highest specific capacitance in the series,
namely, 1800 F g™ at S mV s™' from the CV curve and 1400 F
g~! at the current density 0.5 A g”' from the GCD curve, and
excellent cycling stability of 90% after 2000 cycles. Such a high
electrochemical performance of cathode-3 is related to the

desirable molar ratio of Ni:Mn:Co, synergetic effect, and
morphological characteristics of a suitable interconnected thin
and long nanosheet structure with open space between each
nanosheet, which provides more electroactive sites for redox
reactions and facilitates the rate of electron and ion transport,
which can increase the conductivity of the electrode.
Moreover, the coexistence of three different cations in a single
electrode may contribute more electrons than electrodes with
only single-metal oxides, which shows electrical conductivity
and electrochemical performance improvements. The prom-
inent electrochemical properties and synthetic method
(simplicity, low cost, and reproducibility) should make the
cathode-3 nanosheet architecture a promising electrode for
next-generation supercapacitors.
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