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Porous Ni–Co–Mn oxide nanoneedles have been synthesized on Ni foam by a facile
one-step hydrothermal method for use as supercapacitor electrodes. Structural and
compositional characterizations indicate that Ni, Co, and Mn elements are homoge-
neously distributed within the multi-component metal oxides. Such multi-component
metal oxides with a homogenous structure exhibit high specific capacitance of 2023 F g−1

at 1mAcm−2, high coulombic efficiencies (greater than 99%), and good long-term cycle
life (approximately 7% loss in specific capacitance over 3000 charge/discharge cycles) at
room temperature (RT). Moreover, the influence of temperature on the electrochemical
performance of the electrodes has been characterized at temperatures ranging from 4 to
80°C in aqueous electrolytes. The thermal behavior of the electrodes reveals that elevated
operating temperature promotes higher capacitance and lower internal resistance by
increasing the ionic conductivity of the electrolyte and redox reaction rates at the interface
of the electrodes and electrolytes. The capacitance of the electrodes increases by 84%
at a nominal temperature of 80°C and decreases by 18% at 4°C, compared to that at
RT. The overall set of results demonstrates that the new Ni–Co–Mn oxide nanoneedle
electrodes are promising for high-performance pseudocapacitive electrodes with a wide
usable temperature range.

Keywords: energy storage, pseudocapacitors, multi-component metal oxide, nanoneedles, thermal behavior,
temperature influence

Introduction

The growing demand for mobile power in practical applications, such as electric vehicles and hybrid
electric vehicles, has aroused much interest in developing advanced energy storage devices. Among
these energy storage systems, supercapacitors have attracted extensive attention because of their
higher power density than batteries, higher energy density than conventional electrolytic capacitors,
and other advantages, such as long cycle life (Simon and Gogotsi, 2008; Xiong et al., 2014b).
Designing new electrode materials with high surface area and electrical conductivity is crucial
to enhance the energy and power densities of supercapacitors, and pseudocapacitive materials,
such as transitional metal oxides, can significantly improve the energy densities compared to
carbon-based electrode materials (Simon and Gogotsi, 2008; Huang et al., 2012; Xiong et al., 2013,
2014a).
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Among these, binary metal oxides, such as spinel nickel
cobaltite (NiCo2O4), have attracted particular interest recently
because of their low-cost, abundant resources, and environmental
benignity (Wei et al., 2010; Wu et al., 2014). More significantly,
their superior electrical conductivity (at least two orders of mag-
nitude higher) and higher electrochemical activity (more active
redox states) than single-component metal oxides (e.g., nickel
oxides and cobalt oxides) make them particularly suitable for a
wide range of application conditions (Wei et al., 2010; Zou et al.,
2013;Wu et al., 2014). NiCo2O4 with differentmorphologies, such
as nanosheets, nanotubes, nanoneedles, and nanowires on differ-
ent substrates (e.g., carbon cloth,Ni foam, and carbonnanofibers),
have been extensively reported in literature (Yuan et al., 2012b;
Zhang et al., 2012; Huang et al., 2013; Liu et al., 2013; Wang and
Wang, 2013; Yu et al., 2013; Zhang and Lou, 2013a,b; Zou et al.,
2013; Shen et al., 2014; Xu et al., 2014). In order to further increase
the energy and power densities of the pseudocapacitive electrodes,
single-component metal oxides combined with NiCo2O4 have
been proposed in structural designs to increase redox activity (or
the density of electroactive sites) (Liu et al., 2012; Yu et al., 2013).
However, these attempts face several potential problems: (1) the
multi-step fabrication procedures are complicated; (2) interfaces
between the heterogeneous metal oxides may reduce electron
transfer efficiency; and (3) full utilization of the electroactive sites
of the mixed metal oxides is difficult to achieve. Therefore, a
homogeneous multi-component (n≥ 3, where n is the number of
themetal components)metal oxidewith a homogeneous structure
as an electrode material may be ideal to overcome the foregoing
issues. To date, little prior work has considered multi-component
metal oxide nanoneedle electrode materials for application as
pseudocapacitive electrodes (Luo et al., 2008).

In addition, efficient thermal management of energy storage
systems is crucial to their reliable performance over suitably wide
temperature ranges. Stable electrochemical performance of super-
capacitors over a wide range of temperatures is also essential to
their applications in harsh environments and extreme conditions.
Among the supercapacitor components, electrode materials can
have a strong influence on the thermal performance of superca-
pacitors (Xiong et al., 2015b).

In this work, we report a cost-effective and facile approach
to design and fabricate Ni–Co–Mn oxide nanoneedle arrays
on Ni foam as a binder-free electrode for high-performance
supercapacitors. The porous Ni–Co–Mn oxide nanoneedles with
homogenous distributions of metal elements in a unitary/singular
structure were prepared through a facile one-step hydrothermal
process and subsequent annealing treatment in a steady N2 flow
at 300°C. Furthermore, for practical applications, thermal influ-
ence on electrochemical performance of the porous Ni–Co–Mn
oxide nanoneedle electrodes in aqueous electrolytes has also been
characterized over a temperature window ranging from 4 to 80°C
in a three-electrode configuration.

Materials and Methods

Material Syntheses
All the reagents used in the experiment were of analyti-
cal grade and purchased from the Sigma-Aldrich. Ni foam

(5mm× 14mm in a rectangular shape) was immersed in a
3M HCl solution for 5min to get rid of the surface oxide
layer. 1.455 g Co(NO3)2·6H2O, 1.45 g Ni(NO3)2·6H2O, 1.255 g
Mn(NO3)2·4H2O, and 0.9 g urea were dissolved in 70mL of DI
water at room temperature (RT) to form a light pink solution.
The solution with a volume of 14mL was then transferred into
a 20mL Teflon-lined stainless steel autoclave. The autoclave was
maintained at 135°C for 8 h in an electric oven and subsequently
cooled down to RT in air. The samples were carefully washed
many times and sonicated to remove the excessive metal oxides
piled on the Ni ligament surface. To obtain the Ni–Co–Mn oxide,
as-grown hydroxide precursor nanoneedle arrays were placed in a
quartz tube furnace filled with a steady N2 flow and heating rate
of 2°C/min, annealed at 300°C for 2 h, and cooled to RT naturally
in a steady N2 flow. For comparison, NiCo2O4 supported on Ni
foam was also prepared under the same condition (Wang et al.,
2013). To demonstrate the versatility of this synthesis process,
Ni–Co–Mn oxide has also been synthesized on carbon cloth with
the same reaction conditions. The mass of Ni–Co–Mn oxides was
measured by the weight difference of Ni foam before and after the
hydrothermal process and heat treatment using a microbalance
with an accuracy of 1 μg.

Material Characterization
The morphology analyses were characterized with field emis-
sion scanning electron microscope (SEM, Hitachi S-4800) and
a transmission electron microscopy (TEM, Japan FEM-2100F)
combined with EDX mapping. The surface chemical composition
was investigated by X-ray photoelectron spectroscopy (XPS, K-
Alpha 1063,UKThermoFisher) and the structurewas analyzed by
X-ray diffraction (XRD, D/max 2550) combined with the energy
dispersive X-ray spectroscopy (EDX) in TEM.

Electrochemical Measurements
Electrochemical measurements (Gamry Echem Testing System,
Gamry Instruments, Inc., USA) were conducted in a three-
electrode configuration at RT using 2M KOH as electrolyte. The
nickel foam coated with electroactive materials serves directly as
the working electrode. Pt mesh and standard calomel electrode
(SCE) were used as the counter electrode and reference electrode,
respectively. Electrochemical impedance spectroscopy (EIS) mea-
surements were carried out with an amplitude of 5mV in the
frequency ranging from1MHz to 0.1Hz at 0V.The specific capac-
itance of the electrodes is calculated from the charge/discharge
curves based on Simon and Gogotsi (2008) and Xiong et al.
(2014b):

Cm = (I × Δt)/(ΔV × m) (1)

where Cm (Faraday per gram) is the specific capacitance, I
(ampere) is the current, Δt (second) is the discharging time, ΔV
(volt) is the potential drop during discharge, and m (gram) is the
mass of active materials.

In order to study the influence of temperature on the elec-
trochemical performance of Ni–Co–Mn oxide electrodes, differ-
ent operating temperatures of 4°C, RT (20°C), 40, 60, and 80°C
have been chosen. SCE reference electrodes have a lower allow-
able temperature range. Also, KOH concentration was kept low
(0.1M) because the pH would exceed the allowable range of the
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reference electrode. As a result of the two factors, 0.1M KOH
electrolyte and Ag/AgCl reference electrodes are adopted during
the electrochemical characterization of the electrodes at different
temperatures.

Results and Discussion

Figures 1A,B contain scanning electron microscopy (SEM)
images of the Ni–Co–Mn hydroxide precursor nanostructures
on Ni foam. As shown in Figure 1A, the Ni–Co–Mn precur-
sor nanostructures grow uniformly on the substrate to form an
array structure over a large area (see Figure 1A inset). These
uniform nanostructures with needle-like shapes protrude roughly
perpendicularly from the Ni foam ligaments (see Figure 1B).
After annealing, the array structure and the nanoneedle shape
are fully retained as shown in Figures 1C,D. The high-resolution
SEM image in Figure 1D indicates that the nanoneedle tip diam-
eters can be as small as a few nanometers. The morphologies of
NiCo2O4 and Ni–Co–Mn oxides are compared in Figure S1 in
Supplementary Material.

To demonstrate the versatility of this preparation process,
Ni–Co–Mn oxide nanoneedle arrays have also been successfully
grown on carbon cloth substrates using the same reaction con-
ditions. Ni–Co–Mn oxide nanoneedles with sharp tips uniformly
cover the surface of carbon fibers, similar to those grown on Ni
foam (see Figure S2 in Supplementary Material).

These Ni–Co–Mn oxide nanoneedles have been further char-
acterized by TEM as shown in Figure 2.

The needle-like Ni–Co–Mn oxide with tip diameters ranging
from a few nanometers to several tens of nanometers can be
clearly seen in Figure 2A, in agreement with the foregoing SEM

results. Notably, the high-resolution TEM image in Figure 2B
reveals a porous nature of nanoneedles. Such a porous struc-
ture is beneficial in facilitating electrolyte ion diffusion to the
surface of electrodes for fast redox reactions and double-layer
charge/discharge as well as increasing the electrode/electrolyte
contact area, and consequently enhancing the electrochemical
performance (Yuan et al., 2012a). The TEM elemental maps (see
Figures 2B–F) confirm the homogenous distribution of Ni, Co,
Mn, andOelements in the unitary nanoneedle structure. TheEDX
data (see Figure S3 in Supplementary Material) also confirms the
presence of the four elements in the nanoneedle structure. The
contents of the metal components in the oxide prepared in this
work are estimated from the EDX mapping and shown in Table
S1 in Supplementary Material. The atomic ratio of Ni:Co:Mn in
the as-prepared Ni–Co–Mn oxide nanoneedles is estimated to be
5:5:1. However, they are tunable by adjusting the concentrations
of raw chemicals in the precursor solution during the preparation
process.

To characterize the structure and chemistry of these porous
Ni–Co–Mn oxide nanoneedles, XRD and XPS were employed
to analyze crystal structure and surface chemical composition.
Figure 3A shows the wide-angle XRD pattern of the Ni–Co–Mn
oxide nanoneedles grown on Ni foam. To reduce the effect of the
Ni substrate, the Ni–Co–Mn oxide was scraped from the Ni foam
for XRD characterization.

The XRD pattern of Ni–Co–Mn oxide nanoneedles and the
standard XRD pattern of NiCo2O4 (indicated by the red lines)
are shown in Figure 3A. Apart from the well-defined diffraction
peaks observed at 2θ values of 18.9°, 31.15°, 36.6°, 38.4°, 44.6°,
55.4°, 59.1°, 64.9°, and 68.3°, which originate from the (111), (220),
(311), (222), (400), (422), (511), (440), and (531) plane reflections

FIGURE 1 | SEM images (A) Ni–Co–Mn hydroxide nanoneedles grown on Ni foam, at low magnification (the inset shows the nanoneedles on Ni foam
at a large scale). (B) Precursor hydroxide nanoneedles at higher magnification. (C) Ni–Co–Mn oxide on Ni foam after annealing. (D) High-resolution SEM image of
Ni–Co–Mn oxide nanoneedles with ultra-sharp tips.
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FIGURE 2 | (A) TEM image of Ni–Co–Mn oxide nanoneedles. (B) High-resolution TEM image showing the porous structure. (C) High-angle annular dark field
(HAADF) scanning TEM image. (D–G) Elemental mapping showing uniform spatial distribution of mapped elements in the nanoneedles: (D–G) are Co, Ni, Mn, and
O maps, respectively.

of the NiCo2O4 crystalline structure, the other two obvious peaks
at 2θ values of 34.8° and 58.5° might be attributed to Mn effects,
further confirming the presence of Mn in the structure. More
detailed elemental composition (see Figure S4 in Supplementary
Material) and oxidation states of as-prepared Ni–Co–Mn oxide
are analyzed by XPS, and the corresponding results are displayed
in Figures 3C,D. The Ni 2p spectrum in Figure 3B is fitted by
considering two spin-orbit doublets, characteristic of Ni2+ and
Ni3+, and two shakeup satellites (identified as “Sat.”) (Cui et al.,
2009). Similarly, the Co 2p spectrum (Figure 3C) is fitted with
two spin-orbit doublets, characteristic of Co2+ and Co3+, and
two shakeup satellites (Cui et al., 2009). In the Mn 2p spectrum
(Figure 3D), the peaks observed at 641.5 and 653.2 eV correspond
to Mn 2p3/2 and Mn 2p1/2, respectively. However, distinguishing
the binding energy corresponding to the oxidation states of Mn2+

and Mn3+ is difficult (Bag et al., 2014). Based on these analyses,
the surface of as-prepared Ni–Co–Mn oxide possesses a compo-
sition containing Ni2+, Ni3+, Co2+, Co3+, Mn2+, and Mn3+.

Figure 4 provides characteristic electrochemical performance
curves of the multi-component metal oxide. Figure 4A shows

the cyclic voltammetry (CV) results of the Ni–Co–Mn oxide
(a mass of approximately 0.11mg, corresponding to a density of
0.5mg cm−2) at voltage scan rates from 2 to 100mV s−1 with a
voltage window from −0.2 to 0.5V vs. SCE in 2M KOH. Distinct
redox peaks exist in the scanned CV curves at all scan rates, and
these are primarily associatedwith faradaic redox reactions related
to M–O/M–O–OH (M represents Ni, Co, or Mn) associated with
OH− anions (Yuan et al., 2012a). The current response to the
applied voltage sweep rate is shown in Figure S5 in Supplementary
Material, in which the peak current is shown to be proportional
to the scan rate, indicating that the redox reaction is controlled
by surface adsorption (Simon et al., 2014). Similar peaks are also
observed in CV curves of NiCo2O4 in a control experiment (see
Figure S6A in Supplementary Material).

Figure 4B shows the galvanostatic charge/discharge profiles at
different current densities ranging from1 to 40mA cm−2 (profiles
at higher current densities are shown in Figure S7 in Supplemen-
tary Material), displaying a relatively symmetric shape. Voltage
plateaus in discharge curves appear at around 0.2V, which is
consistent with the CV curves of Figure 4A. Specific capacitances
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FIGURE 3 | (A) XRD pattern of Ni–Co–Mn oxide nanoneedles grown on Ni Foam. High-resolution XPS of (B) Ni 2p, (C) Co 2p, and (D) Mn 2p.

FIGURE 4 | (A) CV curves of Ni–Co–Mn oxide nanoneedle electrodes in 2M KOH electrolyte from 5 to 100mVs−1. (B) Galvanostatic charge/discharge curves of
Ni–Co–Mn oxide electrodes at different current densities in the voltage range between 0 and 0.4 V vs. SCE. (C) Specific capacitance as a function of discharge
current density. (D) Ragone plot of Ni–Co–Mn oxide nanoneedle electrodes.
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(using an active material mass basis) calculated by the method
described in the Supplementary Material are plotted as a function
of discharge current densities in Figure 4C. Notably, the specific
capacitance of the Ni–Co–Mn oxide electrodes is greater than
2000 F g−1 at a discharge current density of 1mA cm−2, which
is more than three times higher than that of NiCo2O4 at the
same current density (see Figure S6B in Supplementary Material).
The significant enhancement in charge storage is also reflected
in the comparative CV curves of the two oxide electrodes (see
Figure S6A in Supplementary Material). This phenomenon of
significantly enhanced specific capacitance of Ni–Co–Mn oxides
compared to NiCo2O4 under the same growth condition was also
observed on carbon cloth substrates (data not shown).

This significant increase in specific capacitance can be
attributed to the unique homogeneous structure of the metal
oxide with uniform distributions of Ni, Co, and Mn elements,
increased number of oxidation states and synergistic effects of the
ternary metal components in the electrodes. The specific capaci-
tance of the multi-component metal oxide drops to ~1250 F g−1

at a high current density of 40mA cm−2 (corresponding to
~80A g−1), indicating a fairly good rate capability. Figure 4D
shows the Ragone plot for the Ni–Co–Mn oxide electrode at
different current densities. The energy density decreases from 45
to 27.5Whkg−1, while the average power density increases from
0.9 to 19.5 kWkg−1 as the galvanostatic charge/discharge current
increases from 1 to 40mA cm−2. These values aremore promising

than the reported energy and power densities of NiCo2O4
nanowires (energy and power densities less than 20Whkg−1 and
7 kWkg−1, respectively) (Jiang et al., 2012), suggesting that the
Ni–Co–Mn oxide electrode warrants further development as an
electrode material in supercapacitor applications.

Figure 5A shows the Nyquist plot for the Ni–Co–Mn oxide
nanoneedle electrodes recorded from 0.1Hz to 1MHz. The equiv-
alent series resistance (ESR) value calculated from Figure 5A for
the Ni–Co–Mn oxide electrodes is as low as 1.29 Ω. Notably, the
Nyquist plot shows no characteristic circular curvature in the
high frequency region, indicating that the charge transfer resis-
tance in the electrodes during charge/discharge process is negli-
gible, which suggests very low electrical resistivity of the mate-
rial and high charge transfer efficiency at the interface of the
Ni–Co–Mn oxide electrodes. Moreover, the linear behavior in the
low frequency range is indicative of capacitive behavior of the
electrodes.

Long-term cycle life is one of the most critical issues con-
cerning metal oxide-based supercapacitor electrodes. Figure 5B
shows the specific capacitance retention as a function of cycle
number. The multi-component metal oxide electrode shows ~7%
loss in specific capacitance over 3000 charge/discharge cycles at
a current density of 10mA cm−2 and high coulombic efficien-
cies (>99%), indicating good long-term cyclic stability and high
charge storage/utilization efficiencies. No noticeable changes in
the morphology of the nanoneedle electrodes were observed

FIGURE 5 | (A) Nyquist plot for the Ni–Co–Mn oxide nanoneedle electrodes recorded from 0.1Hz to 1MHz. (B) Charge/discharge cycling stability test at a current
density of 10mAcm-2 and coulombic efficiencies during the test. (C) A radar plot to summarize the electrochemical performance of the Ni–Co–Mn oxide nanoneedle
electrodes.
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after the long-term cycling tests (see Figure S8 in Supplemen-
tary Material). The excellent stability is likely attributable to the
uniform structure and the robust mechanical contact between the
nanoneedles and substrate. A radar plot to summarize the overall
electrochemical performance of theNi–Co–Mnoxide nanoneedle
electrodes is provided in Figure 5C.

Thermal influence on the electrochemical performance of
Ni–Co–Mn oxide electrodes has been studied by electrochemi-
cally characterizing the electrodes in 0.1M KOH electrolyte with
Ag/AgCl as a reference electrode. The trend of temperature influ-
ence on electrochemical performance of the Ni–Co–Mn oxide
nanoneedles in 2M KOH is expected to be similar to that in 0.1M
KOH. Figure 6 shows the electrochemical performance of the
as-prepared multi-component metal oxide electrodes at different
temperatures of 4°C, RT, 40, 60, and 80°C. Figure 6A shows
the CV curves of Ni–Co–Mn oxide nanoneedle electrodes at a
fixed scan rate of 10mV s−1. The area of CV loop of the metal
oxide electrodes gradually increases with operating temperature,
indicating an increase in the capacitance with increasing tem-
perature. At a temperature of 4°C, the area of the CV loop is
significantly smaller than that at 80°C, indicating that temperature
influences capacitance of the multi-component metal oxide sig-
nificantly within a relatively wide temperature range for aqueous
electrolytes.

The redox peak in Figure 6A (located around 0.3V vs.
Ag/AgCl) corresponding to the pseudocapacitance from the

reversible electrochemical reaction between the metal oxide elec-
trodes and electrolyte becomes more prominent at elevated tem-
peratures as compared to low temperatures. Bo et al. proposed that
mechanisms including liquid flow/mass transport in nanoscale
regions, charge storage at the interface of electrolyte and elec-
trode materials, and electron transport affect the electrochemical
behavior of supercapacitors (Bo et al., 2015). Higher operating
temperature facilitates higher ionic conductivity of electrolytes,
and enhanced flow/mass transport at the interface of metal
oxide/aqueous electrolytes and electron transport in the electrode
material, leading to significant differences in charge storage at
different temperatures.

Figure 6B displays the galvanostatic charge/discharge curves of
Ni–Co–Mn oxide electrodes at a current density of 1mA cm−2

and different temperatures of 4°C, RT, 40, 60, and 80°C in the volt-
age range between 0 and 0.4V vs. Ag/AgCl. The charge/discharge
curves of the metal oxide electrodes are relatively symmetric at all
temperatures studied. The time period required for the electrode
to charge to 0.4Vor discharge to 0V increaseswith operating tem-
perature. In contrast, the initial potential drop associated with the
cell internal resistance (known as IR drop) in the discharge curves
decreases with increasing operating temperature (see Figure S9 in
Supplementary Material), indicating a decreasing IR at elevated
temperatures.

Figure 6C shows the areal capacitances of Ni–Co–Mn oxide
electrodes at different operating temperatures calculated from

FIGURE 6 | (A) CV curves of Ni–Co–Mn oxide nanoneedle electrodes at a fixed scan rate of 10mVs−1 in 0.1M KOH electrolyte at temperatures of 4°C, RT, 40,
60, and 80°C. (B) Galvanostatic charge/discharge curves of Ni–Co–Mn oxide electrodes at a current density of 1mAcm−2 and temperatures of 4°C, RT, 40, 60,
and 80°C in the voltage range between 0 and 0.4 V vs. Ag/AgCl. (C) Areal capacitances of metal oxide electrodes calculated from charge/discharge curves in
(B) at different temperatures at a constant current density of 1mAcm−2. (D) Nyquist plot for the Ni–Co–Mn oxide nanoneedle electrodes recorded from 0.1Hz to
1MHz measured at different temperatures.
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the galvanostatic charge/discharge curves in Figure 6B using
the method described in the Supplementary Material. At RT,
Ni–Co–Mnoxide electrodes exhibit a capacitance of ~0.26 F cm−2

at a current density of 1mA cm−2. When temperature increases
to 80°C, the capacitance reaches 0.48 F cm−2 or 84% higher than
that at RT. This large increase in capacitance is significantly higher
than that reported for other electrodes in aqueous electrolytes.
Moreover, at a temperature of 4°C, the capacitance decreases by
18% compared to that at RT. These large variations of capacitance
induced by temperature change are comparable to or larger than
other reported values in prior work (Zheng and Jow, 1996; Kotz
et al., 2006; Liu and Pickup, 2008; Xiong et al., 2015a). These
results suggest that temperature influences the electrochemical
performance of Ni–Co–Mn oxide nanoneedles more by affecting
the ion transport behavior and faradaic reactions at the interface
between the electrode and electrolyte.

Interactions between electrodes and electrolytes at high/low
temperatures may affect the subsequent performance at RT (e.g.,
cycling to/from high or low temperatures) (Xiong et al., 2015b).
The thermal stability and repeatability of the Ni–Co–Mn oxide
electrodes has also been demonstrated by characterizing them at
RT, after being tested at 80°C (see Figure S10 in Supplementary
Material). Figure S10 in Supplementary Material compares the
CV curves measured at RT before and after an excursion to high
temperature, and the discharge curves of the two results almost
overlap, indicating excellent stability and repeatability of the elec-
trodes within in a wide range of temperatures. These results differ
from prior observations in which chemical changes occurred
between carbon electrodes and organic electrolytes caused by
reversible/irreversible redox reactions (possible surface modifica-
tion of the electrode surface) (Masarapu et al., 2009).

Comparative Nyquist plots for the Ni–Co–Mn oxide nanonee-
dle electrodes recorded from 0.1Hz to 1MHz at different tem-
peratures are shown in Figure 6D. The measured impedance
spectrum can be fitted by an equivalent circuit (Conway, 2013),
consisting of a bulk electrolyte resistance, a charge transfer resis-
tance, a pseudocapacitive element from redox reactions of the
electrode materials and electrolyte, and a constant phase element
(CPE) to represent the double-layer capacitance. The bulk elec-
trolyte resistance is reflected by the real-axis intercept of the
impedance spectrum at high frequency. As shown in Figure 6D,
the bulk resistance of aqueous electrolyte decreases from 22.8
to 7.9 Ω as operating temperature increases from 4 to 80°C.
This nearly threefold decrease in bulk resistance of electrolytes
indicates that temperature influences ionic conductivity of the
electrolytes substantially over a wide range of operating temper-
atures. At higher temperatures, the ionic conductivity of aqueous
electrolytes is higher than that at lower temperatures. A similar
phenomenon has also been reported (See and White, 1997).

Compared to RT, the resistance at 80°C is decreased by 50%,
which is comparable to other reports based on aqueous elec-
trolytes in prior work (Liu and Pickup, 2008). Charge transfer
resistance reflects the faradaic reaction rate and ion transfer kinet-
ics at the interface between active metal oxides and electrolytes.
A higher charge transfer resistance indicates a lower redox reac-
tion rate. Significantly, Figure 6D indicates that charge transfer
resistance increases as operating temperature decreases. At an

operating temperature of 4°C, the charge transfer resistance is esti-
mated to be 8.2 Ω, which is much higher than that at 80°C (2.2 Ω).
This result indicates that operating temperature significantly
affects the charge transfer kinetics and faradaic reaction rate at the
interface between electrolyte and Ni–Co–Mn oxide nanoneedles,
which largely explains the phenomenon of the higher capacitance
at higher operating temperatures (see Figure 6C).

The kinetics of ionic transport involved in the process can be
expressed by an Arrhenius-type equation: C=C0 exp(−Q/RT),
where C is the amount of charge accumulated at the elec-
trode–electrolyte interfacial zone enabled by the molecular or
ionic motion mechanism, C0 is a pre-exponential constant, Q is
the activation energy, T is absolute temperature, and R is the
universal gas constant (Liu et al., 2010). The Arrhenius plot of
specific capacitance as a function of inverse temperature for the
kinetics of ionic transport for the Ni–Co–Mn oxide electrode in
aqueous electrolyte is plotted in Figure S11 in Supplementary
Material, in which a linear relationship between ln(C) and 1/T is
observed with a fixed slope −Q/R. Consequently, the activation
energy Q derived from the Arrhenius equation is calculated to be
8.27 kJmol−1.

Conclusion

In conclusion, a facile and cost-effective strategy has been devel-
oped to design and synthesize a multi-component Ni–Co–Mn
oxide with a homogenous structure for high-performance super-
capacitor electrode applications. The multi-component metal
oxide electrode exhibits a specific capacitance of 2023 F g−1 at
1mA cm−2, three times higher than that of NiCo2O4 in the
control experiments, excellent long-term stability, and low IR.
Such intriguing pesudocapacitive behavior is attributed to the
unique homogeneous structure of the metal oxide with uniform
distributions of Ni, Co, and Mn elements, enhanced oxidation
states, and synergistic effects of the multi-metal components in
the electrodes. This enhancement can be further maximized by
adjusting the ratios of these elements in the oxides in the future.
Moreover, the influence of temperature onNi–Co–Mn oxide elec-
trodes in a three-electrode configuration in aqueous electrolyte
has been studied over a relatively wide temperature range. Tem-
perature affects the capacitance and IR significantly by altering
the ionic conductivity of electrolytes and faradaic reaction rates
at the electrode surface. The multi-component electrode in this
study exhibits excellent thermal stability and repeatability within
this wide temperature range. This work opens new pathways to
design electrode materials with enhanced electroactive sites for
pesudocapacitive reactions and wide usable temperature ranges,
and thus further boosts the energy and power densities of pseudo-
capacitive electrodes to becomemore competitive with traditional
batteries.
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