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Abstract

In this work, we were committed to building a nickel oxide (NiO) octahedron with skeleton crystal structure as a capacitor
electrode for supercapacitance through a template-free and efficient one-step process. Initially, nickel nitrate hexahydrate (Ni
(NO3),-:6H,0) and anhydrous ethanol mixtures were used as a material. The final samples were prepared by calcining the
precursor at different temperatures. The mechanism of crystal recrystallization at different temperatures during calcination
was discussed. Generally speaking, in the process of rapid growth with only diffusion mechanism, crystal imperfections such
as crystal plane depression and skeleton crystal will be formed. At the lower temperature calcination, small depressions are
produced due to the effect of crystal face Ostwald ripening. At higher temperatures, the crystal edge growth rate is faster than
the surface growth rate during Ostwald ripening and recrystallization, resulting in the formation of NiO octahedron with a
large surface depression skeleton crystal structure. The electrochemical test results of the samples showed that the surface
depression NiO octahedron has fine supercapacitive behaviors and specific capacitance values (640 F g~') at the discharging
current of 0.5 A g~ ! in the 3 mol L™! KOH electrolyte and maintain excellent cycling stability, remaining constant after 2000
cycles. Electrochemical impedance measurements confirmed the capacitance performance of NiO electrodes.
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Graphical Abstract

Skeleton crystal is a special form of crystal crystallization. Rock salt structure is an important part of the formation of
skeleton crystal. The growth rate of the edge of the NiO crystal is higher than that of the crystal surface, and the (111) plane
decreases or even disappears, eventually forming a skeleton crystal NiO octahedral structure.
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1 Introduction

In recent years, electrochemical supercapacitors have
attracted great attention as a new type of energy storage
device with a high power density and durability [1-3].
RuO; and IrO, are well studied as two kinds of pseudoca-
pacitance capacitive electrode materials [4]. However, the
use of these materials is limited by their high cost. Alter-
native materials such as NiOx [5-7], CoOx [8, 9], and
MnO, [10, 11] have been made in various combinations to
overcome cost factors. In these materials, NiO is usually
used in rechargeable batteries and supercapacitors, which is
due to its low cost, easy access, and comparable electro-
chemical behavior and high theoretical capacity (theoretical
C, of NiO is ~2573 Fg’l [12]). NiO nanostructure has the
small particle size, large surface area, apparent quantum
effect, and easy to adjust the surface microstructure in the
nanometer scale. It is widely used in magnetic material [13],
catalyst [14], battery electrode [15], and gas sensor [16] of
inorganic materials. The regular shape of nanocrystalline
metal oxide crystals is an important branch of research in
the preparation of metal oxide supercapacitors. Mastery
over their shape results in control over their properties and
enhancement of their usefulness for a given application
[17]. So far, many morphologies of NiO have been
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A special morphology of NiO skeleton crystal octahedron was synthesized by a one-step template-free method.
The formation mechanism of surface depression NiO octahedron was explained based on the definition of skeleton

The effect of surface depression on electrochemical performance is explained.

Electrochemical supercapacitors * NiO octahedron - Skeleton crystal * Depression

prepared, such as nanospheres [18], nanorods [19], nano-
flowers [20], nanotubes [21], nanowires [22], nanosheets
[23], and nanopolyhedra [24]. Under normal circumstances,
the preparation methods of nano-scale NiO octahedron
include solvothermal and hydrothermal synthesis [25],
chemical vapor deposition [24], sonochemical [26], and
electrodeposition processes [27, 28]. So far, NiO octahe-
drons have been prepared by a variety of experimental
methods. Liu et al. reported that NiO octahedral materials
exposed (111) crystal faces have higher photocatalytic
activity than P25 [29]. Yang et al. prepared the NiO octa-
hedron with smooth surfaces. Electrochemical tests showed
that the octahedral and agglomerated structures have high
lithium storage capacity [30]. However, these methods
usually involve multiple steps, stabilizers, organic solvents,
and even template. Therefore, it is very important to find a
simple, effective, and environmental-friendly synthetic
strategy. To the best of our knowledge, NiO octahedrons
with surface depressions skeleton crystal are rarely men-
tioned, despite some progress achieved in the synthesis of
octahedron particles.

In this paper, we report a one-step and template-free
method to synthesize NiO octahedrons. The NiO samples
have been tested as supercapacitor electrode materials in
3.0 mol L™! KOH electrolytes. We analyzed the mechanism
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of the different morphogenesis of NiO crystals. The results
of the electrochemical supercapacitor characteristics
showed that the surface depression skeleton crystal NiO
octahedron having fine supercapacitive behaviors and
specific capacitance values at the discharging current of 0.5
Ag'is 640Fg ! in the 3molL™" KOH electrolyte and
maintain excellent cycling stability, remaining constant
after 2000 cycles. Electrochemical impedance measure-
ments confirmed the capacitance performance of NiO
electrodes.

2 Experimental
2.1 Materials

Ni(NOj3),-6H,0, anhydrous ethanol, and KOH were pur-
chased from Shanghai Chemical Co. Reagent company.
These were directly used as received without further pur-
ification. All other reagents are of analytical reagent grade,
unless stated otherwise.

2.2 Preparation of the nickel oxide octahedral
The related thermal decomposition chemical reaction of the

synthetic template-free skeleton crystal NiO octahedron can
be summarized as follows:

4CH;CH,0H + NO; — 4CH;CHO + NH; + OH™ +2H,0  (I)

3Ni(NO3), + 6 H,O — Ni3(NOs), (OH),-2H,0 + 4 HNO;

(I1)
2Ni3(NO;),(OH),-2H,0 — 3Ni(OH), +2NO, + 2H,0 + %oz

(1)
Ni(OH),— NiO + H,0 (IV)

In a typical experiment, 0.02mol Ni(NO;),-6H,O
was dissolved in 20 mL of anhydrous ethanol, and stirred at
30 °C for 0.5 h until the solution was completely dissolved.
The solution was then transferred to the oven and heated to
110 °C for 8 h. The pale green precursor was recovered by
filtration and washed repeatedly with deionized water and
anhydrous ethanol to remove undecomposed impurities.
Additionally, the samples were annealed at 400 °C for 2 h.
In order to study the influence of temperature on the mor-
phology, the original experimental conditions were kept
constant, and the annealing temperature was adjusted to 600
and 800 °C, respectively. Finally, the samples were cooled
to room temperature.

In order to study the effect of calcination time on the
morphology of NiO, different samples were obtained at
different times under the premise of calcining the precursors
at 400 and 600 °C, respectively. They are labeled 400-0.5,
400-1, 400-1.5, 600-0.5, 600-1, and 600-1.5, respectively.

2.3 Electrochemical tests

Electrodes for electrochemical studies were prepared by
mixing 80 wt% of the as-obtained NiO crystals, 10 wt%
conducting acetylene black, and 10 wt% binder (poly-
vinylidene difluoride, PVDF). The prepared slurry was
evenly coated on a nickel foam base with an area of about 1
cm? and then dried at 60 °C for 12h as the working elec-
trode. Electrochemical experiments were performed on an
electrochemical workstation (PARSTAT 4000) using 3 mol
L~! KOH as the electrolyte. Cyclic voltammetry functions
using a three-electrode cell (a saturated calomel electrode
(SCE) as the reference electrode, a Pt electrode as the
counter electrode).

2.4 Characterization

X-ray diffraction patterns were recorded using a Bruker D8
advance X-ray diffractometer with Cu Ko radiation (40 kV,
40Ma, y=0.15406 nm). The diffraction data were col-
lected at a scan rate of 2° min~ ' in the 26 range from 20° to
80°. The tube voltage and current were 40 kV and 40 mA,
respectively. Scanning electron microscopy (SEM) was
performed using an S-4800 Field Emission SEM (FESEM,
Hitachi, Japan) at an accelerating voltage of 10kV. Ther-
mogravimetric (TGA) analyses were conducted using a
Shimadzu TGA-50 (Shimadzu, Tokyo, Japan) analyzer
with temperature programmed at a constant heating rate of
10.0 Kmin ! in air with a gas flow of 25 mL min~".

3 Results and discussion
3.1 XRD analysis of the samples

According to the Joint Committee on Powder Diffraction
Standards (JCPDS) card no. 27-0939, the sample formed in
Fig. la can be assigned to hexagonal structure Niz(NOj3),
(OH),-2H,0. The phase structures of the samples are clearly
characterized by XRD patterns as shown in Fig. 1b, repre-
senting the X-ray diffraction spectra corresponding to the
annealing temperatures of 400, 600, and 800 °C. The dif-
fraction peaks located at 37.2°, 43.3°, 62.9°, and 75.4° can
be well indexed to the (111), (200), (220), (311), and (222)
crystal planes of cubic NiO (JCPDS card no. 47-1049) [31],
respectively. It can be seen from Fig. 1b that the samples
obtained after calcination have good crystallinity.

@ Springer
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Fig. 1 XRD pattern of a nickel oxide precursor and b 400 °C, 600 °C, and 800 °C

Moreover, the diffraction peaks gradually strengthened.
When annealing temperatures was 400 °C, the I (200)/1
(111) intensity ratio of the samples was 1.69, When the
calcination temperature was 600 °C, the I (200)/I (111)
intensity ratio of the samples was 1.73, When the calcina-
tion temperature was 800 °C, the I (200)/I (111) intensity
ratio of the samples was 1.96. In the present study, 7 (200)//
(111) underwent a linear increase from 400 to 800 °C,
suggesting an enhancement in the anisotropy of NiO octa-
hedral particles [32]. No characteristic peaks of impurities
were detected in the XRD patterns.

3.2 Thermogravimetric analysis

The TGA curve (Fig. 2) analysis showed that the precursor
NiO decomposed at about 400 °C. As shown in Fig. 2, the
precursor TGA curve showed about 50% weight loss from
25 to 850 °C. This weight loss can be roughly divided into
three stages. The first stage involved a weight loss of about
10% below 200 °C, which mainly due to the desorption of
surface-absorbed H,0O. The second stage involved a dra-
matic weight loss of ~7% between 200 and 270 °C, which
due to the decreasing of the bound water of the sample. The
third stage involved ~33% weight loss between 270 and
390 °C, due to the decomposition of oxygen-containing
groups. The weight of the sample continuously decreases up
to ~390 °C, after which no obvious weight loss is further
observed. It can be seen from the thermogravimetric curve
that the precursor decomposed after 390 °C, so we chose
400, 600, and 800 °C as the calcination temperature to
prepare the NiO samples. The TGA analysis curve showed

@ Springer

that there is no significant weight loss in the NiO samples
(400, 600, and 800 °C). This is consistent with the con-
clusions drawn from the precursor TGA curve.

3.3 SEM analysis of the samples

A representative field-emission scanning electron micro-
scopy (FESEM) image of NiO calcined sample at 400 °C
for 2 h is shown in Fig. 3a, b. It can be seen from Fig. 3b
that the NiO octahedron consists of 8 equilateral trian-
gular surfaces and 12 identical edges (average side length
of 300-500 nm). The NiO has a good octahedral struc-
ture, but it can be found that there are many small
depressions on the surface of the NiO octahedron after
calcination.

When the calcination temperature was changed to 600 °
C, the morphology of NiO remains an octahedron structure,
but it is different from the previous octahedron. As shown
in Fig. 3c, d, the shape of the product is relatively simple,
and the size of the single crystal is more regular. The size of
the product is about 500 nm. These NiO crystals have the
characteristics of coarse crystal edges, depression surface,
and obvious triangular holes.

When the annealing temperature is up to 800 °C, the
morphologies of the products are shown in Fig. 3e. The
morphology of NiO is no longer octahedron structure, but a
small square. As shown in Fig. 3f, the diameter of a square
block is about 200 nm, and the edge of the crystal is clear.
Therefore, the morphology and structure of NiO can be
optimized by controlling the annealing temperature in a
certain range.
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3.4 Electrochemical behavior of NiO octahedral

In order to explore the potential advantages of the samples
as an energy storage device, the synthesized samples
were made into supercapacitor electrodes. The electro-
chemical performance of NiO octahedrons was evaluated in
3mol L™! KOH electrolyte solution using a three-electrode
system in the potential range 0.1-0.4 V. EIS, CV, and GCD
measurements were performed to compare the properties of
these materials.

In order to verify the electrochemical properties of the
prepared electrode materials, EIS was used to characterize
the sample. EIS is an effective method to measure the
electronic conductivity in the redox process. As shown in
Fig. 4a, the slope of 600 °C sample is larger than that of the
other two samples in the low-frequency region, indicating
that it has the lowest impedance. Because it has the lowest
impedance, it can be concluded that 600 °C sample has the
best electrochemical performance. Figure 4b shows the CV
curves of the NiO ranging from 5 to 100 mV s~ at different
scan rates. With the increasing scanning speed, the shape of
CV curve is maintained, demonstrating that the NiO mod-
ified working electrode exhibits satisfactory rate and cycle
performance [33]. Figure 4c shows a pair of cathodic and
anodic peaks in the CV curves for all three samples at
different scan rates. One peak is anodic (positive current
density) during the oxidizing reaction of Ni*" to Ni**, and
the other is cathodic (negative current density) during the
reverse process. The anodic peak in the CV profile shifted
towards positive potentials with an increase in the scan rate
and the cathodic peak to the negative potential on account
of the polarization in the electrode material [34]. These
peaks are derived from the rapid reversible redox process on
the surface of the electrode, according to the following

equation [35]:
NiO+ OH™ < NiOOH + e~

The cathode peak and anode peak position changed
slightly with the increasing of scanning rate, which indi-
cated that the electrochemical reaction speed is fast, and the
electrode resistance is generated during redox reaction. The
redox peak can be observed at all scanning rates, which is
mainly due to the different conversion of nickel between
redox states [35, 36]. Therefore, the specific capacitance is
improved by making full use of the electroactive surface of
NiO particles at low scanning rate. The decrease in specific
capacitance is attributed to the NiO nanostructure which
cannot sustain the redox reactions at a higher current. Figure
4d shows that the GCD curves of the NiO samples are tested
at current density of 0.5A g~! from 0 to 0.4V using 3.0
mol L~! KOH solution as the electrolyte. All of the non-
linear charge—discharge curves confirmed the tantalum
capacitor properties of the NiO electrode, which is con-
sistent with the CV results. Obviously, each curve with a
clear platform corresponds to the Faraday discharge pro-
cess. For the three-electrode cell, the specific capacitance of
the electrode was calculated using GCD curves [37]:

IAt
€= v W
where C is the specific capacitance (Fg™'), I is the
discharge current (A), m is the mass of the electrode (g),
AV is the potential window (V), and At is the total
discharge time (s). The specific capacitance values obtained
from charge—discharge studies are 350, 640, and 110F g~ !
for 400, 600, and 800 °C samples electrodes at a current
density of 0.5A g '. The significant increase in specific
capacitance of the 600 °C sample is mainly attributed to its
depression structure, which provides effective diffusion
channels for electrolyte ions, resulting in improved
pseudocapacitance performance. In particular, this porous
nanostructure can act as an ‘“ion buffer reservoir” [38],
maintaining the supply of OH™ and ensuring that a
sufficient Faradaic reaction can be stored at high current
densities.

Cycling stability performance is another important
parameter of the electrochemical supercapacitor. Figure 5
illustrates specific capacitance retention as a function of
cycle number based on the CV curves at a current density of
20mVs~' of NiO (600°C). The specific capacitance
increased by about 8% for the three types of NiO during the
first 50 cycles, which is possibly due to the activation
process of the NiO electrodes [39]. As the scanning process
continues, the specific capacitance of the NiO octahedron
crystal at 600 °C, remains stable, which confirms stable
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Fig. 3 SEM images of a 400 °C,
¢ 600 °C, and e 800 °C (b, d,
and f are the partial
magnification of a, ¢, and e,
respectively)

500 nm

2.5 um

500 nm

cycle performance and high Coulombic efficiency. Besides,
these values are higher than those obtained from other NiO
powder materials. The morphology, synthesis method, and
electrochemical performance of as-obtained NiO and other
electrodes are provided for comparison, as shown in Table
S1. It can be concluded, this higher capacitance retention
implies that the depression NiO octahedron is a suitable
material for supercapacitor application.

3.5 Formation mechanism of the NiO samples

For the study of the formation of NiO octahedron, time-
dependent growth experiments were performed. Figure S1
shows the XRD images of 400-0.5 h, 400-1 h, and 400-1.5
h. Undoubtedly, the three samples are all pure NiO (JCPDS
card no. 47-1049) based on their XRD patterns. Figure S2
shows SEM patterns of NiO precursor, 400-0.5 h, 400-1 h,

@ Springer

250 nm

and 400-1.5 h. It can be seen from the SEM that the mor-
phology of the samples changes significantly with the cal-
cination time. Figure S2a shows the SEM of the precursor
with irregular nanoparticle morphology. The nanoparticles
(Ni3(NOj3),(OH),-2H,0, diameter: 50-100 nm) are prone to
agglomeration. When the calcination time was 0.5 h, small
NiO octahedron and unformed particles were formed by
sintering Ni3(NO3),(OH),-2H,0 (Fig. S2b). When the sin-
tering time was increased to 1 h, the small octahedron was
further grown to have a side length of about 100 nm (Fig.
S2c¢). By further increasing the sintering time to 1.5 h, many
particles having an octahedral structure (side length: 250—
500 nm) were observed, as shown in Fig. S1d. At the final
stage of formation (2h), the octahedral particles became
larger and more uniform in shape, but the surface of the
sample became relatively rough (Fig. 3a, b). The observa-
tions provide the first direct evidence that the octahedral
NiO structures undergo a continuous transformation from
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irregular particles to small octahedra and then to large
octahedra with increasing sintering time, as illustrated in
Fig. S2. This implies an important role of calcination time
in the production of octahedral NiO structures.

For the study of the formation of NiO skeleton crystal
octahedron, time-dependent growth experiments were per-
formed. The XRD patterns in Fig. 6a show that the products
formed from 0.5 to 1.5 h are pure face-centered cubic (FCC)
phases of NiO (JCPDS card no. 47-1049). Moreover, the
diffraction peaks gradually strengthened, and the I (200)/1
(111) intensity ratio of the samples was enhanced from 1.53
to 1.56 with increasing time from 0.5 to 1.5 h. It can be seen
from Fig. 6b that the NiO octahedron (111) face becomes
rough and has some small depressions at 600 °C for 0.5 h. It
can be seen from Fig. 6¢, when the calcination time was
increased to 1h, the depression of the (111) plane of the
NiO octahedron is further enlarged compared with the
coarse depression. As can be seen from Fig. 6d, the surface
of the sample was relatively smooth but the dents became
more pronounced as the calcination time was increased to

120
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Fig. 5 Cycle stability of 600 °C measured at a scan rate of 20mV s~
of the CV curves

1.5 h. When the final calcination time was 2 h, it was seen
from Fig. 3d that some of the NiO octahedron (111) faces
were completely recessed to form a skeleton crystal NiO
octahedron. Time-dependent structural evolution (NiO
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Fig. 6 a XRD patterns and SEM
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Fig. 7 Formation mechanism of the NiO octahedron

octahedral particles) and alteration (skeleton crystal NiO
octahedral morphology) strongly suggested that sintering
time can be used as a tool to control the growth process of
three-dimensional structures. They can be used as inter-
mediates in the final product: experiments have shown that
the formation of skeleton crystal NiO octahedral structures
is indeed related to the preparation conditions.

Figure 7 shows that the synthesis process and
schematic diagram of NiO octahedron. The light green Nij;
(NO3),(OH),-2H,0 precursor was formed with a via one-
pot reaction and then synthesized NiO after calcination at
different temperatures. Ni3(NO3),(OH),-2H,0 actually
corresponds to a-Ni(OH), with a hydrotalcite-like structure
and composed of laminated Ni(OH),_, layers with NO;™~
and water molecules in the interlayer [40]. At around 300 °
C (Fig. 2), the mass of the precursor decreased rapidly. This
was attributed to the decomposition of NO3~ to NO,, in
which the precursor became a-Ni(OH),, and the melting
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point of a-Ni(OH), is 230 °C. Therefore, when the calci-
nation temperature is higher than the melting point of the
sample, a-Ni(OH), will be in a molten state. Then, the
crystals recrystallized when the samples were cooled to
room temperature. Generally, FCC crystals have a general
surface energy sequence, y(111) <y(100) <y(110) [41, 42].
According to the principle of minimum surface free energy,
nanoparticles usually have to be surrounded by crystal
planes of lower energy. In this case, the precursor forms a
(111) FCC phase of NiO formed by a triangle during the
melt recrystallization process. When the precursor was
calcined at 400 °C, in the process of rapid growth with only
diffusion mechanism, the crystal interface will show
instability when nucleating in the liquid region near the
gas-liquid interface. At the same time, due to austenitic
ripening, the grains on the surface of the crystal will com-
bine with each other to form large particles, resulting in
some small depressions on the surface. When the precursor
was calcined at 600 °C, the NiO octahedron formed has a
larger depression on the surface than the NiO octahedron
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formed at 400 °C. Because during the crystallization of the
NiO octahedron, the growth conditions of the skeleton
crystals are satisfied as the temperature increases. Skeleton
crystal is a special form of crystal crystallization. When the
solution is extremely supersaturated, the crystallization
speed rate is fast and the viscosity of the system is large, the
crystal lattice of the crystal develops very fast, and the
crystal plane is hardly developed. Most of the crystals no
longer have a chance to be filled in the later stage, so that a
funnel is formed in the middle of the crystal faces to form
skeletal structures. Rock salt structure is an important part
of the formation of skeleton crystal. Figure 8a shows the
theoretical diagram of rock salt skeleton crystal (funnel
shape). NiO is the rock salt structure as shown in Fig. 8b.
Both Ni*" and 0>~ are octahedral type coordination, and
the whole crystal can be regarded as a FCC arrangement of
Ni and O. The growth rate of the edge of the NiO crystal is
higher than that of the crystal surface, and the (111) plane
decreases or even disappears, eventually forming a skeleton
crystal NiO octahedral structure [43]. As the calcination
temperature increases, the crystal morphology tends to be
isotropic [32]. Therefore, the crystal is no longer an octa-
hedron but a cube, and the surface is composed of a mixture
of (100) and (111) faces. When the precursor is calcined at
800 °C, an excessively high calcination temperature not
only provides the energy required for decomposition, but
also increases the rate of crystal nucleation. The rate of
nucleation increases faster than nucleus, so that smaller
grains can be obtained [32]. Obviously, the above results
show that the structure and morphology of the obtained NiO
product strongly depend on the decomposition temperature
of N1(NO;)26H20

4 Conclusion

In summary, three different topographies were prepared by
calcination at different temperatures. In electrochemical
tests, surface depression skeleton crystal NiO octahedron
showed stable cycling performance with high specific
capacitance. The formation of surface depression by
recrystallization at 600 °C calcination is a key factor for
good electrochemical performance. The formed surface
depression provided effective diffusion channels for elec-
trolyte ions, resulting in improved pseudocapacitance per-
formance. In particular, surface depression structure can act
as “ion buffers” to maintain the supply of OH ™ and ensure
that a complete Faraday reaction can be stored at high
current densities. When surface depressed NiO octahedron
is tested as an electrode of a supercapacitor, the specific
capacitance is much higher than that of the octahedron and
the cube. This approach also provides a potential strategy to

improve the performance of supercapacitors made from a
variety of other materials.
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