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Abstract

Exploring the method for rational design hierarchical structures such as hollow,
sphere and core-shell structure is a crucial challenge for enhancing electrochemical
performance of supercapacitor electrodes. In this study, we demonstrate a facile method
for controllable preparation of hydrangea shaped CoAl-LDHs@CoF, composite and
used as positive electrode for supercapacitor. A series of contrast tests are performed to
select optimal experiment condition. CoAl-LDHs obtained at metal ratio of 2:1,
reacting 8 h with addition of NH4F, displays optimal performance associated with the
hierarchical structure, where NH4F plays a vital role in regulating this uniform
generation process. The fabricated working electrode shows high specific capacitance
of 827.8 Fg'!, with excellent capacitance retention of 62.8% after current density
increases ten times. At last, an asymmetric supercapacitor using C2A1-8h sample as
positive electrode and activated carbon as negative electrode, is assembled and delivers
an outstanding energy density of 53.7 Wh kg ! at power density of 239.9 kW kg!, and
energy density reaches 27.8 Wh kg ™! at maximum power density of 12000 W kg ™!,

indicating C2A1-8h is a potential candidate for energy storage and conversion systems.
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1 Introduction

Considering the increasing environmental pollution caused by fossil fuel
combustion, the development of sustainable energy storage system is of great potential
such as wind energy, potential energy, electrical energy, nuclear energy'. While the
intermittency of sustainable energy limits their application in a large scale. How to store
sustainable energy in safe and green method is still searching for. In this aspect,
electrochemical energy storage system such as battery and supercapacitor can resolve
this issue> °. Supercapacitors have been widely studied owing to their superior
electrochemical performance such as fast charging and discharging rate, high power
output and excellent cycling stability. However, the corresponding utilization is limited
by this relatively low specific capacitance, which can only be used as backup energy
storage unit in practical application®’.

The essential issue for improving the specific capacitance of electrodes is selecting
suitable electrode materials ®°. Depending on the traditional electrochemical energy
storage methods, supercapacitors can be divided into two types: electro-chemical
double layer capacitors (EDLCs)'® ' due to the physical adsorption/desorption, and
interfacial fast faradaic reaction. In comparison with EDLCs, the charges are stored by
pseudocapacitors based on the redox reaction on the surface of electrodes, endowing
the electrode with the characteristics of fast charging/discharging rate, and enhanced
energy density!> 13, However, the energy density of pseudocapacitor is still relatively
low comparing with traditional lithium ion battery under control of electrode materials
14,15

Layered double hydroxides (LDHs)'*!® with the characteristics of high redox
efficiency have been widely studied in the field of supercapacitor '°-!. The special two-

dimensional layered structure can offer sufficient electrochemical reaction sites for
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redox reactions. Unfortunately, serious agglomeration occurred between LDHs
laminates reduce active surface and increase electron transfer resistance®> 2. Various
methods have been applied to resolve the issue, and mainly divided into three types, (1)
Exfoliation of LDHs were prepared into nanosheets, Gunjakar et al. successfully
obtained cobalt-chromium hydrotalcite with the layer-by-layer structure of porous self-
assembled nanohybrids based on lattice engineering exfoliation-reassembling method,
which was intercalated with 0 D polyoxotungstate anions. And this synthesized
nanohybrids revealed a high specific capacity of 1303 C g! with a capacity stability of
85.43 % after 5000 cycles**. (2) LDHs hollow architecture via template sacrifice
method was constructed. Our previous work fabricated CoMn-LDHs hollow
polyhedrons derived from ZIF-67 templates as supercapacitor electrode and exhibiting
superior cycling stability with the capacitance retention of 91.2% after 4000 cycles®>.
(3) Controllable construction of LDHs hierarchical structure was regulated. Wu et al.
fabricated ZnCo-LDH exhibiting 3D hierarchical microstructure composed of 1D
nanoneedles and 2D nanosheets on Ni foam through a simple and effective procedure,
which displayed an ultra-high specific capacitance of 3871.2 F g' at 1 A g!' %,
Obviously, hierarchical structures are beneficial to optimize the electron transfer path
and provide more active sites, which can improve the electrochemical properties of
supercapacitor electrodes 27-2%, Whereas, the approaches during fabrication process are
complex and the production is relatively low, which could not meet the demand for
practical application®”. The development of facile method in synthesizing LDHs based
materials with hierarchical structure for supercapacitor electrode is still searching for.
In this work, controllable preparation of hydrangea shaped CoAl-LDHs@CoF»
composites for supercapacitor electrode is developed and used as positive electrode

with outstanding properties including high specific capacitance, good rate capability
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and superior cycling life. The formation of special hydrangea structure is mainly
associated with the metal ions and reacting time along with the addition of NH4F. The
CoAl-LDHs@CoF> composite is treated as positive electrode and the activated carbon
acted as negative electrode in this asymmetric supercapacitor system, which are
assembled for evaluating the potential of practical utilization. High energy density of
53.7 Wh kg! can be obtained at power density of 239.9 kW kg !. Moreover, a
maximum power density of 12000 W kg™ ! is obtained and the energy density still
remains 27.8 Wh kg !, manifesting its potential in application in energy storage and
conversion system.

2 Experimental Section

2.1 Synthesis of CoAl-LDHs@CoF> (CA)

In a typical procedure, 0.29 g NHsF, 0.50 g AI(NOs3);-9H,O, 0.78 g
Co(NO3)2:6H20 and 0.60 g urea were mixed in 70 mL deionized water under stirring
condition. The homogeneous solution was transferred to hydrothermal reactor and
heated to 120°C for 3 h, 6 h and 12 h respectively. The precipitate was fully rinsed with
DI water and ethanol three times and at last fully dried at 60 °C overnight. The obtained
powders were named as C2Al1-4h, C2A1-8h and C2Al1-12h, respectively. For
comparison, CAL with Co and Al ratios of 1:1 and 3:1 under different reacting time
were also prepared
2.2 Characterization and measurement

The scanning electron microscopy (SEM) data were collected on the Sigma 300
of ZEISS from Germany, which was used to analyze the microstructure and
morphology of prepared products. The phase and structure information of products
were investigated by X-ray diffraction (XRD, Bruker D8 Advance). The surface

information of as-prepared samples was recorded on X-ray photoelectron spectrum
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(XPS) with the model of Thermo Scientific K-Alpha from USA. BET surface areas
with N> adsorption/desorption isotherms were tested on Nova instrument (USA,
Quantachrome).

The obtained electrodes were achieved through the traditional prepared process
including 85% active material, 10% acetylene black and 5% polytetrafluoroethylene,
which were stirring in ethanol solvent to construct the uniform slurry. Then, it was
coated onto a piece of 1x1 cm? carbon cloth. Finally, the electrodes were obtained after
fully dried at 70 °C overnight. The electrochemical performance of different samples
was tested by a traditional three-electrode system including of saturated calomel
electrode (SCE) as reference electrode, Pt foil as counter electrode, and active samples
as working electrodes in 1 M KOH aqueous as electrolyte, which employed the
CHI660I workstation made in Shanghai of China.

2.3 Asymmetric supercapacitors

An asymmetric system was assembled with activated carbon (AC) as negative
electrode, cellulose acetate membrane as separator, and prepared material as positive
electrode, respectively. The Eq. 1 presented the theory of charge balance, which
depended on the mass of both electrodes. The Eq. 2 displayed the mass balance in order
to obtain the g+=¢-.

g=CxAV xm (1)

m, C xAV_

m_ C _xAV, 2)

C+, C-, were the specific capacitances and AVs, AV- were the voltage windows
of C2A1-8h and AC respectively. The optimum weight ratio between the C2A1-8h and
AC was evaluated to be m+/m-~=0.51

The Eq. 3 revealed the calculated results of specific capacitance of working



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

electrodes from GCD curves. And the Eq. 4-5 were used to calculate the power density

P (W kg ') and energy density £ (Wh kg ") for this asymmetric system.

Cs=I XAt/ AV X m 3)
E=0.5xCsxAV? 4)
P =Ex3600/ At (5)

3 Results and Discussion

The formation mechanism is displayed in Fig. 1. At initial stage, the addition of
NH4F can lead to CoF> microsphere. As the time goes on, the CoAl-LDHs nanosheets
are gradually formed in-situ on CoF», causing the enlarged layered thickness of CoFa.
With the time further prolonging, the collapse of spherical structure occurs, and uniform
layered structure is obtained. Above all, NH4F plays an important role in construction
of CA, and the reacting time control the morphology simultaneously.

3.1 Composition identification of CA

In order to explore the formation mechanism of composite materials, the samples
at various reaction time states with three proportions of Co/Al are analyzed by X-ray
diffraction in Fig. 1. It can be seen that when the ratio of Co/Al is 1:1, the composite
materials inherit the phase of CoAl-LDHs with layered structure and CoF. with
tetragonal form (space group P42/mnm), corresponding to the PDF cards of
(JCPDS#54-1030) and (JCPDS#40-0598), respectively. For the XRD patterns of
different samples with C1Al-4h, C1Al-8h, and C1Al-12h, the composite maintains the
characteristic diffraction peak of hydrotalcite at 26=11.6°, 23.3°, 34.6°, 39.1°, 46.7°,
related to the lattice planes of (003), (006), (012), (015), (018) from CoAl-LDHs and
the peak at 26=18.6° belongs to CoF», which demonstrates the successful synthesis of
composite materials. With the reaction time extended from 4 h to 8 h, the XRD peak
density of CoF; gradually wanes and the peak at 26=11.6°, 23.3°, 34.6° from CoAl-

7
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LDHs gradually enhances. It means that in the composite materials, CoF, using
Co(NO3)2:6H>0 and NH4F sources forms firstly due to the interaction between F ions
with strong polarity Co ions, then the CoAl-LDHs material forms based the sources
form Co, Al and urea. For further verify this hypothesis, when the ratio of Co/Al is 2:1,
the composite shows the obvious main peak at 26=18.6° from CoF,. As the reaction
time increases to 8 h, the composite material exhibits the main peak form CoAl-LDHs
with layered structure, which demonstrates the formation processes of CoF» and CoAl-
LDHs. Further improving the ratio of Co/Al to 3:1, the composite reveals the
amorphous state without the structures of CoF, and LDHs. Meanwhile, without adding
NH4F sources, the only LDHs peaks are observed in Fig. 2b, this result fully proves that
F ions with strong polarity are beneficial to the formation of composite materials.
Therefore, the composite fully combines the characteristics of CoF as battery material
and CoAl-LDHs as capacitor material, which is expected to deliver high energy density

and power density.

g
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Figure 1. XRD patterns of C2A1-8h with and without addition of NH4F (a), XRD
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patterns of CoAl-LDHs under different reaction conditions including metal ions
proportions and reacting time (b).

The composite materials at different states are further manifested by SEM to
observe the growth process in Fig. 2. It can be found that when the ratio of Co/Al is 1:1
at4 h, 8 h, and 12 h, the morphology of composite shows agglomerate sheets including
CoF> and CoAI-LDHs, of which the size is ~12 um at initial stage (Fig. 2a). As the
reaction time increases to 8h, the morphology of composite changes to hydrangea-like
structure with the smaller size, which is constructed by CoF> as hydrangea skeleton and
CoAl-LDHs grows along this skeleton. However, the morphology of composite still
shows agglomerate phenomenon and CoAl-LDHs sheets are not obvious (Fig. 2b). At
the state of 12 h, the hydrangea-like structure of composite materials collapses and the
mixing sheets change thicker. These results are in good line with the XRD patterns. And
the hypothesis on the growth process of composite materials is further proved in Fig.
2d-f. It can be clearly found that when the ratio of Co/Al is 2:1, during the initial 4 h,
the hydrangea-like skeleton of CoF> is generated first, then CoAl-LDHs sheets grow
between the CoF» flower sheets at 8h, which is consistent with the XRD results of
C2A1-8h sample (Fig.1). After 12h, the structure of composite also collapses. When
the ratio of Co/Al is 3:1 at 4 h, 8 h, and 12 h, the morphology of composite shows ball-
like or irregular agglomeration sheets in Fig. 2g-2i. Meanwhile, the morphology of
CoAl-LDHs without NH4F samples is also shown in Fig.S1 for comparison. Therefore,
the sample of C2A1-8h for composite material exhibits the optimum hydrangea-like

morphology, which inherits the potential to exhibit excellent electrochemical properties.
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Figure 2. SEM images of CoAl-LDHs under different reaction conditions including
metal ions proportions and reacting time, Co:Al=1:1 with under reacting time of 4h (a),
8 h (b) and 12 h (c). Co:Al=2:1 with under reacting time of 4h (d), 8 h (e) and 12 h (f).
Co:Al=3:1 with under reacting time of 4 h (g), 8 h (h) and 12 h (1).

Further to explore architectural feature of composite materials with C2A1-8h
sample, TEM and XPS are performed as displayed in Fig. 3. It can be found that CoF»
sheets are tightly integrated with CoAl-LDHs sheets. Fig. 3b shows the high
magnification image of composite material and the black parts are the CoF> skeletons,
and the gray parts are the CoAl-LDHs thin sheets, which prove that the composite
material are prepared successfully. The XPS measurement is carried out to determine
the oxidation states of different elements on the surface of composite materials. Fig. 3¢
displays the full-scale XPS spectra of C2A1-8h, which is composed of F, Co, Al, O and
C on the surface. Fig. 3d shows that the Co 2p spectrum has two peaks located at 782.4
eV and 798.4 eV, corresponding to the spin-orbital splitting of Co 2p1,2 and 2p32, which
can be attributed to the Co?***. Fig. 3d shows that the Al 2p spectrum owns single peak

at 74.8 eV, which is assigned to the characteristic peak of Al 2p1,2 and it can be attributed

10
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to the AI*"!. These results indicate that the prepared CoAl-LDHs@CoF2 composite
inherits their own stable valence state and play more excellent electrochemical

performance.
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Figure 3. TEM images of C2A1-8h sample (a-b), XPS spectra of survey scan (c), and
high-resolution spectra in the regions of Co 2p (d) and Al 2p (e).

The electrochemical behaviors of composite materials are evaluated in the
traditional three-electrode system by employing the Pt plate as counter electrode,
calomel electrode as reference electrode, active material as working electrode in 1 M
KOH as electrolyte. Fig. 4a shows the cyclic voltammograms (CV) curves of CoAl-
LDHs with different metal ratios under various reacting periods. The voltage range of
samples are performed between 0 V and 0.65V vs.SCE at the constant scan rate of 5
mV s~ !, It can be clearly found that nine CV curves all present one pair of redox peaks
accounted for the changes in the valence of cobalt for composite materials, which shows
the faradaic reaction (Eq. 6-8). Moreover, the C2A1-8h sample with the CoAl-LDHs
shell anchored to a skeleton of CoF» exhibits a larger enclosed CV area and higher

current density due to the unique morphology and structure delivered faster ion
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transport path, which indicates a high specific capacitance of this sample. The
conjecture is further confirmed by charge-discharge curves as displayed in Fig. 4b at
current density of 1 A g”!'. The specific capacitance of C1A1-4h, C1A1-8h, C1A1-12h,
C2A1-4h, C2A1-8h, C2A1-12h, C3A1-4h, C3A1-8h and C3A1-12h are 526.3 Fg !,
179.9 Fg'!, 149.8 Fg'!, 560.2 Fg !, 827.8 Fg !, 599.2 Fg !, 277.6 Fg'!, 513.6 Fg ! and
199.2 Fg!, respectively. A maximum specific capacitance of 827.8 Fg ! is obtained for
C2A1-8h sample, which is much higher than other samples and the result is consistent
with CV curves. The high specific capacitance may be associated with the low

resistance of electrodes.

Co(OH)2 + OH™ «+» CoOOH + H20 + e~ (6)
CoOOH + OH™ < CoO2+ H20 + ¢~ (7)
CoF2+OH™ < CoF,0OH + H,O+ ¢~ (8)
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Figure 4. CV curves (a), GCD curves (b) and EIS results (¢) of CoAl-LDHs under
different reaction conditions including metal ions proportions and reacting time, CV
curves of C2A1-8h sample at various scan rates (d), GCD curves of C2A1-8h sample

obtained at different current densities (e¢) and comparison of the capacity of nine

12
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In order to certify the conclusion, EIS tests are used to check the ability to transfer
electrons in Fig. 4c. All nine curves are composed of a semicircle in high frequency and
a straight line in low frequency, corresponding to the charge transfer resistance (Rct)
and the ion diffusion between the surface of electrode and the electrolyte. Notably, the
C2A1-8h electrode shows the smallest Rs and Rct values in all samples, which is
beneficial to diffuse rapidly for electrons. Above all, C2A1-8h exhibits excellent
electrochemical performance. The high performance is associated with the hierarchical
hydrangea structure, where the ultrathin CoF> nanosheets are beneficial for contacting
with electrolyte and the interfacial formation of CoAl-LDHs provides fast electron
transfer skeleton. The appropriate thickness of layers provide assurance for providing
active area and the hydrangea structure can accommodate the expansion and contraction
during long-term charging and discharging processes.

Fig. 4d shows CV curves of C2A1-8h recorded at various sweep rates ranging
from 5 mV s™! to 30 mV s™!. Obvious redox peaks can be identified at all scan rates,
indicating the contribution of redox reaction. As the scan rate increases, the redox peaks
shift to more positive and negative directions. The CV curve doesn’t display obvious

distortion although at high scan rate of 30 mV s

, suggesting the superior rate
capability of C2A1-8h. Based on the plots of GCD curves, the maximum specific
capacitance of C2A1-8h is calculated to be 827.8 F g ! at current density of 1 A g !, the
specific capacitance can still remain 520.2 F g”! though the current density increases
ten times, displaying about 62.8% capacitance retention. Fig. 4f summarizes the
capacitance of CoAl-LDHs prepared at different metal ratios under different reacting

time to further compare the rate capability of nine samples. Significantly, after current

density increases ten times, the rate retentions of C1A1-4h, C1A1-8h, C1A1-12h,

13
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C2A1-4h, C2A1-8h, C2A1-12h, C3A1-4h, C3A1-8h and C3A1-12h are 31.2%, 14.3%,
13.4%, 5.4%, 62.8%, 56.2%, 66.1%, 73.7% and 14.4%, respectively. To sum up, C2A1-

8h sample is selected as optimal electrode material for further test.
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Figure 5. Schematic illustration of the assembled C2A1-8h//AC device (a), CV (b) and
GCD (c) curves of C2AI1-8h and activated carbon, CV curves of assembled
supercapacitor at various scan rates from 5mV s ' to 100 mV s, GCD curves of device
at different current densities (e) and Ragone plot of assembled device.

To investigate the utilization potential of prepared materials, an asymmetric
supercapacitor is assembled with activated carbon as negative electrode and C2A1-8h
as positive electrode with a separator between two electrodes, as illustrated in Fig. Sa.
Before assembly, the CV curves of activated carbon and C2A1-8h are tested to certify
the working potential range. Activated carbon displays stable potential range from -1 to
0 V vs.SCE, and that for C2A1-8h is 0 to 0.65 V vs.SCE. However, polarization
phenomenon occurs as the potential increase up to 0.6 V vs.SCE, thus 1.6 V is selected
as working potential range for the assembled supercapacitor to protect the electrode.
The charge-discharge curves of C2A1-8h and activated carbon is further certify the
optimal voltage window. Fig. 5d exhibits CV curves of assembled device at different

14
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scan rate from 5 mV s~ to 100 mV s!. Pseudo rectangle involving redox peaks can be
observed during the potential window, indicating the contribution of capacitance
involves double layer capacitance and pseudocapacitance. The redox peaks shift along
with the increase of scan rate. Although at high scan rate, no significant change occurs
for CV curve, indicating excellent rate capability of assembled supercapacitor. Fig. Se
displays charge-discharge curves of assembled device tested at different current
densities from 0.3 A g ' to 15 A g !. The maximum specific capacitance of 151.1 F g
is obtained for assembled device at current density of 0.3 A g !. A high capacitance of
78.3 F ¢! still remains although current density increases 50 times, certifying superior
rate performance of assembled supercapacitor. Based on GCD curves, energy and
power densities can also be calculated via Eq. 4-5 and plotted in Ragone plot, as shown
in Fig. 5f. The C2A1-8h//AC device delivers the maximum energy density of 53.7 Wh
kg ! at power density of 239.9 kW kg ™!, and energy density reaches 27.8 Wh kg ! at
maximum power density of 12000 W kg !, again indicating its potential for practical
application. Moreover, after repeating charge-discharge curves 5000 times, the
capacitance retention still remains 95%, indicating good stability of asymmetric
supercapacitor. The assembled device can also drive two LED lights, further proving

the practical potential of device in energy storage and conversion system.
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Figure 6. Cycling stability of assembled supercapacitor at current density of 1.5 A g !,
the inset displays the photograph of assembled device driving two LED lights.
Conclusion

In our work, the composite material of CoAl-LDHs@CoF, with hierarchical
structure is successfully prepared and the optimal sample of C2A1-8h electrode with
unique morphology and excellent electrochemical performance is explored. In the
three-electrode system, the CV curve of C2A1-8h electrode displays one pair of redox
peaks accounted for the changes in the valence of cobalt for composite materials, which
shows the obvious faradaic reaction. At the current density of 1 A g!, the specific
capacitance of C2A1-8h is 827.8 Fg!, which is much higher than other sample
electrodes. Meanwhile, the asymmetric supercapacitor is assembled with activated
carbon as negative electrode and C2A1-8h as positive electrode, which reveals the
maximum energy density of 53.7 Wh kg™ ! at power of 239.9 kW kg!, and energy
density reaches 27.8 Wh kg ' at maximum power density of 12000 W kg !. At the
current density of 1.5 A g!, this device exhibits excellent cyclic stability with the

capacity retention ratio of 95% after 5000 cycles. This C2A1-8h sample owned the
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CoAI-LDHs shell anchored to a skeleton of CoF» contributes to the faster ion transport
path, which exhibits higher energy density and power density.
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