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Abstract: Hydrotalcite, first found in natural ores, has important applications in supercapacitors.
NiCoAl-LDH, as a hydrotalcite-like compound with good crystallinity, is commonly synthesized
by a hydrothermal method. Al3+ plays an important role in the crystallization of hydrotalcite and
can provide stable trivalent cations, which is conducive to the formation of hydrotalcite. However,
aluminum and its hydroxides are unstable in a strong alkaline electrolyte; therefore, a secondary alkali
treatment is proposed in this work to produce cation vacancies. The hydrophilicity of the NiCoAl-OH
surface with cation vacancy has been greatly improved, which is conducive to the wetting and
infiltration of electrolyte in water-based supercapacitors. At the same time, cation vacancies generate
a large number of defects as active sites for energy storage. As a result, the specific capacity of the
NiCoAl-OH electrode after 10,000 cycles can be maintained at 94.1%, which is much better than the
NiCoAl-LDH material of 74%.

Keywords: LDH; supercapacitor; alkali etached; cation vacancy

1. Introduction

Supercapacitors (SC) have advantages over batteries on the part of exceptional cyclic
stability and rate capability, which is helpful to relieve the pressure of the depletion
of fossil fuel resources and accords with the strategy of sustainable development [1–7].
Conventional supercapacitors can be generally classified into two types according to
the mechanism of storing charge. One is a double-layer capacitor, in which ions in the
electrolyte are adsorbed on the surface of the electrode material due to electrostatic forces.
The other type is a pseudo-capacitor, in which the charge is stored by a fast reversible
chemical redox reaction of the electrode material [8–11]. Carbon-based materials are widely
used as electrode materials for double-layer capacitors [12]. Carbon materials have excellent
rate performance and cycling stability, but their low specific capacity leads to low energy
density. Regarding pseudo-capacitor materials, such as conducting polymers, transition
metal oxides, and transition metal hydroxides, with highly specific capacity and fast
charge/discharge capability, a wide range of concerns have been raised [13–15]. However,
their low conductivity and poor stability hinder their applicability to pseudo-capacitor
materials after long charging and discharging processes at high current densities [16,17].
Layered double metal hydroxide (LDHs) is an ideal electrode material for supercapacitors
because its lamellar structure provides a large specific surface area that boosts the double-
layer capacitive performance [6,18–20]. Meanwhile, the transition metal elements in the
lamellae provide a large number of electrochemical active sites that enhance pseudocapacitive
performance. LDHs are composed of two or more metal elements with a hydrotalcite crystal
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structure [21–23]. It is well known that the capacitance of LDHs is derived from rapid redox
reactions at the electrochemical interface [24,25]. Due to the conversion between different
crystal phases in the electrochemical reaction, the stability of monometallic hydroxides is a
matter of concern [7,26]. Wang et al. proved that adding trivalent aluminum elements into
the mixed metal hydroxide layer of LDHs can improve the crystallinity and hydrophilicity
of the ternary LDHs, which is conducive to electrolyte accessibility and charge transfer [22].
For the hydrotalcite material, the aluminum element plays an important role in promoting
the formation of crystals. During the electrochemical reaction, nickel hydroxide and cobalt
hydroxide have large surface activity and can provide rapid redox reactions. The aluminum
hydroxide in the hydrotalcite structure has no electrochemical activity under a voltage
window of 0–0.55 V. Qiu et al. demonstrated that NiCoAl-layered double hydroxide
nanoplates with nanowires heterostructure exhibited considerably good electrochemical
performance [27]. Wang et al. described a method for fabricating cationic vacancies in
NiFe-LDHs with alkali etching to have good electrocatalytic properties [28]. According to
the reported articles, we speculate that alkaline etching pretreatment of NiCoAl-LDH is an
effective method to improve its electrochemical performance. Herein, we propose a simple
method to improve the electrochemical performance of NiCoAl-LDH (NCAL) by alkali
treatment process to remove part of the instable aluminum compounds without destroying
the LDH structure. After alkali treatment, the content of Ni3+ and Co3+ in NiCoAl-OH
(NCAO) showed an increasing trend [29]. A highly specific capacity of 259.5 mAh g−1 at
1 A g−1 and 168.0 mAh g−1 at 10 A g−1is delivered for NCAO with capacity retention of
64.8%. The cycle performance under the current intensity of 10 A g−1 was evaluated. In
particular, after 10,000 times of charge and discharge, the specific capacitance of NCAO can
still be maintained at 94.1%, which is much better than that of NCAL (74.0%). NCAO//AC
devices have an energy density of 68.5 Wh kg−1 at a power density of 256.1 W kg−1. When
the power density is increased to 2.6 kW kg−1, the energy density can still be as high as
51.5 Wh kg−1.

2. Materials and Methods
2.1. Preparation of NiCoAl-OH

First, 0.09 mmol nickel nitrate hexahydrate, 0.02 mmol cobalt nitrate hexahydrate,
0.01 mm aluminum nitrate nonahydrate compound, and 0.4 mmol urea were dissolved in
40 mL deionized solution. Secondly, the solution was stirred for 0.5 h. When it was fully
dissolved, it was transferred to a pressure vessel with polytetrafluoroethylene as the inner
layer. It was then placed in an environment of 140 degrees Celsius and heat-treated for 14 h.
Under the protection of N2, the as-prepared NiCoAl-LDH (NCAL) was treated at 60 ◦C in
the 6 M NaOH solutions for 6 h, and the product was named NCAO. When the layered
double hydroxides were treated in high concentration alkali, the crystal form easily changed.
Hence, NCAL was also treated in 10 M NaOH solutions as a comparative experiment.

2.2. Structural and Morphological Characterization

X-ray diffraction is a very effective method in the qualitative study of materials. X-
ray (XRD) experiments were carried out under 40 KV, 100 mA, and 5 °C, using CuK
alpha (La = 0.15406 nm) as a light source, scanning with 5 °C , and XRD experiments
under the condition of 2 theta = 5∼70 °C. The micromorphology and composition of the
tested materials were observed by scanning electron microscopy (SEM), a matched energy
spectrometer (EDS). The surface morphology of the electrode was studied by using Hitachi
S4800 SEM. The microstructure of the test material is analyzed in detail by TEM. A JEM-
2010 transmission electron microscope was used for analysis. According to the nitrogen
absorption isotherm, the specific surface area and pore diameter of the multistage channel
were obtained by the Brunauer–Emett–Teller (BET) method.
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2.3. Electrochemical Measurements

Firstly, the slurry of active material, binder (PTFE), and conductive additive (acetylene
black) was mixed in a mass ratio of 8:1:1 and added to 10 ml of anhydrous ethanol to make
a homogeneous mixture. Next, the mixed slurry ethanol was evaporated until the slurry
was viscous and coated on 1*1 cm nickel foam to prepare the electrode. The three-electrode
structure and asymmetric two-electrode device were tested by using Shanghai Chenghua
(CHI660E) or a Neware battery testing machine. Here, 6 M KOH aqueous solution was
used as the electrolyte, a corresponding Hg/HgO electrode (6 M KOH) was used as the
reference electrode, and a graphite electrode with a highly specific surface area was used as
the counter electrode. The capacities of the supercapacitor were calculated by the following
formula [30]:

C = I∆t/m (1)

where C is the discharge specific capacity (mAh g−1), I is the current density (A g−1) used
for the test, and m is the mass of the active materials (g).

3. Results and Discussion

A typical synthetic process of NCAO is shown in Figure 1a. First, LDHs were synthe-
sized by the hydrothermal method. By treatment with a strong alkali of 6 M NaOH, the Al
element on the surface of NCAL was removed, thereby forming cation vacancies. Moreover,
these cation vacancies also affect the valence state of nearby metals, and the increase of
Ni3+ and Co3+ contents compensates for the structural instability caused by the removal
of Al3+ (Figure 2e,f). From the SEM photos of Figure 1, we can see that the morphology of
NCAL has no obvious change under alkaline conditions, but it is still petal-shaped after
the removal of Al. As can be seen in Figure 2a, the diffraction corresponds well to the (003),
(006), (012), and (018) diffraction of a typical hydrotalcite-like structure (JCPDS: 35-0964) [4].
Under the alkaline condition, the phase state of the crystal does not change significantly,
which shows a good microstructure retention [10,15]. It can also be clearly observed in
Figure S1 that with a concentration of 10 M NaOH, the original petal-like morphology
completely disappeared and smaller nanosheets were generated. We also found a signifi-
cant change in the crystal form of NCAL when the concentration of NaOH solution was
increased to 10 M, as shown in Figure S2. The original characteristic diffraction peaks of
LDH at 10.9◦, 22.1◦, and 33.5◦ disappeared, which may imply that the LDH is unstable in a
high concentration alkali solution, and structural reorganization occurs. The XRD patterns
are consistent with PDF#30-0443 and PDF#14-0117, suggesting that the original NCAL was
transformed into the hybrid state of Co(OH)2 and Ni(OH)2 .

Through the nitrogen absorption–desorption experiments of NCAL and NCAO sam-
ples, the pore and surface properties of hydrotalcite were obtained. The black curve and red
curve with clear adsorption–desorption hysteresis loops show a representative IV isotherm
(Figure 2b), manifesting that NCAL and NCAO has a mesoporous structure. Compared
with the specific surface area of NCAL’s 66 m2 g−1, NCAO samples have a specific surface
area of of 117 m2 g−1 and use Brunauer–Emett–Teller (BET) methods [31]. The correspond-
ing pore size distribution of NCAO samples by the Brunauer–Emett–Teller (BJH) method
is calculated. The pore-size distribution curve shows that the average pore size of NCAL
is 34 nm, and the average pore size of NCAO is about 22 nm [31]. Its rich mesoporous
structures pores can make the electrolyte penetrate into the deep layer and then improve its
electrochemical properties. The chemical composition and surface electronic state of NCAL
and NCAO were studied by the XPS technique. The binding energy state of the Ni, Co,
Al, O, and C elements can be clearly seen from Figure 2d,e. The Ni 2p and Co 2p spectra
for all samples can be deconvoluted into 2p3/2 and 2p1/2 due to the spin-orbit coupling,
and each main peak is accompanied by a satellite peak [32]. For NCALs nanosheets, the
peaks at 855.5 and 856.5 eV in the Ni 2p3/2 spectrum belong to Ni2+ and Ni3+ coordinated
by OH−, respectively. The peak of 861.4 eV can be attributed to the satellite peak of Ni2+.
Additionally, the peak of 863.1 eV can correspond to Ni3+ in NCAL, indicating the success-
ful synthesis of NCAL. For both NCAL and NCAO nanosheets, the percentage content of
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Ni3+ increases significantly. It is found that Al defects will cause the transformation from
Ni 2+to Ni3+. Similarly, the content of Co3+ also increases. In addition, the smaller the
particle size in the LDH, the more unsaturated coordination sites it has.

Figure 1. (a) The illustration of the preparation process and structures of NiCoAl-LDH and NiCoAl-
OH. (b–d) SEM images of NiCoAl-LDH. (e–g) SEM images of NiCoAl-OH.

On the other hand, NCAL requires that its surface is rich in hydroxyl radical to
make its hydrophilicity better. When drops of water fall on the NCAO, the water spreads
immediately (as shown in Figure 3c,d). The alkali-etched NCAO has better hydrophilicity
compared to NCAL. This result also confirms changes in the surface structure of the
material surface. At the same time, the experiment also proved that the surface structure
of the substance at its interface has changed. This result gives us a lot of inspiration. For
LDH with an Al element, the surface treatment will be beneficial to improve the surface
chemical reactivity. In the past, electrochemical reactions have relied on the mobility of
OH− at low current density because the OH− ions are almost completely diffused to the
electrode surface. The NCAO with good hydrophilicity helps the electrolyte transfer from
the aqueous system to the surface of the active material quickly. At the same time, the
aqueous solution of KOH has a larger contact area with the electrode surface, effectively
providing a more active specific surface area. The electrochemical performance of the
NCAO-electrode was tested by constant current charging and discharging [33]. NCAO
samples and comparative samples were tested in a three-electrode cell using an Hg/HgO
reference electrode and a 6M KOH aqueous electrolyte. Figure 4a show the GCD curve of
NCAL and NCAO in the potential range of 0–0.55 V. The electrochemical characteristics
of NCAO are analyzed in detail by using the cyclic voltammetry curve obtained at the
scanning rate of 5∼100 mV s−1 (as shown in Figure 4b). When the scanning rate is increased,
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the kinetics will play out over the course of the entire capacity. The results show that the
shift of the oxidation peak is mainly caused by the charge dispersion polarization on
the surface of the electrode Similarly, the reduction peak shifts to lower voltages for the
same reason. The NCAL electrodes have a capacity of 259.5 mAh g−1, 249.5 mAh g−1,
226.7 mAh g−1, 201.7 mAh g−1, 198.4 mAh g−1, and 168 mAh g−1 at current densities of 1,
2, 4, 6, 8, and 10 A g−1, respectively (Figure 4c). When the current density is increased from
1A g−1 to 10A g−1, the capacity retention rate is 65%. In comparison, NCAL, which has not
been etched, has a lower capacity than that of NCAO. In comparison, NCAL, which has not
been etched, has a lower capacity than that of NCAO. This may be due to a change in the
material. At the same time, the increase of surface defects also increases the active sites of
the electrochemical reaction. As shown in Figure 4e, the alkali-etched NCAO surface has a
lot of cation vacancies, which is favorable for adsorbing OH−, and the hydrophilicity of the
surface is favorable for the wetting of the electrolyte. This is consistent with the material
wettability discussed above. The charging and discharging mechanism of NCAO is [15,34]:

Ni(OH)2 + OH− 
 NiOOH + H2O + e−

Co(OH)2 + OH− 
 CoOOH + H2O + e−

Figure 2. (a) Typical XRD patterns of the as-prepared NiCoAl-LDH and NiCoAl-OH. (b) N2 sorption
isotherms of NiCoAl-LDH and NiCoAl-OH. (c) Pore size distribution of NiCoAl-LDH and NiCoAl-
OH. (d) XPS spectra of NiCoAl-LDH and NiCoAl-OH. High-resolution XPS measurements of (e) Ni
2p3/2 and Ni 2p1/2, (f) Co 2p3/2 and Co 2p1/2.

Accordingly, the presence of cationic metal vacancies facilitates the adsorption of a
large amount of OH- on the surface of the material, which is beneficial for the electrochemi-
cal reactions [28]. From the alkali etched NCAO material, it is found that the charge trans-
port resistance of NCAO material decreases significantly by electrochemical impedance
spectroscopy (EIS) test, and better results are obtained (as shown in Figure 4d) [17,35]. The
Rs value did not change significantly in the high-frequency region. However, the Rct of
NCAO is 0.3ω lower than that of ordinary of the NCOL (0.5ω), indicating that NCAO has
lower internal resistance, thus improving its capacitance performance. The cyclicity of the
NCAO electrode is further evaluated by the determination of the maintenance capacity
at the ampere density of 10 Ag−1 (Figure 4f). The results show that after 10,000 cycles of
charge and discharge, the specific capacity of the NCAO is still 94.1% of the initial value,
which is obviously better than that of NCAL. In the plots, we also found that NCAL has
an obvious activation process in the initial 500 cycles, and a process of capacity decay
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afterwards. This may be caused by the partial dissolution of Al3+ during rapid charge and
discharge, resulting in a reduction in that leads to the decline of electrochemical perfor-
mance. However, the long cycle curve of the alkali-etched NCAO shows a relatively stable
trend, indicating that the pretreatment has a certain effect on the structural stability. There-
fore, we measured the XRD patterns of NCAL and NCAO electrodes prepared under the
same conditions before and after 5000 cycles. As can be seen in Figure 5a,b the diffraction
peaks of the NCAL electrode after 5000 cycles shifts to smaller angles, indicating that the
dissolution of Al and the insertion of more OH- leads to the increase of the lattice constant
during charge and discharge. However, the structure of NCAO treated by alkali remains
stable before and after 5000 cycles, and the XRD pattern does not change.

We assembled asymmetric supercapacitors and performed a series of electrochemical
tests on them. Therefore, this project intends to use NCAO as the positive electrode and the
AC as the counter electrode. First of all, under the fixed scanning rate of 10 mV s−1, the
mass ratio of the two electrodes is calculated by using the integrated region of the CV curve
of the positive and negative electrodes (as shown in Figure 6a). According to formula, the
mass ratio of AC to NCAO is approximately 7.1 [30]:

m+

m−
=

C−∆V−
C+∆V+

(2)

Here, m+ refers to the positive quality, m− refers to the negative quality, C refers to
the material specific capacity (mA hg−1), and ∆V refers to the voltage window. Figure 6b
shows shows the CV curves of the asymmetric supercapacitors of each voltage window.
Surprisingly, it was found that when the voltage window exceeded 1.6 V, there was a
significant electrochemical polarization phenomenon. In this paper, we select the voltage
range of 0–1.6 V and analyze it in detail. Figure 6c shows the capacities of the NCAO//AC
device at various current densities. It can be seen that when the current density is 1 A g−1,
the discharge capacity of the ASC device is 120.4 F g−1. The specific capacity of the
electrode is decreased at 20 A g−1, the specific capacity of the electrode is still at the high
value of 90.6 F g−1. Figure 6e shows the relationship between power density and energy
density of NCAO//AC supercapacitors at various current densities. Because of its great
superiority in power density, its energy density has also become an important index to
evaluate the supercapacitor. According to the weight of the effective material, under the
power density of 256.1 W kg−1, the energy density is 68.5W h.kg−1. While increasing
to 2.6 kW kg−1, its energy density still reaches 51.6 Wh kg−1. In this paper, the energy
density and power density of related devices are compared and analyzed, as follows:
the energy density of NiCo-LDHs-rGO// AC 47.1 Wh kg−1 at 399.9 W kg−1 [36], Ni-Co
LDH-G//AC at 40.6 Wh kg−1 at 400 W kg−1 [37], NCNRs-NCNSs// AC at 22.8 Wh kg−1

at 374.5 W kg−1 [38], and NiCo2O4/NiCo-LDH// AC at 49 Wh kg−1 at 750 W kg−1 [39].
The NCAO//AC asymmetric supercapacitor with a unique structure was found to exhibit
high energy density and power density. The voltage window of a single hybrid device
is 1.6 V, and the charge and discharge voltage window of the two series devices can be
increased to 3.2 V. In order to further explore the application of NCAO//AC device in real
life, we connected two devices in series to illuminate the ’YSU’ plate composed of 64 small
LED bulbs. It can be seen that the device has good capacity characteristics and will have
great application prospects in the future.
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Figure 3. The contact angle of (a) NiCoAl-LDH at 1s, (b) NiCoAl-LDH at 5s, (c) NiCoAl-OH at 1s,
and (d) NiCoAl-OH at 5s.

Figure 4. (a) Galvanostatic charge/discharge curves of the NiCoAl-LDH and NiCoAl-OH electrodes
at a current density of 1 A g−1. (b) CV curves of the NiCoAl-OH electrodes at various scan rates of
5–100 mV s−1. (c) The specific capacity of the NiCoAl-LDH and NiCoAl-OH electrodes at different
current densities. (d) Nyquist plots of NiCoAl-LDH and NiCoAl-OH electrodes. (e) Schematic
illustration of the charge storage mechanism of NiCoAl-OH electrodes. (f) Cycling performance at
5 A g−1 of NiCoAl-LDH and NiCoAl-OH electrodes in 6 M KOH.
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Figure 5. XRD patterns of electrodes of (a) NiCoAl-LDH before and after 5000 cycles, and
(b) NiCoAl-OH before and after 5000 cycles.

Figure 6. (a) CV curves of AC electrode and NiCoAl-OH electrode at a scan rate of 5 mV s−1. (b) CV
curves of NiCoAl-OH//AC device under different voltage windows. (c) The specific capacity of
the NiCoAl-OH//AC device at different current densities. (d) CV curves of a single hybrid device
and two hybrid devices connected in series. The single device can sustain 1.6 V, such that the series
connection of two capacitors can supply output potential up to 3.2 V. (e) Photographs of two hybrid
devices connected in series, which can drive 64 green light-emitting diodes (LEDs) and Ragone plot
of the NiCoAl-OH//AC device.

4. Conclusions

In summary, the alkali-treated NCAO has a cation vacancy defect, and the content of
Ni3+ and Co3+ increases, which changes the surface activity of the material. At the same
time, a large amount of exposed OH- brings about good hydrophilicity of the material,
which is beneficial to the infiltrating and adsorption of the electrolyte and boosting the
electrochemical performance. A highly specific capacity of 259.46 mAh g−1 at 1 A g−1 and
168 mAh g−1 at 10 A g−1 with a specific capacity retention of 64.75% is delivered for NCAO.
It is worth noting that the specific capacity of the NCAO electrode after 10,000 cycles can
be maintained at 94%.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13071192/s1, Figure S1: (a) SEM of NiCoAl-921, (b) TEM of
NiCoAl-921, (c) SEM of 6M NaOH etched NiCoAl-LDH, (d) TEM of 6M NaOH etched NiCoAl-LDH,
(e) SEM of 10M NaOH etched NiCoAl-LDH, (f) TEM of 10M NaOH etched NiCoAl-LDH. Figure S2:
XRD pattern of alkali etaching NiCoAl-LDH with different concentration.

https://www.mdpi.com/article/10.3390/nano13071192/s1
https://www.mdpi.com/article/10.3390/nano13071192/s1


Nanomaterials 2023, 13, 1192 9 of 10

Author Contributions: Conceptualization, formal analysis, and writing—original draft preparation
L.H.; software, L.S.; validation, G.S.; investigation, L.K.; data curation, Z.M.; writing—review and
editing, X.Z., Z.L.; and funding acquisition, G.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(52174281), the Hebei Province Natural Science Foundation Innovation Group Project (B2021203016),
and the Hebei Key Laboratory of Applied Chemistry (22567616H).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author G.S. upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, Q.; O’Hare, D. Recent advances in the synthesis and application of layered double hydroxide (LDH) nanosheets. Chem.

Rev. 2012, 112, 4124–4155. [CrossRef] [PubMed]
2. Su, L.; Gao, L.; Du, Q.; Hou, L.; Ma, Z.; Qin, X.; Shao, G. Construction of NiCo2O4@ MnO2 nanosheet arrays for high-performance

supercapacitor: Highly cross-linked porous heterostructure and worthy electrochemical double-layer capacitance contribution. J.
Alloy. Compd. 2018, 749, 900–908. [CrossRef]

3. Song, A.; Cao, L.; Yang, W.; Yang, W.; Wang, L.; Ma, Z.; Shao, G. In situ construction of nitrogen-doped graphene with
surface-grown carbon nanotubes as a multifactorial synergistic catalyst for oxygen reduction. Carbon 2019, 142, 40–50. [CrossRef]

4. Wang, W.; Zhang, N.; Ye, Z.; Hong, Z.; Zhi, M. Synthesis of 3D hierarchical porous Ni–Co layered double hydroxide/N-doped
reduced graphene oxide composites for supercapacitor electrodes. Inorg. Chem. Front. 2019, 6, 407–416. [CrossRef]

5. Cao, L.; Ma, Y.; Song, A.; Bai, L.; Zhang, P.; Li, X.; Shao, G. Stable composite of flower-like NiFe-layered double hydroxide
nucleated on graphene oxide as an effective catalyst for oxygen reduction reaction. Int. J. Hydrogen Energy 2019, 44, 5912–5920.
[CrossRef]

6. He, X.; Li, R.; Liu, J.; Liu, Q.; Song, D.; Wang, J. Hierarchical FeCo2O4@ NiCo layered double hydroxide core/shell nanowires for
high performance flexible all-solid-state asymmetric supercapacitors. Chem. Eng. J. 2018, 334, 1573–1583. [CrossRef]

7. Jayashree, R.; Kamath, P.V. Factors governing the electrochemical synthesis of α-nickel (II) hydroxide. J. Appl. Electrochem. 1999,
29, 449–454. [CrossRef]

8. Zhang, S.; Liu, J.; Huang, P.; Wang, H.; Cao, C.; Song, W. Carbonaceous aerogel and CoNiAl-LDH@ CA nanocomposites derived
from biomass for high performance pseudo-supercapacitor. Sci. Bull. 2017, 62, 841–845. [CrossRef]

9. Zhang, L.; Yao, H.; Li, Z.; Sun, P.; Liu, F.; Dong, C.; Wang, J.; Li, Z.; Wu, M.; Zhang, C.; et al. Synthesis of delaminated layered
double hydroxides and their assembly with graphene oxide for supercapacitor application. J. Alloys Compd. 2017, 711, 31–41.
[CrossRef]

10. Lan, Y.; Zhao, H.; Zong, Y.; Li, X.; Sun, Y.; Feng, J.; Wang, Y.; Zheng, X.; Du, Y. Phosphorization boosts the capacitance of mixed
metal nanosheet arrays for high performance supercapacitor electrodes. Nanoscale 2018, 10, 11775–11781. [CrossRef]

11. Sanati, S.; Rezvani, Z. g-C3N4 nanosheet@ CoAl-layered double hydroxide composites for electrochemical energy storage in
supercapacitors. Chem. Eng. J. 2019, 362, 743–757. [CrossRef]

12. Song, J.; Guo, X.; Zhang, J.; Chen, Y.; Zhang, C.; Luo, L.; Wang, F.; Wang, G. Rational design of free-standing 3D porous
MXene/rGO hybrid aerogels as polysulfide reservoirs for high-energy lithium–sulfur batteries. J. Mater. Chem. A 2019,
7, 6507–6513. [CrossRef]

13. Li, M.; Cheng, J.; Wang, J.; Liu, F.; Zhang, X. The growth of nickel-manganese and cobalt-manganese layered double hydroxides
on reduced graphene oxide for supercapacitor. Electrochim. Acta 2016, 206, 108–115. [CrossRef]

14. Li, L.; San Hui, K.; Hui, K.N.; Zhang, T.; Fu, J.; Cho, Y.R. High-performance solid-state flexible supercapacitor based on reduced
graphene oxide/hierarchical core-shell Ag nanowire@ NiAl layered double hydroxide film electrode. Chem. Eng. J. 2018,
348, 338–349. [CrossRef]

15. Liang, H.; Lin, J.; Jia, H.; Chen, S.; Qi, J.; Cao, J.; Lin, T.; Fei, W.; Feng, J. Hierarchical NiCo-LDH@ NiOOH core-shell heterostructure
on carbon fiber cloth as battery-like electrode for supercapacitor. J. Power Sources 2018, 378, 248–254. [CrossRef]

16. Lin, J.; Jia, H.; Liang, H.; Chen, S.; Cai, Y.; Qi, J.; Qu, C.; Cao, J.; Fei, W.; Feng, J. Hierarchical CuCo2S4@ NiMn-layered double
hydroxide core-shell hybrid arrays as electrodes for supercapacitors. Chem. Eng. J. 2018, 336, 562–569. [CrossRef]

17. Zhao, Y.; He, X.; Chen, R.; Liu, Q.; Liu, J.; Yu, J.; Li, J.; Zhang, H.; Dong, H.; Zhang, M.; et al. A flexible all-solid-state asymmetric
supercapacitors based on hierarchical carbon cloth@ CoMoO4@ NiCo layered double hydroxide core-shell heterostructures.
Chem. Eng. J. 2018, 352, 29–38. [CrossRef]

18. Zhang, H.; Tahir, M.U.; Yan, X.; Liu, X.; Su, X.; Zhang, L. Ni-Al layered double hydroxide with regulated interlayer spacing as
electrode for aqueous asymmetric supercapacitor. Chem. Eng. J. 2019, 368, 905–913. [CrossRef]

19. Zhou, Y.; Li, J.; Yang, Y.; Luo, B.; Zhang, X.; Fong, E.; Chu, W.; Huang, K. Unique 3D flower-on-sheet nanostructure of NiCo
LDHs: Controllable microwave-assisted synthesis and its application for advanced supercapacitors. J. Alloys Compd. 2019,
788, 1029–1036. [CrossRef]

http://doi.org/10.1021/cr200434v
http://www.ncbi.nlm.nih.gov/pubmed/22452296
http://dx.doi.org/10.1016/j.jallcom.2018.03.353
http://dx.doi.org/10.1016/j.carbon.2018.09.088
http://dx.doi.org/10.1039/C8QI01132J
http://dx.doi.org/10.1016/j.ijhydene.2019.01.075
http://dx.doi.org/10.1016/j.cej.2017.11.089
http://dx.doi.org/10.1023/A:1003493711239
http://dx.doi.org/10.1016/j.scib.2017.05.019
http://dx.doi.org/10.1016/j.jallcom.2017.03.348
http://dx.doi.org/10.1039/C8NR01229F
http://dx.doi.org/10.1016/j.cej.2019.01.081
http://dx.doi.org/10.1039/C9TA00212J
http://dx.doi.org/10.1016/j.electacta.2016.04.084
http://dx.doi.org/10.1016/j.cej.2018.04.164
http://dx.doi.org/10.1016/j.jpowsour.2017.12.046
http://dx.doi.org/10.1016/j.cej.2017.12.055
http://dx.doi.org/10.1016/j.cej.2018.06.181
http://dx.doi.org/10.1016/j.cej.2019.03.041
http://dx.doi.org/10.1016/j.jallcom.2019.02.328


Nanomaterials 2023, 13, 1192 10 of 10

20. Xiao, Z.; Mei, Y.; Yuan, S.; Mei, H.; Xu, B.; Bao, Y.; Fan, L.; Kang, W.; Dai, F.; Wang, R.; et al. Controlled hydrolysis of metal–organic
frameworks: Hierarchical Ni/Co-layered double hydroxide microspheres for high-performance supercapacitors. ACS Nano 2019,
13, 7024–7030. [CrossRef]

21. Li, P.; Jiao, Y.; Yao, S.; Wang, L.; Chen, G. Dual role of nickel foam in NiCoAl-LDH ensuring high-performance for asymmetric
supercapacitors. New J. Chem. 2019, 43, 3139–3145. [CrossRef]

22. Wang, X.; Lin, Y.; Su, Y.; Zhang, B.; Li, C.; Wang, H.; Wang, L. Design and synthesis of ternary-component layered double
hydroxides for high-performance supercapacitors: Understanding the role of trivalent metal ions. Electrochim. Acta 2017,
225, 263–271. [CrossRef]

23. Zhang, Y.; Wei, S. Mg-Co-Al-LDH nanoparticles with attractive electrochemical performance for supercapacitor. J. Nanoparticle
Res. 2019, 21, 1–11. [CrossRef]

24. Poudel, M.B.; Kim, H.J. Confinement of Zn-Mg-Al-layered double hydroxide and α-Fe2O3 nanorods on hollow porous carbon
nanofibers: A free-standing electrode for solid-state symmetric supercapacitors. Chem. Eng. J. 2022, 429, 132345. [CrossRef]

25. Poudel, M.B.; Kim, A.A.; Lohani, P.C.; Yoo, D.J.; Kim, H.J. Assembling zinc cobalt hydroxide/ternary sulfides heterostructure
and iron oxide nanorods on three-dimensional hollow porous carbon nanofiber as high energy density hybrid supercapacitor. J.
Energy Storage 2023, 60, 106713. [CrossRef]

26. Liu, Z.; Ma, R.; Osada, M.; Takada, K.; Sasaki, T. Selective and controlled synthesis of α-and β-cobalt hydroxides in highly
developed hexagonal platelets. J. Am. Chem. Soc. 2005, 127, 13869–13874. [CrossRef] [PubMed]

27. Yang, J.; Yu, C.; Fan, X.; Qiu, J. 3D architecture materials made of NiCoAl-LDH Nanoplates coupled with NiCo-carbonate
hydroxide nanowires grown on flexible graphite paper for asymmetric supercapacitors. Adv. Energy Mater. 2014, 4, 1400761.
[CrossRef]

28. Wang, Y.; Qiao, M.; Li, Y.; Wang, S. Tuning surface electronic configuration of NiFe LDHs nanosheets by introducing cation
vacancies (Fe or Ni) as highly efficient electrocatalysts for oxygen evolution reaction. Small 2018, 14, 1800136. [CrossRef]
[PubMed]

29. Gao, J.; Xuan, H.; Xu, Y.; Liang, T.; Han, X.; Yang, J.; Han, P.; Wang, D.; Du, Y. Interconnected network of zinc-cobalt layered double
hydroxide stick onto rGO/nickel foam for high performance asymmetric supercapacitors. Electrochim. Acta 2018, 286, 92–102.
[CrossRef]

30. Hou, L.; Du, Q.; Su, L.; Di, S.; Ma, Z.; Chen, L.; Shao, G. Ni-Co layered double hydroxide with self-assembled urchin like
morphology for asymmetric supercapacitors. Mater. Lett. 2019, 237, 262–265. [CrossRef]

31. Zhang, L.; Chen, R.; Hui, K.N.; San Hui, K.; Lee, H. Hierarchical ultrathin NiAl layered double hydroxide nanosheet arrays on
carbon nanotube paper as advanced hybrid electrode for high performance hybrid capacitors. Chem. Eng. J. 2017, 325, 554–563.
[CrossRef]

32. Wang, L.; Qin, K.; Li, J.; Zhao, N.; Shi, C.; Ma, L.; He, C.; He, F.; Liu, E. Nanotubular Ni-supported graphene@ hierarchical
NiCo-LDH with ultrahigh volumetric capacitance for supercapacitors. Appl. Surf. Sci. 2018, 453, 230–237. [CrossRef]

33. Wu, H.; Shi, P.; Gan, Y.; Wang, C.; Li, H.; Zheng, Z.; Wan, J.; Li, J.; Lv, L.; Tao, L.; et al. Mn-dopant induced Octahedral Configuration
Strongly Stabilizes Ni12P5 Nanowires for Battery-Supercapacitor Hybrid Devices. J. Alloys Compd. 2022, 903, 163897. [CrossRef]

34. Su, D.; Tang, Z.; Xie, J.; Bian, Z.; Zhang, J.; Yang, D.; Zhang, D.; Wang, J.; Liu, Y.; Yuan, A.; et al. Co, Mn-LDH nanoneedle arrays
grown on Ni foam for high performance supercapacitors. Appl. Surf. Sci. 2019, 469, 487–494. [CrossRef]

35. Yuan, Y.; Zhou, J.; Rafiq, M.I.; Dai, S.; Tang, J.; Tang, W. Growth of NiMn layered double hydroxide and polypyrrole on bacterial
cellulose nanofibers for efficient supercapacitors. Electrochim. Acta 2019, 295, 82–91. [CrossRef]

36. Long, D.; Liu, H.; Yuan, Y.; Li, J.; Li, Z.; Zhu, J. A facile and large-scale synthesis of NiCo-LDHs@ rGO composite for high
performance asymmetric supercapacitors. J. Alloys Compd. 2019, 805, 1096–1105. [CrossRef]

37. Zou, J.; Xie, D.; Xu, J.; Song, X.; Zeng, X.; Wang, H.; Zhao, F. Rational design of honeycomb Ni-Co LDH/graphene composite for
remarkable supercapacitor via ultrafast microwave synthesis. Appl. Surf. Sci. 2022, 571, 151322. [CrossRef]

38. Zheng, K.; Liao, L.; Zhang, Y.; Tan, H.; Liu, J.; Li, C.; Jia, D. Hierarchical NiCo-LDH core/shell homostructural electrodes with
MOF-derived shell for electrochemical energy storage. J. Colloid Interface Sci. 2022, 619, 75–83. [CrossRef]

39. Li, S.; Luo, Y.; Wang, C.; Wu, M.; Xue, Y.; Yang, J.; Li, L. A novel hierarchical core-shell structure of NiCo2O4@ NiCo-LDH
nanoarrays for higher-performance flexible all-solid-state supercapacitor electrode materials. J. Alloys Compd. 2022, 920, 165986.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1021/acsnano.9b02106
http://dx.doi.org/10.1039/C8NJ05447A
http://dx.doi.org/10.1016/j.electacta.2016.12.160
http://dx.doi.org/10.1007/s11051-018-4452-7
http://dx.doi.org/10.1016/j.cej.2021.132345
http://dx.doi.org/10.1016/j.est.2023.106713
http://dx.doi.org/10.1021/ja0523338
http://www.ncbi.nlm.nih.gov/pubmed/16201808
http://dx.doi.org/10.1002/aenm.201400761
http://dx.doi.org/10.1002/smll.201800136
http://www.ncbi.nlm.nih.gov/pubmed/29611304
http://dx.doi.org/10.1016/j.electacta.2018.08.043
http://dx.doi.org/10.1016/j.matlet.2018.11.123
http://dx.doi.org/10.1016/j.cej.2017.05.101
http://dx.doi.org/10.1016/j.apsusc.2018.05.060
http://dx.doi.org/10.1016/j.jallcom.2022.163897
http://dx.doi.org/10.1016/j.apsusc.2018.10.276
http://dx.doi.org/10.1016/j.electacta.2018.10.090
http://dx.doi.org/10.1016/j.jallcom.2019.07.161
http://dx.doi.org/10.1016/j.apsusc.2021.151322
http://dx.doi.org/10.1016/j.jcis.2022.03.056
http://dx.doi.org/10.1016/j.jallcom.2022.165986

	Introduction
	Materials and Methods
	Preparation of NiCoAl-OH 
	Structural and Morphological Characterization
	Electrochemical Measurements

	Results and Discussion
	Conclusions
	References

