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Abstract

Rational synthesis of robust layered double hydroxides (LDHs) nanosheets for high-energy supercapacitors is full of challenges. Herein, we
reported an ultrasonication-assisted strategy to eco-friendly fabricate NiFe-LDHs nanosheets for the enhanced capacitive behavior. The
experimental results combined with different advanced characterization tools document that the utilization of ultrasonication has a profound
effect on the morphology and thickness of the as-obtained NiFe-LDHs, alternatively affecting the capacitive behavior. It shows that NiFe-LDHs
nanosheets prepared with 2-h ultrasonic treatments display the exceptional capacitive performance because of the synergetic effect of ultrathin
thickness, large specific surface area, and high mesoporous volume. The maximum specific capacitance of NizFe;-LDHs nanosheets with the
thickness of 7.39 nm and the specific surface area of 77.16 m”* g~ ' reached 1923 F g™, which is competitive with most previously reported
values. In addition, the maximum specific energy of the assembled NiFe-LDHs//AC asymmetric supercapacitor achieved 49.13 Wh kg™ at
400 W kg™". This work provides a green technology to fabricate LDHs nanosheets, and offers deep insights for understanding the relationship
between the morphology/structure and capacitive behavior of LDHs nanosheets, which is helpful for achieving high-performance LDHs-based
electrode materials.
© 2021 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Supercapacitors (SCs) are extreme high-power, great en-
ergy efficient and long-term cycling energy storage devices,
which are widely used in portable electronic devices, electrical
vehicles, and military applications [1-3]. Carbon materials are
most common electrode materials for SCs. In recent years,
the electrochemical performance of SCs is greatly improved
with the advancement of novel carbon materials, such as
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hierarchical porous carbon, carbon nanotubes, graphene [4-9].
However, carbon-based SCs are still suffered from their lower
specific energy (< 30 Wh kg™") [10,11]. Hence, it is urgent to
develop and design high-performance electrode materials for
SCs with both high specific power and high specific energy.

Layered double hydroxides (LDHs) are a kind of hydro-
talcite-like two-dimensional (2D) materials, which have drawn
tremendous attention as electrode materials for SCs [12,13].
The unique lamellar structure and adjustable transition metal-
cation composition of LDHs give rise to extremely high
theoretical specific capacitance (> 3000 F g_l) [14,15].
However, LDHs usually are presented as bulk form with
inevitable drawbacks, including poor electrical conductivity
and insufficient exposure of active sites [16,17].
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Several strategies have been utilized to overcome the dis-
advantages of LDHs, including exfoliation/delamination of
bulk LDHs into LDHs nanosheets, combination of LDHs with
highly conductive substrates, and preparation of LDHs de-
rivatives (metallic oxides, sulfides, etc.) [18,19]. Among these
strategies, exfoliation of bulk LDHs could facilitate pseudo-
capacitive processes by enhancing the exposed surface area
and increase the electrical conductivity by removing the an-
ions between host layers [20], which greatly improve the
capacitive performance or catalytic performance of LDHs. Our
group has developed Ar-etched or NH F-etched exfoliated
NiCo-LDHs, CoMn-LDHs for oxygen evolution reaction
[21,22], while few have investigated the capacitive perfor-
mance. Recently, researchers have confirmed that the exfoli-
ated LDHs nanosheets displayed greater electrochemical
performance than the stacked LDHs. For example, Zhao et al.
[23] fabricated NiTi-LDHs monolayer nanosheets through a
reverse microemulsion method with the assistance of sodium
dodecyl sulfate (SDS) and 1-butanol, the NiTi-LDHs nano-
sheets delivered an ultrahigh specific capacitance of
2310 F g ' at 1.5 A g ', whereas the bulk NiTi-LDHs
possessed low specific capacitance of 393 F g~'. Yang et al.
[24] synthesized ultra-thin NiMn-LDHs nanosheets using a
hydrothermal method with the aid of ethylenediamine (EN).
The specific capacitance of resulting NiMn-LDHs nanosheets
reached 1513 F g_1 at 1 A g_l, which was almost 1.7 times
higher than that of bulky NiMn-LDHs. Nevertheless, these
exfoliation methodologies often involve time-consuming,
multi-step procedures and toxic organic solvents [25,26].
Therefore, it is significant to develop a facile and eco-friendly
method to derive LDHs nanosheets with rational structure for
high-energy SCs.

Ultrasonication is a simple and reliable treatment to exfo-
liate LDHs nanosheets by producing shock waves and microjet
flows on LDHs [27]. Our previous work successfully synthe-
sized ultrathin NiCr-LDHs nanosheets (4-5 nm) in water
through one-step method with the combination of ultra-
sonication and mechanical stirring [28]. Compared with bulk
NiCr-LDHs (without ultrasonication), the specific capacitance
of ultrasonication-assisted exfoliated NiCr-LDHs nanosheets
exhibited the 5-fold enhacement. However, the effects of
ultrasonication on the morphology/structure and capacitive
behavior of LDHs nanosheets are rarely discussed.

The present work systematically investigates the relation-
ship between the morphology/structure and capacitive
behavior of NiFe-LDHs nanosheets. NiFe-LDHs nanosheets
with different morphologies were achieved by controlling the
ultrasonic time. The morphology and the structure of NiFe-
LDHs were characterized by a series of advanced measure-
ments including X-ray diffraction (XRD), thermogravimetric
analysis (TGA), transmission electron microscopy (TEM),
atomic force microscopy (AFM), and Brunauer-Emmett—
Teller (BET). The capacitive performance of NiFe-LDHs were
examined as electrode materials in SCs using cyclic voltam-
metry (CV), galvanostatic charge/discharge (GCD), electro-
chemical impedance spectroscopy (EIS), and cycling tests.
This work is expected to provide a clear direction for

designing and optimizing the structure of the ultrasonication-
assisted exfoliated LDHs nanosheets for energy storage.

2. Experimental section
2.1. Synthesis of NiFe-LDHs

All chemicals were used without any treatment and puri-
fication. NiFe-LDHs nanosheets were synthesized according
to the previous reported processes [28] (Fig. 1). Nickel chlo-
ride hexahydrate (NiCl,-6H,0, AR, 99%, Macklin) and iron
chloride hexahydrate (FeCl;-6H,0, ACS, Aladdin) powders
were dissolved in ultrapure water to form 1 mol L™ aqueous
solutions. These aqueous solutions were added to a beaker
containing 100 mL ultrapure water to achieve solution A. In
this work, the element molar ratio of nickel and iron was kept
at 3:1 for studying the effect of ultrasonication. Solution A was
treated with ultrasonication (40 kHz) and mechanical stirring
(300 r minfl) simultaneously. Afterwards, solution B, the
mixed aqueous solution of 0.8 mol L™" sodium hydroxide
(NaOH, GR, 97%, Macklin) and 0.2 mol L~! sodium car-
bonate (Na,COs, GR, > 99.9%, Macklin), was added drop-
wise slowly to solution A. The pH value was adjusted to 8.5
and held for 30 min. Specific time of ultrasonic treatment (0 h,
1 h, 2 h, and 3 h) was controlled and the corresponding
samples were named as NisFe;-LDHs-0, NisFe;-LDHs-1,
NizFe,-LDHs-2, and Nis;Fe;-LDHs-3, respectively. The final
products were collected after centrifugation and vacuum dry-
ing at 60 °C for 12 h.

2.2. Characterizations of NiFe-LDHs

Material and electrochemical characterizations of NiFe-
LDHs are described in Supplementary Information.

3. Results and discussion
3.1. Structural and morphological characterization

The crystal structures of NisFe;-LDHs were investigated by
X-ray diffraction method. As shown in Fig. 2a, the charac-
teristic diffraction peaks of the samples at 11.3°, 22.7°, 34.4°,
38.9°, and 60.1° were indexed to the (003) (006), (012) (015),
and (110) crystal planes of NiFe-LDHs (PDF#40-0215),
respectively, showing that these samples have typical hydro-
talcite-like crystal structure [29]. It is noteworthy that the
XRD patterns of the samples with less ultrasonic time (0 h,
1 h) displayed sharper and narrower peaks, implying higher
crystallinity [14,30]. In other words, the utilization of the ul-
trasonic treatment in the preparation process demonstrates the
successful exfoliation of the NiFe-LDHs into ultrathin nano-
sheets, which is beneficial to increase the specific surface area,
enhance the exposure of redox active sites, and thus improve
the capacitive performance as the electrode materials.
Furthermore, the lattice parameters (a and c) of these NiFe-
LDHs samples were calculated from XRD patterns (Table S1).
As seen from Fig. 2b, with the increasing ultrasonic time, the a
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Fig. 1. One-step synthesis process of NiFe-LDHs nanosheets with the combination of ultrasonication and mechanical stirring.
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Fig. 2. (a) XRD patterns of NizFe,-LDHs-0, Ni;Fe,;-LDHs-1, NizFe;-LDHs-2, and Ni;Fe;-LDHs-3. (b) The dependence of @ and ¢ parameters with ultrasonic time.

values remained almost the same and the ¢ values increased diffusion of electrolyte ions, leading to enhanced electro-
slightly, pointing out that the ultrasonic treatment could  chemical performance. TGA measurements was also per-
enlarge the interlayer spacing during the synthesis process. formed to analyze the compositions of NiFe-LDHs. From
The increase of the interlayer spacing of LDHs promotes the Fig. S1, the weight losses of NiFe-LDHs below 120 °C and

Fig. 3. (a) TEM and (b) HRTEM images of the as-synthesized Ni;Fe;-LDHs-2.
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Fig. 4. AFM images and corresponding height profiles of (a, b) NizFe;-LDHs-0 (c,d) NizFe;-LDHs-1, (e, f) NisFe;-LDHs-2, and (g, h) Ni;Fe,;-LDHs-3.
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Fig. 5. (a) Nitrogen adsorption/desorption isotherms, (b) pore size distribution of Ni;Fe;-LDHs-0, NizFe;-LDHs-1, Ni3;Fe;-LDHs-2, and Niz;Fe;-LDHs-3.

around 300 °C were attributed to the dehydration (absorbed
water and interlayer water) and decomposition of interlayer
carbonate, respectively [31].

TEM was conducted to observe the microstructure of as-
synthesized NiFe-LDHs using different ultrasonic time. From
Fig. S2a, the non-ultrasonic NiFe-LDHs material showed
obvious bulk LDHs structure. With the increase of ultrasonic
time from O h to 1 h, the material was partially exfoliated
(Fig. S2b). When the ultrasonic time was increased to 2 h, the
transparent edge of NiFe-LDHs material possessed an ultra-
thin character (Fig. 3a). However, for the NiFe-LDHs material
after 3 h of ultrasonic treatment, the ultrathin nanosheets were
severely damaged and a large number of small fragments were
generated (Fig. S2¢). Moreover, the HRTEM image (Fig. 3b)
presented the measured lattice fringes of 0.26 nm and 0.15 nm,
which corresponded to crystal planes (012) and (110) of NiFe-
LDHs in XRD results, respectively. The selected area electron
diffraction (SAED) pattern of NizFe,;-LDHs-2 in Fig. S2d
further confirmed the crystal structure of LDHs. The rings
could be indexed to (012) (015), and (110) diffraction planes
of NiFe-LDHs.

The nanosheets of Nij;Fe;-LDHs-2 were also analyzed
using scanning transmission electron microscopy (STEM)
coupled with energy dispersive X-ray spectroscopy (EDX) to
determine the composition of LDHs. The EDX mappings
(Fig. S3) revealed the homogeneous distribution of Ni, Fe, and
O throughout the surface of NizFe;-LDHs-2. According to
Table S2, the average atomic ratio of Ni to Fe was calculated
as 3.4:1, which almost matches the theoretical value.

AFM was used to measure the thickness values of NiFe-
LDHs (Fig. 4 and Fig. S4). The tendency of the thickness of
NiFe-LDHs with respect to ultrasonic time is consistent with
TEM analyses. During the synthesis process, ultrasonic
treatment greatly reduces the thickness of NiFe-LDHs. After
2 h of ultrasonication, the thickness of NiFe-LDHs decreased
from 61.34 nm to only 7.38 nm. However, when the ultrasonic
time was further increased to 3 h, the thickness of NiFe-LDHs
was increased slight owing to negative effect of excessive
ultrasonication. The forces induced by excessive ultrasonic
treatment are continuously applied on the surface of NiFe-
LDHs nanosheets, giving rise to severe damage on the struc-
ture of LDHs.

BET measurements was carried out to decide the specific
surface area, total pore volume, and pore size, which are key
factors for determining capacitive performance of NiFe-LDHs.
Fig. 5a illustrates nitrogen adsorption/desorption isotherms of
NiFe-LDHs. The curves with the obvious hysteresis loop exhibit
type IV, indicating mesoporous dominated structures [32]. The
pore distributions in Fig. 5b present that NiFe-LDHs are
composed of a great quantity of mesopores. According to BET
model and the Barrett-Joyner—Halenda (BJH) theory, the spe-
cific surface area, total pore volume, and average pore size are
summarized in Table 1. The specific surface area and total pore
volume of NiFe-LDHs nanosheets are up to 136.40 m* g~ ' and
0.178 cm® g~ ', with a significant improvement in comparison to
2794 m* g ! and 0.044 cm® g~' for bulky NiFe-LDHs,
respectively. The average pore size values further confirm the
mesoporous structure of NiFe-LDHs. It is demonstrated that the
ultrasonic treatment could enhance the number of active sites and
facilitate the ion transport during charge/discharge processes.

3.2. Electrochemical performance

The electrochemical performance of NiFe-LDHs was
evaluated through CV, GCD and EIS in three-electrode sys-
tem. Fig. 6a shows CV curves of NisFe;-LDHs-0, NisFe;-
LDHs-1, NiszFe;-LDHs-2, and NisFe;-LDHs-3 electrode at
10 mV s~ ! in the potential range from —0.2 V to 0.5 V (vs.
SCE). When the potential was higher than 0.5 V, the side re-
action related to oxygen evolution was pronounced. The
remarkable characteristic peaks observed in CV curves are
mainly attributed to the redox reactions between Ni(OH), and
NiOOH [33]. Compared with other electrode materials,
NisFe,-LDHs-2 electrode possessed the largest current

Table 1

Comparison of BET specific surface area, total pore volume, and average pore
size of Ni3;Fe;-LDHs-0, NisFe;-LDHs-1, NizFe;-LDHs-2, and Ni;Fe;-LDHs-
3.

Sample Sger (m* g ") Viotal (cm® g~ ) D,y (nm)
NizFe;-LDHs-0 27.94 0.044 5.80
NisFe;-LDHs-1 40.15 0.071 5.63
NisFe;-LDHs-2 77.16 0.080 3.62
NisFe;-LDHs-3 136.40 0.178 3.78
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Fig. 6. (a) CV curves of Ni;Fe;-LDHs-0, NizFe;-LDHs-1, NizFe;-LDHs-2, and NizFe;-LDHs-3 electrode at scan rate of 10 mV s~L. (b) CV curves of NisFe;-
LDHs-2 electrode at different scan rates. (c) GCD curves of NizFe;-LDHs-0, NizFe;-LDHs-1, NizFe;-LDHs-2, and NizFe;-LDHs-3 electrode at a specific current
of 3 A g™, (d) Specific capacitance of the NisFe;-LDHs electrodes at different specific currents. (e) Nyquist plots of NizFe;-LDHs-0, NizFe,-LDHs-1, NisFe,-
LDHs-2, and Niz;Fe;-LDHs-3 electrode from 0.01 Hz to 100 kHz. (f) Cycle stability of NizFe;-LDHs-2 electrode (50% conductive carbon) at 10 A g’l.

intensity owing to the well-defined structure of LDHs nano-
sheets, which was described in the previous section. The CV
curves of NisFe;-LDHs-2 electrode at different scan rates of
10-100 mV s~ ' are displayed in Fig. 6b. With the increasing
scan rate, the specific current increased and thus the IR drop
related to ohmic resistance and polarization resistance
elevated, resulting in the shifts of the redox peaks [34].

The comparison of GCD curves of NizFe;-LDHs-0, NizFe,-
LDHs-1, NisFe-LDHs-2, and NisFe;-LDHs-3 electrode
(Fig. 6¢) is in good agreement with CV results. NizFe,-LDHs-
2 electrode displayed the longest discharge time. Specific
capacitance values were calculated from GCD curves. Fig. S5
gives GCD curves of NijFe,-LDHs-2 electrode at various

specific currents. The symmetrical GCD curves revealed great
columbic efficiency and high electrochemical reversibility.
As seen in Fig. 6d, the highest specific capacitance of
NisFe-LDHs-2 electrode reached 1923 F gfl, which is
almost 1.4 times of that of bulky NisFe;-LDHs-0 electrode
(1398.5 F g~ '). The successful exfoliation of bulk LDHs by
ultrasonication is imperative to the enhancement of the spe-
cific capacitance value. However, the specific capacitance
values of the electrode dropped significantly when the specific
current increased to 10 A g~'. The obvious degradation of
specific capacitance is mainly caused by insufficient hydroxide
ions for redox reactions and great IR drop at high specific
currents [35].
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The Nyquist plots of NiFe-LDHs electrodes (Fig. 6e)
showed typical SC characteristic impedance curves [36]. The
interception at real axis and the diameter of the semicircle
indicate the equivalent series resistance Rgsg and the charge
transfer resistance R, respectively [37]. The Rggr and the Ret
values are summarized in Table S3 by fitting EIS data with an
equivalent circuit with constant phase element (Fig. S6).
Compared with bulky NisFe,;-LDHs-0, the lower Rgggr of
Nis;Fe;-LDHs-2 electrode demonstrates the enhanced con-
ductivity. The lowest Rct value of NijFe;-LDHs-2 electrode
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(0.66 Q) illustrated that ultrasonic treatment could promote the
diffusion of hydroxide ions in the electrolyte and accelerate
the kinetics of redox reaction. The cyclability of NisFe-
LDHs-2 electrode at specific current of 10 A g~ after 1000
cycles was supplied in Fig. 6f. The capacitance retention
remained 98% without considering the initial activation pro-
cesses, revealing exceptional cycle stability.

In general, the considerable reasons of the excellent
capacitive performance of the LDHs nanosheets could be
ascribed to the synergetic effect of appropriate structural
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Fig. 8. (a) Specific capacitance of the ASC at different specific currents. (b) Ragone plot related to the specific energy and specific power of the ASC.
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parameters, including the ultrathin thickness, large specific
surface area, and high mesoporous volume. These structural
parameters are controlled by suitable ultrasonic time. Exces-
sive ultrasonic treatment could destroy the structure of LDHs
nanosheets, giving rise to deactivation of active sites of charge
storage. In this work, 2 h is the most suitable ultrasonic time
for NiFe-LDHs nanosheets as electrode materials of SCs. As
listed in Table S4, the electrochemical performance of NisFe,-
LDHs-2 is comparable or superior to NiFe-LDHs materials in
relative literatures.

3.3. Electrochemical characterization of asymmetric
supercapacitor

An asymmetric supercapacitor (ASC) device is designed to
further demonstrate the potential for practical application of
NisFe ;-LDHs electrodes. The ASC device was denoted as
NisFe ;-LDHs//AC ASC. Fig. 7a demonstrates the CV curves
of the positive electrode (NizFe;-LDHs-2) and the negative
electrode (AC) in the three-electrode configuration. The
corresponding potential range was chosen from —0.2 V to
0.5 V and from —1.1 V to —0.2 V to match the voltage
window of two-electrode system, which is determined in
Fig. 7b. By comparing CV curves of the NizFe,-LDHs//AC
ASC operated in different voltage windows, the stabilized
working voltage was chosen as 1.6 V since the obvious po-
larization phenomenon was observed with the voltage range
of 0.0-1.7 V. The capacitive performance of the ASC
is evaluated by CV curves at different scan rates of 5—
50 mV s~ (Fig. 7c) and GCD curves at different specific
currents of 0.5-10.0 A g*1 (Fig. 7d). It is well known that the
shape of CV curves of the AC electrode is rectangular. The
irregular rectangular shape of the CV curves of the ASC
revealed the contributions from electrical double layer
capacitive behavior and pseudocapacitive behavior. GCD
curves with the symmetric shape show the excellent electro-
chemical reversibility, which originates from the electrical
double layer capacitance and pseudocapacitance.

In Fig. 8, the specific capacitance values and Ragone plot of
the NizFe,-LDHs//AC ASC are presented according to GCD
curves. The specific capacitance values at 0.5, 1.0, 2.0, 4.0,
6.0, 8.0, and 10.0 A g_1 were calculated as 138, 120, 99, 78,
63, 54, 45 F g~ ! with the capacitance retention of 32.6%. The
Ragone plot in Fig. 8b represents the current status of NisFe,-
LDHs//AC ASC for energy storage. The maximum specific
energy of 49.13 Wh kg~ ' was achieved at the specific power
of 400 W kg~ '. In addition, the specific energy of the as-
assembled ASC device was retained to 15.98 Wh kg™ ' at
extremely high specific power of 8000 W kg~'. Accordingly,
the maximum specific energy values are greater or comparable
to the recent published literatures about ASC devices, such as
NiFe-LDHs/rGO/nickel foam/MC (17.7 Wh kg~ ' at
348 W kg~ ') [33], NiFe-LDHs/nickel foam//AC (50.2 Wh
kg~! at 800 W kg~ ') [34], NiAl-LDHs/MnO,//AC (30.4 Wh
kg™' at 790 W kg~') [38], NiAl-LDHs/GO//AC (21.0 Wh
kg at 800 W kg ") [39], NiFe-LDHs/MXene//AC (42.4 Wh
kg ' at 758 W kg~ ') [40].

4. Conclusions

In summary, we have successfully synthesized NiFe-LDHs
nanosheets with a facile ultrasonication-assisted methodology.
For comparison, bulky NiFe-LDHs were also fabricated
without ultrasonic treatment. The structure and the composi-
tion of NiFe-LDHs were confirmed by XRD and TGA results.
The interlayer spacing of NiFe-LDHs was enlarged with the
aid of ultrasonic treatment during the synthesis process. The
NiFe-LDHs nanosheets prepared with 2-h ultrasonic treat-
ments possessed the ultrathin thickness (7.39 nm), large spe-
cific surface area (77.16 m® g '), and high mesoporous
volume (0.080 cm® g "), leading to the excellent capacitive
performance. However, excessive ultrasonication could
decrease number of active sites of energy storage. The
maximum specific capacitance of NizFe;-LDHs nanosheets
prepared with 2-h ultrasonic treatments reached 1923 F g~ ',
which is almost 1.4-fold and 1.7-fold of that of bulky Ni;Fe;-
LDHs and NisFe -LDHs nanosheets prepared with 3-h ultra-
sonic treatments, respectively. The characterization results
clearly demonstrate the complicated relationship between the
morphology/thickness and capacitive performance of LDHs
with the utilization of ultrasonication. Additionally, the
assembled NiFe-LDHs//AC ASC achieved a great specific
energy of 49.13 Wh kg ' at 400 W kg ' This work provides a
guidance for designing and optimizing the structure of the
ultrasonication-assisted exfoliated LDHs nanosheets for SCs.
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