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Abstract: Porous structure and surface defects are important to improve the performance of super-
capacitors. In this study, a facile pathway was developed for high-performance supercapacitors,
which can produce transition metal hydroxides (LDHs) with abundant porous structure and sur-
face defects. The NiCo-SDBS-LDH was prepared by one-step hydrothermal reaction using sodium
dodecylbenzene sulfonate (SDBS) as anionic surfactant. And then, three dimensional (3D) intercon-
nected porous flower-like 3D-NiCo-SDBS-LDH microspheres were designed and synthesized using
the gas-phase hydrazine hydrate reduction method. Results showed that the hydrazine hydrate
reduction not only introduces a large number of pores into 3D-NiCo-SDBS-LDH microspheres and
causes the formation of oxygen vacancies, but it also roughens the surface of the microspheres. All
these changes contribute to the enhancement of electrochemical activity of 3D-NiCo-SDBS-LDH;
the NiCo-SDBS-LDH electrode after hydrazine hydrate treatment (3D-NiCo-SDBS-LDH) exhibits a
higher specific capacitance of 1148 F-g~ at 1 A-g~! (about 1.46 times larger than that of NiCo-SDBS-
LDH) and excellent long cycle life with 94% retention after 4000 cycles. Moreover, the assembled
3D-NiCo-SDBS-LDH/ / AC (active carbon) asymmetric supercapacitor (ASC) achieves remarkable
energy density of 73.14 W h-kg ! at 800 W-kg~! and long-term cycling stability of 95.5% retention
for up to 10,000 cycles. The outstanding electrochemical performance can be attributed to the synergy
between the rich porous structure and the roughened surface that has been created by the hydrazine
hydrate treatment.

Keywords: layered double hydroxides; supercapacitors; hydrazine hydrate; surface defects

1. Introduction

Supercapacitors have received a great deal of attention as an energy storage device
in the electric vehicle and consumer electronics industries because of their fast charge—
discharge features, long cycle stability, and high power densities [1-5]. However, due to
their low energy density, they are unable to meet the demands of high-performance superca-
pacitors in the market [6,7]. As a result, high-performance electrodes are urgently required.

A significant amount of attention has been focused on the transition metal hydroxides
(LDHs), particularly cobalt-based LDHs, due to their rich morphology, low cost, and high
activity [8,9]. For example, NiCo-LDH had superior high theoretical specific capacitance
of 774 F-g~! at the current density of 0.2 A-g~! [10]. However, the relatively sluggish
electrochemical reaction kinetics of NiCo-LDH, like the relatively low charge transport rate,
the low specific surface area, poor conductivity, and limited exposed electroactive sites,
consequently, hinders the electrochemical performance [11-13].
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The energy storage mechanism of the supercapacitor depends on the faradaic reactions
and charge accretion [14]. Double-layer capacitance and pseudocapacitor are two important
storage principles to determine the capacitance of a supercapacitor. However, pseudo-
capacitive material based on LDHs has a larger capacitance per gram than double-layer
capacitors [15]. Aside from the choice of LDH materials, the nanostructure of LDHs plays an
important role in facilitating ion transport within the electrode materials [16,17]. Based on
the aforementioned issues, hierarchically porous materials and other hierarchical structures
can help to improve superior specific capacitance and energy density, which is thought to be
a viable strategy to improve NiCo-LDH electrochemical performance. For instance, NiCo-
LDHs with desirable morphologies, e.g., nanosheets [18], nanowires [19], nanoflakes [20],
nanotubes [21], nanoflowers [22], and microspheres [23], have been synthesized to improve
the electrochemical activity by exposing more active sites and shortening the diffusion
lengths of both electrons and ions. In addition, creating surface defects is also an efficient
strategy to change the nanostructure of LDHs, which has the potential to improve the
activity of electrode materials. In particular, the improvement in intrinsic conductivity
can accelerate the diffusion of ions and promote charge transfer dynamics, resulting in
enhancement of electrochemical performance [24-27].

Several modification methods, such as thermal annealing treatment [28-30], acid
etching [31] or alkali etching [32], NaBH4 reduction treatment [26,33,34], and hydrazine
hydrate reduction treatment [24,25,35], have been reported in previous studies to generate
the defective structures in electrode materials. Among these methods, hydrazine hydrate
as a mild reducer has received considerable attention. For example, Li et al. adjusted the
generation of oxygen vacancies in CozOy electrodes through controlling the hydrazine
hydrate volume to optimize the electrochemical lithium storage [24]. In order to improve the
catalytic performance of Co30O4 nanosheets for rechargeable Li-O, batteries, Gao et al. used
hydrazine hydrate reduction to control the production of oxygen vacancies and roughen
the surface of Co3O4 nanosheets [25]. In addition, hydrazine hydrate reduction was also
employed by Chen et al. to increase the activity of the oxygen evolution reaction [35]. Thus,
hydrazine hydrate as a reducing agent has obvious advantages in manufacturing surface
defects and oxygen vacancies for transition metal oxides. However, it should be noted that
the above-mentioned methods mainly adopt the “open” system of liquid-phase treatment.
Although hydrazine hydrate is a strong polar compound and can be well mixed with water,
the surface defects of oxides are affected by the concentration of hydrazine hydrate and
other factors.

Compared to the modification method of gas-phase treatment, liquid-phase treatment
has the disadvantages of lengthy cleaning and drying operations, as well as a complex
preparation process. In our previous work, we used the solvent vapor to process oxides
via a novel “sauna reaction”, and successfully synthesized MoO3_, nanobelts with rich
oxygen vacancies [36]. To this end, considering the reductive characteristics of hydrazine
hydrate and the low boiling point temperature, combined with our previous research, we
consider using the steam of hydrazine hydrate to directly treat the electrode surface.

In this paper, we present a simple vacuum-assisted hydrazine hydrate reduction strat-
egy for the production of 3D flower-like NiCo-LDH microspheres which are enriched in
pores and have surface defects. As expected, the obtained 3D-NiCo-SDBS-LDH electrode
delivered an enhanced specific capacitance of 1148 F-g~! at 1 A-g~!, as well as long-term
stability with a capacitance retention of 94% after 4000 cycles. Moreover, the assembled 3D-
NiCo-SDBS-LDH/ / AC device presented a maximal energy density of 73.14 W h-kg ! at
800 W-kg~! and remarkable cycling stability of 95.5% capacitance retention after 10,000 cy-
cles. Results show that LDH improves electrochemical performance and cycling stability
by altering electrode structure of the nanosheets.
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2. Experimental
2.1. Material Preparation

The 3D-NiCo-SDBS-LDH were prepared through a combined strategy, as illustrated
in Scheme 1.

Step | : NiCo-SDBS-LDH synthesis

SDBS
Solution B The mixed solution
70 'C

T g
Transferring Drying
—— — —_—
NiCo-SDBS-LDH
70 °C. Water bath

s

Water bath
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— —
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hydrazme h)ﬁnU
120°C. 10 min

Scheme 1. Diagram of the synthesis of 3D-NiCo-SDBS-LDH.

Step I: Synthesis of NiCo-SDBS-LDH

According to our prior procedure, the NiCo-SDBS-LDH was prepared by one-step
hydrothermal reaction using sodium dodecylbenzene sulfonate (SDBS) as anionic surfac-
tant [37]. Briefly, 6 mmol Ni(NOj3),-6H,0, 2 mmol Co(NO3),-6H,0, and 20 mmol urea
were added into 40 mL de-ionized (DI) water under vigorous magnetic stirring at room
temperature for 15 min to obtain solution A.

Meanwhile, solution B was prepared by dissolving 0.4 mmol SDBS in 20 mL DI water
and stirring it continuously for 15 min at 70 °C. Following that, the produced solution A
was poured into solution B while continuously stirring at 70 °C for 15 min. Then, the mixed
solution was put into a stainless-steel Teflon-lined autoclave with a capacity of 100 mL
and heated in an oven at 160 °C for 12 h. After being naturally cooled down to room
temperature, the precipitates were centrifugated and washed three times by DI water and
ethanol. The final products (labeled as NiCo-SDBS-LDH) were collected after drying at
70 °C for 12 h.

Step II: Synthesis of 3D-NiCo-SDBS-LDH

The 3D-NiCo-SDBS-LDH was synthesized using a vacuum-assisted method. The
as-prepared NiCo-SDBS-LDH powder was exposed to the hydrazine hydrate vapor at
120 °C for 10 min in a 100 mL Teflon-lined stainless steel autoclave, and then cooled to
room temperature. After drying at 70 °C for 12 h, the final product labeled as 3D-NiCo-
SDBS-LDH was obtained.

In this study, Ni(NO3),-6H20, Co(NO3),-6H0, and sodium dodecylbenzene sulfonate
(SDBS) were purchased from Alfa Aesar (Shanghai, China). The other chemicals were of
EP grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Structure Characterization

X-ray diffraction (XRD) (Bruker, Billerica, MA, USA) was used to determine the phase
composition and crystal structure of the materials using a PANanalytic X'Pert spectrometer
(Cu Ko radiation, A = 0.15405 nm) (Malvern Panalytical, Almelo, The Netherlands). JSM-
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6300 Field emission scanning electron microscopy (FESEM) (JEOL, Tokyo, Japan), was
used to examine the products” morphologies, and JEM-2010F high resolution transmission
electron microscopy (HRTEM) (JEOL, Tokyo, Japan) operating at 200 KV was used to
determine additional microstructure characteristics such as crystallinity and morphologies.
X-ray photoelectron spectroscopic (XPS) (Bruker, Billerica, MA, USA) examination was
performed on materials to analyze surface composition and chemical environment using VG
ESCALAB 220 XL (Thermo Scientific, Waltham, MA, USA) instrument at Al Ko (1486.5 V)
radiation. N, adsorption—desorption tests were performed on the two LDH samples for
the specific surface area and pore size distribution analysis using a Tristarll 3020 analyzer
(Micromeritics, Norcross, GA, USA). The UV-Vis spectra were recorded by using a UV-
Vis-NIR spectrophotometer (Shimadzu, Kyoto, Japan). The wavelengths of this study were
200-800 nm.

2.3. Electrochemical Measurements

The electrochemical performance was measured on an CHI 760E electrochemical
workstation (Chenhua, Shanghai, China). The electrochemical performances of the two
LDH samples were studied in a three-electrode configuration with Hg/HgO as the reference
electrode and platinum as the counter electrode. The working electrodes were fabricated as
follows: a mixture of active material, acetylene black, and polyvinylidene fluoride (PVDF)
at a weight ratio of 8:1:1 was uniformly cast on nickel foam. This served as the working
electrode with an area of 1 cm?, and the electrodes were then dried at 90 °C for 10 h in
air. Finally, the working electrodes with a loading mass of about 1.68 mg were prepared.
The cyclic voltammogram (CV) and galvanostatic charge—discharge (GCD) were tested
in voltage window within 0-0.7 V and 0-0.55 V, respectively. Electrochemical impedance
spectroscopy (EIS) (Chenhua, Shanghai, China,) was carried out using open-circuit voltage
from 0.01 to 100 kHz.

All electrochemical experiments were performed in 1 M KOH solution on a CHI 760E
electrochemical workstation. The electrode’s specific capacitance Cs (F-g~!) was calculated
using Equation (1) [38]:

I x At

G =X av M)

where [ is the discharge current, A; At is the discharge time, s; m is the mass loading of the
active material, g; and AV is the potential window, V.

2.4. Electrochemical Measurements of ASC Device

The ASC device was built in a two-electrode system with the as-prepared product and
activated carbon (AC) acting as positive and negative electrodes, respectively. To obtain
charge balance, the positive (+) and negative (—) electrode weight ratios were computed
using the Equation (2).

mt  C™ XAV~
me = CF X AVF

where m represents the mass loading, g; C is the specific capacitance, F-g~!; and AV is the
potential window, V. Specific capacitance Cs (F-g~!) was determined by Formula (3).

2

I x At

C = Ay

®)
where [ is current, A; At is the time of discharge process, s; m’ is the total weight of the two
electrodes, g; and AV’ is the operating voltage window, V.

Equations (4) and (5) were used to calculate the, energy density and power density,
respectively [39,40].
_ Ix [Vt

E
M

4)
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where E is energy density, W h-kg~!; M is the total active mass of both electrodes, kg; P is
power density, W-kg™!; t is the time of discharge process, s; and [Vt is the galvanostatic
discharge current area.

3. Results and Discussion

In this study, hydrazine hydrate was selected as the reducing medium. It has a mild
reduction capacity and the reductive by-products such as nitrogen and water are harmless.
The preparation process of 3D-NiCo-SDBS-LDH is shown in Figure la. The reduction
capacity of hydrazine hydrate can help to produce abundant pores, roughen the surfaces
of NiCo-SDBS-LDH nanosheets, and induce the formation of oxygen vacancies. These
results are consistent with those of Li et al. [24] who use hydrazine hydrate as the reduction
medium to modify the structure of CozOy electrodes and improve the electrochemical
lithium storage properties. Similar results were also reported by Hazra et al. [41], who
adjusted the number of oxygen vacancies in TiO, nanotubes by hydrazine hydrate to im-
prove the storage performance. In addition, hydrazine hydrate reduction was employed by
Gakhar et al. [42] as a low-cost and relatively stable method to modify the titania nanotubes.

(009)

(03‘3"’, ‘”/ o NiCo-SDBS-LDH
\ ) P (110)

o OH

Oxygen T T T T T T T
o 10 20 30 40 50 60 70 80
vacancy 2 Theta (degree)

(a) (b)

Figure 1. (a) Hydrazine hydrate fumigation induced surface structure change and the formation of
oxygen vacancies. (b) The XRD patterns of the samples before and after hydrazine hydrate treatment.

As shown in Figure 1a, the enriched pores and surface defects contribute to providing
more active sites and improving the conductivity of the electrode materials. Changes of
microstructure can significantly improve the electrochemical activity [25,43-45].

The structures of the as-prepared NiCo-SDBS-LDH and 3D-NiCo-SDBS-LDH were
investigated by XRD, as shown in Figure 1b. The XRD patterns of as-synthesized samples
exhibited unique (003), (006), (009), (012), and (110) typical diffraction planes. Such results
suggest that the as-obtained LDH samples were successfully prepared, and the type of
LDH layer anion was SDBS (FTIR spectra is in Figure S1 of Supplementary Material) [37].
In addition, the LDH framework structure was not changed by fumigation of hydrazine
hydrate. On the XRD pattern of 3D-NiCo-SDBS-LDH, the diffraction peaks at 26 values
of 6.05°, 9.11°, and 33.48° could be indexed to (003), (006), and (012) crystal planes of
LDH, respectively. The corresponding d values were d(003) = 1.54 nm, d(006) = 0.98 nm,
and d(012) = 0.27 nm, respectively. On the NiCo-SDBS-LDH spectrum, the peaks at 26
values of 6.8°, 9.98°, and 34.61° corresponded to the internal spacing of d(003) = 1.28 nm,
d(006) = 0.89 nm, and d(012) = 0.25 nm, respectively. It was found that the XRD characteristic
diffraction peaks of 3D-NiCo-SDBS-LDH wholly shifted to a smaller angle, indicating the
tunable interlayer spacing of LDH. In particular, the d(003) value of the 3D-NiCo-SDBS-
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LDH increased from 1.28 to 1.54 nm after hydrazine hydrate treatment indicating the
expanded interlayer spacing. Obviously, this has a favorable impact on the charge storage
capacity of supercapacitors [37]. Furthermore, the crystal plane spacings of NiCo-SDBS-
LDH and 3D-NiCo-SDBS-LDH reflected on (012) crystal plane were 0.25 nm and 0.27 nm,
respectively, which is good agreement with the following results of HRTEM.

The SEM and TEM images of the samples before and after hydrazine hydrate treatment
are shown in Figure 2. The NiCo-SDBS-LDH morphologies at low and high magnifications
can be observed by Figure 2a,b, and are composed of nanosheets with smooth surface.
Furthermore, the nanosheets are intimately interwoven with one another and interlaced
like petals, creating a complex structure. In the case of 3D-NiCo-SDBS-LDH, the SEM
images (Figure 2d,e) reveal that the original morphology of NiCo-SDBS-LDH was still
maintained. Importantly, the nanosheets gradually transferred into abundant porous
structures and displayed a rough and discontinuous surface under the vacuum-assistance
of hydrazine hydrate. On the one hand, the porous structure increases the area of the
electrode in contact with the electrolyte [24]. On the other hand, a rough surface can
increase the number of active sites and conductivity [25]. Undoubtedly, the 3D-NiCo-SDBS-
LDH will exhibit a proportionately improved electrochemical performance as a result of
these characteristics. HR-TEM micrographs of NiCo-SDBS-LDH and 3D-NiCo-SDBS-LDH
are shown in Figure 2¢ f, respectively. The crystal planes (012) of NiCo-SDBS-LDH and
3D-NiCo-SDBS-LDH can be clearly indexed with lattice spacings of 0.25 and 0.27 nm,
showing that the interlayer spacing was increased following hydrazine hydrate reduction,
providing advantageous paths for fast electron transport. Furthermore, 3D-NiCo-SDBS-
LDH had a smaller bandgap (Figure 3a), and the surface area increased from 41.52 m?.g~!
to 55.68 m2-g~! (Figure 3b), indicating that after hydrazine hydrate reduction, electron
transportation and the material’s electrical conductivity and electroactive surface area were
all facilitated.

Figure 2. (a,b) SEM of NiCo-SDBS-LDH at different magnifications; (d,e) SEM of 3D-NiCo-SDBS-LDH
at different magnifications; and (c,f) HRTEM images of NiCo-SDBS-LDH and 3D-NiCo-SDBS-LDH.
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Figure 3. (a) UV-Vis spectra, the plots of the («hv)2 versus photo energy(inset) and (b) N, adsorption—
desorption isotherms and pore size distribution (inset) for NiCo-SDBS-LDH and 3D-NiCo-SDBS-LDH.

As illustrated in Figure 4, XPS analysis was used to provide further information on
the valence state of the elements and the chemical compositions of the two LDH samples.

a , b Ni 2p
12‘“ NiCo-SDBS-LDH 2p;,(854.32)
2 . 5
P NiCo-SDBS-LDH sat 2P12(871.95)
Co 2p 0
- s C 3
2 Is 2
E' Z‘ 3D-NiCo-SDBS-LDH 2})3 ’(8q4 17)
£ £ ,(854.
g g (2P12(872.08)
E 3D-NiCo-SDBS-LDH/| =& sal. sat.
| § | N | M 1 N L N 1 i 1 N L i L
800 600 400 200 890 880 870 860 850
Binding energy (eV) Binding energy (eV)
¢ Co 2p d O1ls
NiCo-SDBS-LDH 2p3(779.77) NiCo-SDBS-LDH
sat, 2P12(795.19)
& &
£ 2p3(779.95 £ [3DNiCo-SDBS-LD
Z |3D-NiCo-SDBS-LDH P32(779.95) z -NiCo-SDBS-
9
é sat. 2P12(795.41) E
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Figure 4. (a) XPS survey spectra. High-resolution spectra of (b) Ni 2p, (c) Co 2p, and (d) O 1s of
NiCo-SDBS-LDH and 3D-NiCo-SDBS-LDH.
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The high-resolution Ni 2p and Co 2p spectra of NiCo-SDBS-LDH in Figure 4b,c
displayed two main peaks and two satellite peaks (denoted as Sat.). The peaks of Ni 2p1/2
and Ni 2p3/2 located at 854.32 eV and 871.95 eV corresponded to Ni?* [36]. Similarly, in
the Co 2p spectra, the binding energies at 779.77 eV and 795.19 eV belonged to Co®*. In
comparison to NiCo-SDBS-LDH, the peak location of 3D-NiCo-SDBS-LDH was slightly
shifted and the powder color changed (Scheme 1), showing that the Ni and Co coordination
environments had been altered during hydrazine hydrate etching. The O 1s spectra for the
two samples are shown in Figure 4d. The binding energies of NiCo-SDBS-LDH centered
at 530.90 eV corresponding to oxygen defects [36]. The increase and the higher ratio of
defect sites” binding intensity demonstrating that more oxygen vacancies and surface
defects existed in the 3D-NiCo-SDBS-LDH sample after the gas-phase modification with
hydrazine hydrate.

Further, the supercapacitor electrochemical performance of the prepared electrodes
was tested via CV, GCD, and EIS in a three-electrode system using 1 M KOH electrolyte.
Figure 5a,c are the CV curves of NiCo-SDBS-LDH and 3D-NiCo-SDBS-LDH electrodes
at various scan rates of 5, 10, 30, 50, and 70 mV-s~! in a potential range of 0.0 to 0.7 V.
When the scan rate was increased from 5 to 70 mV-s~!, the shape of CV curves remained
unchanged, indicating the good rate performance of the samples. As the scan rate rose,
the current responses increased, demonstrating that the electrode materials had a high
degree of electrochemical reversibility. Additionally, it was discovered that the redox peak
shifted in a positive or negative direction as a result of electrode polarization. Figure 5b,d
illustrates the GCD curves of the two electrodes at current densities of 1, 3, 5, 7, and
10 A-g~!. The geometry of the GCD curves at all densities was almost symmetrical and
nonlinear, indicating that the electrodes exhibited good electrochemical reversibility and
pseudo-capacitive properties.

o
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a 0.04f bl e L 1A/
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= i
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Figure 5. (a) CV curves and (b) GCD curves of NiCo-SDBS-LDH at different scan rates and current
densities, respectively. (¢) CV curves and (d) GCD curves of 3D-NiCo-SDBS-LDH at different scanning
rates and current densities, respectively.
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In order to facilitate comparison of the electrochemical behavior of the two electrodes,
Figure 6a,b illustrates CV and GCD curves at 50 mV-s~! and 1 A-g~!, respectively. As can
be seen, the 3D-NiCo-SDBS-LDH electrode had a bigger CV integrated area and a longer
charge-discharge time than NiCo-SDBS-LDH, showing superior capacitance performance.
The 3D-NiCo-SDBS-LDH had a specific capacitance of 1148 F-g~! at the current density of
1 A-g~1, which was significantly greater than 789 F-g~! of NiCo-SDBS-LDH. The enhanced
electrochemical performance of the 3D-NiCo-SDBS-LDH electrode can be attributed to
the porous structure, which increased the area of contact between the electrode and the
electrolyte, and the rough surface, which provided additional active sites and increases
conductivity. Compared with other Co-based LDH electrode materials as illustrated in
Table 1[10,32,46-53], such as CoAl-LDH/polypyrrole/graphene (864 F-g~!at 1 A-g~1) [48],
NiCo-LDH@N;i-CAT nanoflower(882 F-g~! at 1 A-g~!) [49], E-CoZnAl-LDH-8 h (946 F-g !
at1 A-g~1) [32], NiCo LDH/3D rGO (1054 F-g~! at 1 A-g~!) [50], and a-phase NiCo LDH
microsphere (1120 F-g~! at 1 A-g™1) [51], our synthesized 3D-NiCo-SDBS-LDH electrode
also showed a good charge storage capability.
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Figure 6. The electrochemical characterizations of as-prepared samples in a three-electrode system.
(a) CV curves at 50 mV-s~!, (b) GCD curves at 1 A-g~!, (c) EIS diagrams, (d) specific capacitance at
different current density, and (e) cycling performances at 5 A-g~! for 4000 cycles of NiCo-SDBS-LDH
and 3D-NiCo-SDBS-LDH.
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Table 1. Electrochemical property comparison of our as-synthesized 3D-NiCo-SDBS-LDH with
Co-based LDH electrodes in some published papers.

Sample Substrate Electrolyte Cs (F-g™1) Cycling Stability Ref.
NiCo-LDH nanosheets NF 1M KOH 774F-g lat02 A-g~! 75% (500) [10]
E-CoZnAl-LDH-8 h NF 1M KOH 946 F-g lat1A-g! 92.3% (4000) [32]
MnO,-2/NiCo-LDH CcC 1 M NapSOy, 312F-g tat02A-g! 97% (5000) [46]
NiCoAI-LDH nanosheets CC 1M KOH 1137 F- gfl at0.5 A- g’l 100% (12,000) [47]
CoAl- o -1 -1 o
LDH /polypyrrole/graphene NF 30 wt% KOH 864F-g lat1A-g 100% (5000) [48]
NiCo-LDH@Ni-CAT / 1M KOH 882F-glat1A-g! 64% (5000) [49]
nanoflower
NiCo LDH/3D rGO NF 6 M KOH 1054F-g lat1 A-g™! 95% (2000) [50]
o-phase NiCo LDH NF 6 M KOH 1120F-glat1Ag! 93.8% (3000) [51]
microsphere
MXene-NiCo LDH TC 6 M KOH 983.6F-g lat2 A-g! 76% (5000) [52]
KCu;S,@NiCo LDH / / 11045F-g lat2 A-g™! 83.5% (1000) [53]
3D-NiCo-SDBS-LDH NF 1M KOH 1148F-g~Lat1 A-g~! 94% (4000) V\t}(‘)lrsk

NF: nickel foam; CC: carbon cloth; TC: titanium carbide.

Additionally, as shown in Figure 6d, the specific capacitance values at various current
densities were determined and compared to pristine NiCo-SDBS-LDH. Results show that
although the 3D-NiCo-SDBS-LDH electrode only retained 63.4% capacitance at increasing
current density from 1 A-g~! to 10 A-g~!, it still had a higher specific capacitance than
NiCo-SDBS-LDH in the overall trend, this was due to the unique structure and high specific
surface area of 3D-NiCo-SDBS-LDH.

It is well-established that the EIS test can provide direct information about the charge
transfer of electrodes. Figure 6c¢ illustrates the initial EIS of the two electrodes. The inset of
Figure 6¢ shows the fitting curve and the corresponding equivalent circuit model. 3D-NiCo-
SDBS-LDH appears to have a lower charge transfer resistance (Rct) than NiCo-SDBS-LDH,
implying faster electron transport kinetics and ion diffusion at the electrode/electrolyte
interface. Meanwhile, the low-frequency straight line of 3D-NiCo-SDBS-LDH is slanted
more toward the Y-axis than that of Ni-Co-SDBS-LDH, showing that protons and electrolyte
ions diffused more efficiently, and also indicating that the 3D-NiCo-SDBS-LDH electrode
had a lower diffusion resistance (Ry). The stability performances of the as-synthesized
electrodes were then evaluated by repeatedly charging and discharging at a current density
of 5 A-g~! (Figure 6e). The 3D-NiCo-SDBS-LDH electrode showed a huge capacitance
retention of 94% over 4000 cycles, while the retention rate of the NiCo-SDBS-LDH sample
was only 66.4%.

To further evaluate the practical applications of the as-prepared electrodes in superca-
pacitors, the ASC devices were constructed using KOH aqueous solution, the as-prepared
electrode, activated carbon and filter paper as the electrolyte, a positive electrode, a negative
electrode, and a separator, as shown in Figure 7a.
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Figure 7. (a) Schematic diagram of the assembly ASC devices, (b) CV curves with different voltage
windows at 50 mV-s~1, (c) CV curves at different scan rates from 5 to 100 mV-s~ 1, (d) GCD curves
at different current densities for 3D-NiCo-SDBS-LDH/ /AC ASCs device, (e) specific capacitance at
different current density, and (f) cycling performance at 5 A-g~! for 10,000 cycles of 3D-NiCo-SDBS-
LDH/ /AC and 3D-NiCo-SDBS-LDH/ /AC ASCs devices.

According to the CV and GCD curves of activated carbon electrode in Figure 52 of the
Supplementary Material, the potential window was —1-0 V and the specific capacitance
was 186 F-g~! at 1 A-g~!. Based on the measurement above and Equation (2), the optimum
m+/m— ratio should equal to 0.162 in the as-assembled device. The CV curves of the
3D-NiCo-SDBS-LDH // AC device at different voltage windows at a scan rate of 50 mV-s~!
in Figure 7b show that the shapes were observed to remain stable when the voltage window
gradually increased from 0-1.0 V to 0-1.6 V, until the voltage window reached 0-1.8 V and
the CV curve deformed, revealing that the most optimal voltage window of the device
was 0-1.6 V. Figure 7c shows the CV curves of 3D-NiCo-SDBS-LDH/ /AC at different scan
rates from 5 to 100 mV-s~! in the voltage window of 0-1.6 V. The curves demonstrate that
as the scan rate increased, the integrated area grew as well, indicating that the capacitive
behavior was optimal. The GCD curves at various current densities were measured in order
to have a better understanding of the electrochemical performance (Figure 7d); the specific
capacitances of the device were estimated as 205.7, 178.1, 170.0, 166.2, 160, 153.8, and
146.3 F- g_1 at current densities of 1, 3, 5, 7, 10, 15, and 20 A'g_l, respectively. Meanwhile,
the related energy and power density of ASCs devices were calculated. The maximum
energy density of our fabricated 3D-NiCo-SDBS-LDH/ /AC device reached as high as
73.14 W h-kg~! at power density of 800 W-kg~!, which is higher than many previously
reported NiCo-LDH-based ASCs demonstrated in Table 2 [38,54-58]. Remarkably, the
3D-NiCo-SDBS-LDH/ / AC device retained 71.1% capacitance at increasing current density
from 1 A-g~! to 20 A-g~! (Figure 7e), revealing the good rate performance. Simultaneously,
for comparison, assembling the NiCo-SDBS-LDH/ /AC device, the capacitance retention
was only 57.4%. Notably, the 3D-NiCo-SDBS-LDH/ / AC device also exhibited extraordi-
nary long-term life with the capacitance retention of 95.50% over10000 cycles at 5 A-g ™!
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(Figure 7f), which was higher than the 84.7% of NiCo-SDBS-LDH// AC. Such cycling sta-
bility outperforms those reported for NiCo-LDH-based ASCs devices such as CoSx/NiCo
LDH nanocages/ /AC (94.56% after 10000 cycles) [54], NiCo-LDH/Ag nanowires//AC
(88.2% after 2000 cycles) [55], His-GQD/NiCo-LDH/ / AC (91.13% after 6000 cycles) [56],
and PNT@NiCo-LDH/ /AC (84.3% after 5000 cycles) [58].

Table 2. Energy density comparison of our as-fabricated 3D-NiCo-SDBS-LDH/ / AC with NiCo-LDH-
based ASCs in some published papers.

Positive Electrode Negative Electrode Energy Density (W h-kg~1) Cycling Stability Ref.
NiCo-LDH/ZnO nanoflakes AC 51.39 W h-kg~! at 800 W-kg ™! 87.3% (1000) [38]
CoSx /NiCo LDH nanocages AC 35.8 W h-kg*1 at 800 W~kg*1 94.56% (10,000) [54]

NiCo-LDH/Ag nanowires AC 429 W h-kg~! at 800 W-kg~! 88.2% (2000) [55]
His-GQD/NiCo-LDH AC 48.89 W h-kg ! at 800 W-kg ! 91.13% (6000) [56]
NiCo-LDH/GF/NF AC 50.2 W h-kg~! at 800 W-kg~! - [57]

PNT@NiCo-LDH AC 64.4 W h-kg~! at 800 W-kg~! 84.3% (5000) [58]

3D-NiCo-SDBS-LDH AC 73.14 W h-kg ! at 800 W-kg ™! 95.5% (10,000) this work

4. Conclusions

In summary, the pore-enriched and surface-defected 3D flower-like NiCo-LDH mi-
crospheres were developed using the gas-phase hydrazine hydrate reduction method by a
simple vacuum-assisted strategy. Due to the porous morphology and the existence of oxy-
gen vacancies, the electrochemical activity of 3D-NiCo-SDBS-LDH was greatly improved.

The obtained 3D-NiCo-SDBS-LDH combined the advantages of abundant porous
structure and surface defect, which largely enhanced the activity and stability of the elec-
trode material. Typically, the 3D-NiCo-SDBS-LDH electrode had an excellent capacitive
property (1148 F-g~! at 1 A-g~!) and great cycling performance (94% capacitance retention
after 4000 cycles), compared to 789 F-g~! and 66.4% of NiCo-SDBS-LDH electrode. Fur-
thermore, the as-fabricated 3D-NiCo-SDBS-LDH/ /AC ASC attained a considerable energy
density of 73.14 W h-kg ! (800 W-kg ') and remarkable cycling stability of 95.5% (after
10,000 cycles), which are higher than many previously reported ASCs.

This work provides a simple and effective method to modify the microstructure of
transition metal hydroxides (LDHs), which improves the electrochemical performance for
different applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15041405/s1, Figure S1: FTIR spectra of NiCo-SDBS-LDH and 3D-
NiCo-SDBS-LDH, Figure S2: CV curves at 10 mV-s~! and GCD curves at 1 A-g~! of activated carbon.
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