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ABSTRACT

Layered metal hydroxide salts (LHSs) have recently gained extensive interests as an efficient electrode
material for supercapacitors (SCs). Herein, we report, for the first time ever, the synthesis of a cobalt-
nickel layered hybrid organic-inorganic LHS that was intercalated with benzoate anions (B-CoNi-LHSs)
and observe a high performance as electrode materials for hybrid supercapacitors (HSCs). B-CoNi-LHSs
were synthesized by using a co-precipitation method, where sodium benzoate was added dropwise to
cobalt and nickel salt solution, without the addition of any organic solvent or surfactant. Due to the inter-
calation of anions and synergistic interactions of the multi-metallic components, the B-CoNi-LHSs elec-
trode showed a high specific capacity of 570 C g~! (specific capacitance of 1267 Fg™') at 1 A g1,
excellent rate performance (65% from 1 to 10 A g~') and outstanding cycling performance (81.09% over
8000 cycles), in comparison to the mono-metallic counterparts. An HSC device, assembled by using B-
CoNi-LHSs as the positive electrode and activated carbon (AC) as the negative one, exhibited a power den-
sity of 780 W kg~ ! at the energy density of 31.7 Wh kg~ !, and 8543 W kg ! at 18.1 Wh kg~ '. Results from
this study show that the organic-inorganic hybrids of layered dual-metal hydroxides intercalated with
benzoate anions may be a viable candidate as electrode materials for high-performance SCs.

© 2020 Elsevier Inc. All rights reserved.
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1. Introduction

With the ever-increasing consumption of non-renewable fossil
fuels and the ensuing environmental issues, it has become imper-
ative to explore clean, renewable, and highly efficient energy
sources as well as the corresponding energy storage systems
[1-3]. Among these, supercapacitors (SCs) have been recognized
as one of the most promising candidates for energy storage, and
the focus of a number of studies, due to their ultra-high power den-
sity, prominent cycle performance and fast charge-discharge rate,
as compared to traditional batteries [4-7]. SCs have indeed found
diverse applications, such as mobile electronics, hybrid electrical
vehicles, etc. In order to achieve a high power density and energy
density, hybrid supercapacitors (HSCs) are generally used with a
boosted specific capacitance and expanded operating potential
window [8-11], where the electrochemical performance is gener-
ally dictated by the chemical nature and structure of the electrode
materials [4]. Towards this end, transition metal-based oxides and
hydroxides (such as MnO, [12-15], Fe;03 [16-19], Co304 [20], NiO
[21], Co(OH), [22,23], and Ni(OH), [24]) have been extensively
studied, because the specific capacitance is typically higher than
that of traditional carbon-based electric double-layer capacitors
(EDLC). It is well known that cobalt ions can be transformed into
CoOOH with high conductivity, while Ni species can exhibit an
ultra-high capacity due to its high activity and fast electron trans-
fer [25]. By combining the advantages of these two metals, the
deployment of cobalt-nickel hydroxides has indeed stimulated
extensive research. In previous studies, Co- [20] and Ni-based
[26,27] nanomaterials have shown a remarkable electrochemical
performance, as compared with the Sn- [28-30], Cr- [31], and Zn-
based [32] counterparts. In addition, organic-inorganic hybrids
based on layered metal hydroxides have been found to be effective
electrode materials for SCs [33].

Layered metal hydroxides are generally divided into two cate-
gories. One is layered double hydroxides (LDHs) formed by the sub-
stitution of different-valence cations among the layers, with
[M3*,M>*(OH),]A"~ - mH,0, where M?* and M>* are divalent and
trivalent metal cations at the octahedral sites, respectively, and A"~
is the interlayered anion to maintain a charge balance [34-36]. The
other is the layered hydroxide metal salts (LHSs) formed by isotactic
substitution of cations in the layer or substitution of part of the hydro-
xyl anions or water molecules, with the [M?* (OH)z4]A™ yn-mH20,
where M?" is the metal ion (e.g., Co**, Ni**, Cu®", and Zn?*), and A"~
is the counter ion (e.g., CI-, NO3, SO3~, CH;C00~, and CgHsCOO™)
[37]. In recent years, LHSs intercalated with inorganic or organic
anions, such as Zns(OH)g(NO3),-2H,0 [38], a-Cuy(OH)3Cl [39], Ni
(OH)1.4(SO4)o3  [40],  Cux(OH)3(CH3CO0)H,0  [41], Co(OH)
(CeHsCOO0)-H,0 [42],and Co(OH),-DS (DS = dodecyl sulfate) [43], have
been attracting tremendous attention, due to its excellent electro-
chemical performance. However, intercalation of layered metal
hydroxides with organic anions usually involve toxic organic solvents,
surfactants and complicated operations, and no obvious improvement
is observed of the electrochemical performance. Previous studies have
shown that the introduction of interlayer anions with a large ionic
radius is beneficial to increase the interlayer spacing of layered
hydroxide, which helps expose active sites and enhance the electro-
chemical performance [44]. Therefore, intercalation of organic anions
in a nonpolluting manner may be a viable strategy to prepare high-
performance layered hydroxides. However, research in this area has
been scarce.

Recently, multi-metallic LHSs have been adopted in order to
increase the electrical conductivity due to the synergistic interac-
tions between the metallic elements. LHSs with two metal
[MjM‘H_y(OH)z_X]A"*X/anzO, where both metal centers are diva-
lent cations [45]. Indeed, a series of double hydroxide salts (DHSs)
have been prepared and studied, such as Niy;3C02/3(CO3);/2(OH)-

0.11H,0 [46], NiCu(OH);1(CH3C00)y9-0.9H,0 [47], and CoxNij
(OH)(CgH5C00) [48]. However, few studies have focused on DHSs
as electrode materials for SCs.

In this work, we use benzoate anions-intercalated cobalt-nickel
layered hydroxide nanobelts as electrode material for HSCs. The
samples were prepared by a facile co-precipitation method with-
out the addition of organic solvents, surfactants or usage of expen-
sive equipment, and displayed a high specific capacity of 570 C g~!
(specific capacitance of 1267 F g™') at 1 A g~!, excellent rate
performance (65% from 1 to 10 A g7!) and outstanding cycling
performance (81.09% over 8000 cycles), in comparison to the
mono-metallic counterparts. Furthermore, an HSCs based on
B-CoNi-LHSs and activated carbon (AC) was found to deliver a high
energy density of 31.7 Wh kg~!, maximum power density of
8543 W kg1, as well as a durable cycle life (89.98% over 10,000
cycles). This result indicates that DHSs intercalated with benzoate
anions are a promising candidate of electrode materials for high-
performance SCs.

2. Experimental section
2.1. Materials

Sodium benzoate (CgHsCOONa), cobalt nitrate hexahydrate
(Co(NO3),-6H,0), nickel nitrate hexahydrate (Ni(NOs),-6H,0),
potassium hydroxide (KOH), ethanol (C;Hs0H) and polyvinylidene
fluoride (PVDF) were purchased from Kelon in Chengdu. Foam
nickel (NF) as a current collector was purchased from Jiayisheng
Company. Commercial activated carbon (AC) was obtained from
Nanjing Xianfeng Nano Material Technology Co., Ltd. All chemicals
were of analytical grade and used with no further purification.

2.2. Sample preparation

B-Co-LHSs was synthesized by wusing a chemical
co-precipitation method. In brief, 0.576 g of CcHsCOONa was
dissolved in 25 mL of an ethanol-water mixture (1:1 v/v) under
magnetic stirring at room temperature to produce solution A.
Separately, 0.582 g of Co(NOs),-6H,0 was dispersed into an
ethanol-water mixture (1:1 v/v) to form solution B. Solution A
was then added into solution B in a dropwise manner under mag-
netic stirring for 24 h at 50 °C. The mixed solution was cooled to
room temperature, and the pink suspension was centrifuged at
5000 rpm for 15 min. The obtained solid was washed several times
with distilled water and ethanol, and dried in a vacuum oven for
24 h at 50 °C.

B-Ni-LHSs was prepared in the same procedur except that
0.582 g of Ni(NO3),-6H,0 was used instead of Co(NOs),-6H,0.
Similarly, B-CoNi-LHSs was produced by using 0.291 g of
Co(NOs),-6H,0 and 0.291 g of Ni(NO3),-6H,0.

2.3. Characterizations

X-ray diffraction (XRD) patterns were acquired on a Bruker D8
Advance powder diffractometer at 40 kV and 40 mA with Cu K
radiation (0.15406 nm). Morphology and size of the samples were
examined with a HITACHI S-4800 field-emission scanning electron
microscope (SEM) and a Tecnai G2 F20 S-Twin transmission elec-
tron microscope (TEM) operated at 200 kV. X-ray photoelectron
spectroscopy (XPS) measurements were carried out with an ESCA-
LAB250Xi spectrometer. Thermogravimetric analysis (TGA) was
conducted with a Netzsch Luxx STA 409PC thermal analyzer within
the temperature range of 30-800 °C at the heating rate of
10 °C-min"! in a nitrogen flow.
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2.4. Electrochemistry

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD)
and electrochemical impedance spectroscopic (EIS) measurements
were performed with a CHI 760E electrochemical workstation in a
three-electrode configuration, which includes a reference electrode
(saturated calomel electrode, SCE), a counter electrode (platinum
electrode) and a working electrode in an aqueous electrolyte solu-
tion of 2 M KOH. The working electrode was a piece of nickel foam
(1 x 1 cm?) coated with the active materials obtained above (ca.
1.5 mg cm2), acetylene black and PVDF at a mass ratio of
80:10:10 using N-methyl 2-pyrrolidinone (NMP) as the solvent
and fixed by a motor clamp. CV curves at different scan rates
(10-100 mV s~ ') were obtained in the potential range of 0-0.6 V,
and GCD curves at different current densities (1-10 A g~!) were
collected in the potential range of 0-0.45 V. EIS data was obtained
in the frequency range of 0.01 Hz to 100 kHz at the open-circuit
voltage. The cycling stability was tested using a LANHE test equip-
ment. The specific gravimetric capacity (Qs.m C g7!) and specific
gravimetric capacitance (Cs.m, F g7!) of the as-synthesized samples
were calculated by the following equation [49]:

21 [V - dt

Qsc.m - W (])
I- At

Com = - av @

where I represents the current, AV the potential window, At the
discharge time, m the mass load of the active material, and [V-dt
the integrated area enclosed by the discharge curve.

2.5. Hybrid supercapacitors

An HSC was assembled with B-M-LHSs as the positive and AC as
the negative and the electrochemical performance was analyzed in
a two-electrode system in 2 M KOH aqueous electrolyte solution.
The optimal loading ratio of the active materials and AC was deter-
mined based on the following equation:
mt  C x AV~
m- - C xAV' 3)
where m, C and V denote the mass loading, specific capacity and
potential window of the electrode materials, respectively, whereas
superscripts + and — refer to the positive and negative electrode,
respectively. The experimental performance was evaluated with
the CHI 760E electrochemical workstation. The specific gravimetric
capacity (Cyscm, mAh g~1), gravimetric energy density (E, Wh kg 1)
and gravimetric power density (P, W kg~!) were calculated accord-
ing to the following equations:

2 [V -dt
CHSC,m — m (4)
CIfv.dt
E= 3.6m (3)
3600 x E
P=—x ©)

3. Results and discussion

The morphologies of the LHS samples were first examined by
SEM and TEM measurements. It can be clearly seen from Fig. 1a
and b that the as-obtained B-CoNi-LHSs was composed of long
nanowire-like structures. High-magnification SEM images in
Fig. 1c and d show that the sample actually consisted of

nanoribbons of around 110 nm in width. B-Co-LHSs (Fig. 1e-f)
and B-Ni-LHSs (Fig. 1g-h) also show a nanoribbon structure, with
the width between 100 and 200 nm (additional data are shown
in Fig. S1). The TEM images are shown in Fig. 2. From Fig. 2a, it
can be observed that the B-CoNi-LHSs sample indeed contained a
large numer of densely packed and intertwined nanoribbons. The
curvature suggests good flexibility of the nanobelts. The cross sec-
tion of the rectangular nanoribbon can be observed in high-
magnification TEM images (Fig. 2b), and the thickness of the
nanoribbons can be estimated to be between 20 and 30 nm. Similar
structures can be seen with B-Co-LHSs and B-Ni-LHSs (Fig. 2d-g). It
can also be observed from Fig. 2e and g that the width of the
nanoribbons is around 100 nm. Fig. 2c shows a high-resolution
TEM image of the B-CoNi-LHSs nanoribbons. The sample can be
seen to display clearly defined lattice fringes, with an interplanar
distance of 1.48 nm and 0.75 nm corresponding to the (001) and
(002) plane of B-CoNi-LHSs, which is consistent with results from
XRD measurements [48].

Fig. 3 shows the layered structures of hybrid organic-inorganic
B-Co-LHSs, B-Ni-LHSs and B-CoNi-LHSs. The coordination relation-
ship between cobalt (Co') and hydroxide ion includes two types:
octahedron (Co") and tetrahedron (Co"), while nickel ion (Ni')
and hydroxide ion only contain the octahedron (Ni") type [35,49-
53]. The crystalline structures of the samples were examined by
XRD measurements. From the XRD patterns in Fig. 4a, one can
see that B-CoNi-LHSs, B-Co-LHSs and B-Ni-LHSs all exhibited three
major diffraction peaks at 20 = 6.00° (d = 1.48 nm), 11.90°
(0.75 nm) and 17.85° (0.5 nm), corresponding to the (001),
(002), and (003) crystal planes of Co(OH)(CgHsCOO)-H,0 (JCPDS
No. 42-1835) and Ni(OH)(CsHsCOO)-H,0 (JCPDS No. 42-1836)
[54], suggesting that these nanostructures consisted of two layers
of benzoate anions stacked in the inner yer based on the size of
the benzoate anion (0.7 nm) and the layer spacing (1.48 nm) of
the LHSs [55]. In addition, the XRD diffraction peaks of B-CoNi-
LHSs and B-Co-LHSs are highly similar, indicating the same crystal
structure. Additionally, the low-intensity and broad features of the
diffraction peaks suggest low crystallinity of the as-synthesized
samples. Such disordering may be beneficial for the electrochemi-
cal performance [56].

XPS measurements were then carried out to examine the ele-
mental compositions and valence states of the samples. Fig. 4b
shows the survey spectra of B-M-LHSs, where the elements of Co,
Ni, O, and C can be readily identified (C comes from the reference)
[57]. Fig. 4c shows the high-resolution scan of the Co 2p electrons,
where two pairs of peaks can be deconvolved at the binding ener-
gies (BEs) of 782.0/780.9 and 798.2/796.7 eV, ascribed to the 2ps3,,
and 2py; electrons of Co?*/Co>*, with two corresponding satellite
peaks at 786.1 and 802.8 eV [58]. Similarly, from the high-
resolution scan of the Ni 2p electrons in Fig. 4d, the 2ps;; and
2p12 electrons of Ni**/ Ni** can be identified at 856.8/855.8 and
875.0/873.1 eV, with two shakeup satellites at 880.2 and
861.9 eV [59]. Fig. 4e is the high-resolution scan of the C 1s elec-
trons. Two peaks can be resolved at 284.8 and 288.3 eV, corre-
sponding to phenyl carbon and carboxylic group in the benzoate
anion, respectively. In the O 1s spectrum (Fig. 4f), three peaks at
531.1, 531.6, and 532.5 eV can be resolved, due to the M—O,
M—OH, and O—C=O0 in carboxyl groups, respectively [48,60].
Fig. S2 shows the high-resolution spectra of the other two mono-
metallic systems. These results are consistent with the intercala-
tion of benzoate ions into the LHS samples. Further thermal analy-
sis was carried out by TGA measurements. From Fig. S3a, the first
stage of weight loss (8.27%) can be seen to occur from 30 to
240 °C, due to the loss of water trapped in the as-obtained sample
[34]. A second weight loss started at 240 °C, corresponding to the
removal of hydroxyl groups and decomposition of the interlayer
benzoate anion [61].
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Fig. 4. (a) XRD patterns of B-M-LHSs, (b) XPS survey spectra, and high-resolution scans of the (c) Co 2p, (d) Ni 2p, (e) C 1s, and (f) O 1s electrons of B-CoNi-LHSs nanobelts.

The porosity of the material also plays a key role in high-
performance SCs. The specific surface area (SSA) and pore size dis-
tribution of the B-CoNi-LHSs nanobelts were then evaluated using
the nitrogen adsorption-desorption isotherm. Based on the IUPAC
classification method, the B-CoNi-LHSs nanobelt isotherm curve
(Fig. S3b) can be seen to exhibit a type IV isotherm with an obvious
H3 hysteresis loop [62]. The inset to Fig. S3b shows the corre-
sponding pore size distribution curve of the nanoribbons. The
diameters of these pores are mostly concentrated between 3 and
50 nm, indicating the existence of a mesoporous structure in this
sample. Its SSA, average pore size and pore volume are 31.6 m?
¢!, 3.37 nm and 0.139 m> g~ !, respectively.

The electrochemical performances of the B-M-LHSs electrodes
were then investigated by CV and GCD measurements in a conven-
tional three-electrode setup in an aqueous electrolyte of 2 M KOH.
Fig. 5a shows the CV curves of the three samples at the scan rate of
40 mV s~! within the potential window of 0-0.6 V (vs. SCE). It can
be seen that all samples exhibited a battery-type behavior with a
pair of redox peaks, which most likely arose from the faradaic reac-
tions of the Ni and Co centers, namely, the Co?*/Co>*, Co>**/Co**, and
Ni?*/Ni®* couples [63,64].

When B replaces the benzoate anion, the possible charge-
discharge mechanisms of B-M-LHSs can be explained by the fol-
lowing reactions [65]:

Co(II)(OH) — B + OH~ « Co(lll) — O — B+ H,0 + e~ (7)
Co(Ill) — O — B + OH « Co(IV)(OH) — O — B + e~ (8)
Ni(I)(OH) — B + OH™ < Ni(lll) — 0 — B+ H,0 + e~ 9)

2Coy5(I1)Nips(I1)(OH) — B + 20H"
 Co(Ill) — O — B+ Ni(Ill) — O — B+ 2H,0 + 2e~ (10)

In addition, part of B-M-LHSs might be converted to Co(OH),
and Ni(OH), during the charge-discharge process:

Co(I1)(OH) — B + OH~ « Co(II)(OH), + B~ (11)
Co(II)(OH), + OH™ < Co(IlI)OOH + H,0 + e~ (12)
Co(IOOH + OH™ « Co(IV)0, + H,0 + e~ (13)
Ni(I1)(OH) — B + OH~ « Ni(Il)(OH), + B (14)
Ni(I)(OH), + OH™~ « Ni(ll)OOH + H,0 + e~ (15)

2C00;5(1)Nigs(I1)(OH) — B + 20H"
« Co(II(OH), + Ni(II)(OH), + 2B~ (16)

Additionally, from the integral area and peak currents of the
three samples, B-CoNi-LHSs can be seen to exhibit a superior elec-
trochemical performance, as compared to the other two mono-
metallic samples, which may be attributed to the synergistic effect
of multi-metallic system [66]. Fig. 5b shows the CV curves of the B-
CoNi-LHSs electrode at various scan rates (10-100 mV s~ ') in the
potential range of 0-0.6 V. It can be seen that as the scan rate
increases, the cathodic and anodic peaks shifted to more positive
and negative potentials, respectively [67], whereas the shape of
the CV curves do not change signficantly, indicating that these
electrodes have excellent reversibility. Furthermore, Fig. S4a and
¢ depict the CV curves of the B-Co-LHSs and B-Ni-LHSs electrodes,
respectively. Fig. 5¢ and Fig. S4 shows the linear relationship
between the peak current (i) and the square root of the scan rate
(#'?), which indicates that the electrochemical current of the sam-
ples are mainly diffusion-controlled [58]. It can be seen that the
peak currents and integrated area of the B-CoNi-LHSs electrode
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Fig. 5. (a) CV curves of B-M-LHSs electrodes at the same scan rate of 40 mV-s~', (b) CV curves of the B-CoNi-LHSs electrode at various scan rates, (c) the variation of current of
the cathodic and anodic peaks for the electrodes as a function of the square root of scan rate of B-CoNi-LHSs electrode, (d) linear relationship between fitted log(i) and log(v) of
B-CoNi-LHSs electrode, (e) the contribution ratio of the capacitance effect and diffusion-controlled process to the total current of B-CoNi-LHSs electrode at 10 mV.s!,
respectively, (f) capacitance contribution ratio of B-CoNi-LHSs electrode at various scan rates.

are larger than the first two mono-metallic electrodes at a fixed
scan rate, which indicates that the B-CoNi-LHSs electrode has the
highest specific capacity.

To explore the capacitive effect of B-CoNi-LHSs, the relationship
between the redox peak current (i) and different scan rates () was
investigated by the following equation [68]:

i=avh (17)

In order to further study the value of b, we take the logarithms
on both sides of equation (17).

logi = loga + blogv (18)

b= % = ll(;)%— log,a (constant) (19)

Therefore, the value of b can be obtained by calculating the
slope of the log(i) vs log(v) plot. When the value of b is equal to
1, it indicates that the kinetic reaction of the charge storage process
is surface-controlled; while at the value of b is 0.5, it is diffusion-
controlled [69]. Fig. 5d shows the relationship between log(i) and
log(v) at different potentials. The values of b for the anodic and
cathodic sweep were calculated by linear regression as 0.63 and
0.638, respectively, suggesting that the current was mainly
diffusion-controlled. To further quantify the fraction of the
diffusion-controlled component in the entire capacitance, we
divide the current response i(V) at constant potential into two
parts: capacitance effects (k) and diffusion-controlled processes
(ko2'1?), according to the following equation [70]:

i(V) =kiv + kyo'? (20)

For the convenience of analysis, we make a simple transforma-
tion of equation (20).

i(V)/0"? = kiv'? + ky (21)

Where the values of k; and k, can be determined by calculating the
slope and intercept of the i(V)/2'/? vs v!/? plot, respectively. By fit-
ting the CV data at different scan rates at a constant potential, the
ratio of the diffusion-controlled process to the total current can
be obtained. Fig. 5e depicts the area ratio of the diffusion-
controlled process and the total current at the scan rate of 10 mV s,
Obviously, the capacitive effect accounts only for 21% of the total
capacity, confirming that the current is indeed dominated by the
diffusion-controlled process. To explore the changes in capacitance
effects at different scan rates, Fig. 5f shows the capacitance process
at higher scan rates. It can be seen that as the scan rate increases,
the diffusion controlled contribution diminished gradually, because
the electrolyte ions do not have enough time to enter the active
material, resulting in restricted ion transport.

The GCD plots of all samples were measured at the current den-
sity of 4 A g~! and presented in Fig. 6a. All three GCD curves show
outstanding symmetry of the plateau platform, which indicates
highly reversible and extremely fast reaction kinetics [71]. This
phenomenon is consistent with the results obtained from the CV
measurements, demonstrating good supercapacitive behavior.
Additionally, it can be seen that the B-CoNi-LHSs electrode showed
a longer discharge time and a larger integrated area under the dis-
charge plot than the other mono-metallic electrodes. Fig. 6b shows
the GCD plots of the B-CoNi-LHSs at various current densities
(1-10 A g~ 1) within the potential window of 0-0.45 V (vs. SCE).
As the current densities increase, the diffusion of electrolyte ions
on the B-CoNi-LHSs surface gradually weakens, which results in
failure to fill the entire active material. Therefore, a completely suf-
ficient redox reaction may not occur inside the material, which
reduces the charge-discharge time and causes the reduction of
the capacitance. According to equation (1) and (2), Qscm and Csem
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Fig. 6. (a) GCD curves of B-M-LHSs electrodes at the same current density of 4 A-g~!, (b) GCD curves of the B-CoNi-LHSs electrode at various current densities and (c) the
calculated specific capacity at various current densities. (d) Cycling performance over 8000 GCD cycles at 10 A-g~! and (e) Nyquist plots of B-M-LHSs electrodes.

of the B-CoNi-LHSs electrode at a current density of 1, 2, 4, 6, 8, and
10 A ¢! were calculated to be 570, 535, 481, 435, 398, and 369 C
g1 (1267, 1189, 1068, 967, 884, and 820 F g~ 1), respectively, with
a rate performance of 65% retention from 1 to 10 A g~'. Meanwhile,
the GCD plots (1-10 A g™1) of the other mono-metallic compounds
were shown in Fig. S4. Using the same method, Qs., and Cyc, of the
B-Co-LHSs electrode at a current density of 1,2,4, 6,8,and 10Ag™!
were 333, 316, 295, 278, 265, and 253 C g~! (740, 702, 656, 618,
589, and 562 F g~1), respectively, with 76% performance retention
rate. Qscm and Cs, of the B-Ni-LHSs electrode at a current density
of1,2,4,6,8,and 10 A g~ were 507, 455, 386, 339, 305, and 280 C
g1 (1127, 1011, 858, 753, 678, and 622 F g~1), respectively, with
55% performance retention rate. From Fig. 6¢, one can see that
the specific capacitance of the B-CoNi-LHSs electrode is higher
than those of the mono-metallic electrodes at the same current
density (1-10 A g '). In addition, as shown in many previous stud-
ies in Table 1 [43,46,60,72-82], the B-Ni-LHSs electrode exhibits
superior electrochemical performance compared to the B-Co-
LHSs electrode, which may be ascribed to the more facile faradaic
process of the Ni centers than the Co ones [83,34].

The long-term stability is another important parameter in the
evaluation of the electrochemical performance. Fig. 6d depicts
the cyclic stability plots of the B-M-LHSs electrodes by constant
current charge-discharge tests at 10 A g~! for 8000 cycles. After
8000 cycles, the capacity retention rate of the B-CoNi-LHSs
(81.09%) electrode is slightly higher than those of B-Co-LHSs
(79.81%) and B-Ni-LHSs (80.01%), suggesting excellent reversible
response. In the first 600 cycles, the capacity retention of all three
electrodes increased slightly, which was attributed to the activa-
tion of the electrode materials. During the activation process, elec-
trolyte ions gradually penetrated into the active material, which
provided an increasing number of active sites for redox reactions
[85,86]. B-CoNi-LHSs exhibits outstanding cyclic stability due to

two important factors. One is the expansion of the layer spacing
with the intercalation of benzoate anion into in the layered
hydroxide, which is conducive to the transport and diffusion of
ions. The other is the synergistic effect of the Co-Ni multi-
metallic system, which is beneficial to increase the electrical con-
ductivity of the electrode system. In summary, B-CoNi-LHSs exhi-
bits better electrochemical performance than the other two
electrodes.

EIS measurements were then conducted to investigate the
charge transfer kinetics of the three different electrodes. Fig. 6e
shows the Nyquist plots of B-M-LHSs containing the internal resis-
tance (R;) and the charge transfer resistance (R.). Rs is the intercept
of the curve on the real axis, which is associated with the resis-
tance of the electrolyte and the electrical component system. In
the equivalent circuit shown, CPE is used instead of capacitor (C)
[87-91]. The values of R are 0.596, 0.754, and 0.645 Q cm? for B-
Co-LHSs, B-Ni-LHSs, and B-CoNi-LHSs, respectively. In addition,
R is the diameter of the semicircle at a high frequency, which is
related to the the faradaic process. The values of their R. are
2.369, 2.507, and 0.8837 Q cm?, respectively. Finally, the slope of
the linear segment is the highest for B-CoNi-LHSs at low frequency,
indicating fastest diffusion rate of OH™ [92]. These results indicate
that the B-CoNi-LHSs stood out with the best performance among
the three electrodes. This may be attributed to the synergistic
effect of the multi-metallic system, which is conducive to the pen-
etration and diffusion of electrolyte ions, enhancing the reaction
kinetics.

To further explore the practical application of the as-prepared
samples, HSC devices (denoted as B-M-LHSs//AC) were assembled
by using the B-M-LHSs nanobelts as the positive electrode (B-M-
LHSs/Ni foam) and AC as the negative electrode (AC/Ni foam) in
2 M KOH aqueous electrolyte (Fig. 7a). Before the assembly of
devices, the electrochemical performance of AC was tested by
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Table 1

The comparison of the electrochemical property of various layered metal hydroxide.
Nano-structure Specific capacitance (F g7') Rate performance Cycle stability Ref.
Co(C03)o.5(0OH)/Ni,CO3(0OH), nanobelt 987 (1Ag™) 85% (from1to 10 A g™ ') 82.9% (2000 cycles) [72]
CrCu-N nanosheet (CrCu-LDH-NO3) 943 (1Ag") 19% (from1to5A g™ 1) 85% (1500 cycles) [73]
MXene-Ni-Co-LDH nanosheet 9836 (2Ag ) 55% (from 2 to 50 A g™ ') 76% (5000 cycles) [74]
CoNi-LDH nanosheet 3945(1AgY) 54.5% (from 1to 20 A g™ 1) 92.3% (10,000 cycles) [60]
Co(OH), nanowires 358 (05Ag ) 90.7% (from 0.5to 10 A g™ ') 86.3% (5000 cycles) [75]
Co(OH), -NO3 5827 (1Ag™) 33.3% (from 1to 8 Ag™) 62.5% (2000 cycles) [43]
NCC/PNTs nanotubes 9648 (1A g™ 77.1% (from 1to 20 A g™ 1) - [76]
NC-CNT-2 nanorods 1246.1 (0.5A¢g™1) 92.1% (from 0.5 t0 20 A g™ 1) 94% (10,000 cycles) [46]
CF-Co(OH),CO3 microflowers. 550 (2Ag ) 58.5% (from2to 5A g™ ") 99.5% (1500 cycles) [77]
MnO,/Ni(OH), nanosheet 843 (1Ag™) 79.1% (from 0.1 to 5A g™ ") 79.1% (2000 cycles) [78]
Nig.sMgo.5Co, TMH nanosheet 624Cg ' (10Ag™) 59% (from 10 to 100 A g 1) 80% (3000 cycles) [79]
Co3Ni;-LDHs@PCPs 1918 (1Ag™") 81.3% (from 1 to 30 Ag™ ') 94.82% (10,000 cycles) [80]
Ni-Co LDH on metal nickel 2184 (1Ag™") 68.41% (from 1t0o 20 Ag™") 88.5% (2000 cycles) [81]
Ni-Co LDH 2682 (3Ag) 63.6% (from 3 to 20 A g™ 1) - [82]
B-CoNi-LHSs 1267 (570Cg ") (1Ag™) 65% (from1to 10A g™ ") 81.09% (8000 cycles) This work
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Fig. 7. (a) schematic illustration of the assembled B-M-LHSs//AC configuration, (b) CV curves of AC and B-CoNi-LHSs electrodes at the same scan rate of 40 mV-s~', (c) CV
curves at a scan rate of 40 mV-s~! and (d) GCD curves at a current density of 4 A-g~" of the B-CoNi-LHSs//AC device in different voltage windows, (e) CV curves at different
scan rates, and (f) GCD curves at different current densities of the B-CoNi-LHSs//AC device.

using a similar three-electrode system. Fig. S5 shows the CV curves
of AC in a rectangular shape at various scan rates (10-100 mV s~ 1)
and the GCD curves of in a triangle shape at different current den-
sities (1-10 A g 1), indicating that AC has typical EDLCs behavior.
Fig. 7b shows the CV curves of the AC in the potential range of
—1.0-0 V (vs. SCE) and B-CoNi-LHSs electrodes in the potential
range of 0-0.6 V at the scan rate of 10 mV s, respectively. It
can be seen that the B-CoNi-LHSs//AC HSC exhibited a battery-
like potential window of 0-1.6 V. To further verify the range of
the potential window, Fig. 7c and d show the CV curves of the
device at 40 mV s~ ! and the GCD curves of 4 A g ! between the
potential window of 0-0.8 V and 0-1.6 V, respectively. When the
potential is 1.6 V, the CV curve shows a slight polarization trend.
Considering the stability and service life of the device, its ideal
potential window was then set to 0-1.6 V. The CV curves of the
B-CoNi-LHSs//AC device at various scan rates (10-100 mV s ')
did show a redox couple (Fig. 7e), revealing that the assembled

device displayed pseudocapacitive behavior. At the same time, all
GCD curves of the device at different current densities (1-10 A
g~1, Fig. 7f) show a symmetrical triangle shape, indicating that
the device has excellent reversibility and high coulombic effi-
ciency. In addition, Fig. 8a depicts the cyclic stability curve of the
device by constant current charge-discharge tests at 10 A g~! for
10,000 cycles, which indicates a remarkable cyclic stability of
10.02% capacitance loss. In the inset to Fig. 8a, the Cyscn, of the
device at a current density of 1, 2, 4,6, 8, and 10 A g~! were calcu-
lated as 39.6, 36.4, 31.4, 28.1, 25.1, and 22.5 mAh g !, respectively,
showing that the rate performance of 57% from 1to 10 Ag .

In order to compare the electrochemical performances of the
three devices, the electrochemical performances of the B-Co-
LHSs//AC and B-Ni-LHSs//AC devices were also examined
(Fig. S6). The energy density (E) and power density (P) of the three
devices are shown in Fig. 8b. From the Ragone plots, it can be seen
that when the power density of the B-CoNi-LHSs//AC device
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B-M-LHSs//AC devices and other devices. The inset of the (a) shows the corresponding specific capacitances at different current densities of the B-CoNi-LHSs//AC device.

increased from 780 to 8543 W kg~ !, the energy density decreased
from 31.7 to 18.1 Wh kg™, a performance better than those of B-
Co-LHSs//AC (22.6 Wh kg~! at 744 W kg~!, and 6.8 Wh kg~ ! at
5961 W kg~ '), and B-Ni-LHSs//AC (28.3 Wh kg~! at 811 W kg,
and 12.5 Wh kg~! at 9167 W kg~!). The energy/power density of
the B-CoNi-LHSs//AC device is also higher than those of some
recently reported oxide- and hydroxide-based devices, such as
C0304//AC (22.49 Wh kg ' at 800 W kg !, and 6 Wh kg ! at
8000 W kg~!) [20], Co(OH),/GNS//AC/CFP (19.3 Wh kg ' at
187.5 W kg~', and 16.7 Wh kg~' at 3000 W kg~') [22], CoNi-
LDH//AC (20.8 Wh kg~! at 800 W-kg™!, and 8.44 Wh kg ! at
8000 W kg~!) [60], NiCo,04-rGO//AC (23.3 Wh kg ' at
3249 W kg~ !, and 10.5 Wh kg~ ! at 12,990 W kg~ ') [93], NiO//ai-
Fe,0; (12.4 Wh kg~! at 312 W kg !, and 3.64 Wh kg ' at
951 W kg ') [94]. As can be seen from Fig. S7, the energy density
of the B-CoNi-LHSs//AC device is much higher than those of elec-
trochemical double layer capacitors and electrolytic capacitors.
These results indicate that B-CoNi-LHSs nanobelts are promising
candidates for high-performance SCs, which may be attributed to
their layered structure with large interlayer spacing and the syner-
gistic effect of the Co-Ni multi-metallic system.

4. Conclusions

In summary, we report, for the first time ever, the synthesis of
layered hybrid organic-inorganic B-CoNi-LHSs nanobelts interca-
lated with benzoate anions by a facile co-precipitation method.
The as-prepared products were characterized by a range of micro-
scopic and spectroscopic measurements. The B-CoNi-LHSs sample
was found to exhibit a high specific capacity of 570 C g~ (specific
capacitance of 1267 Fg~!) at 1 A g”!, excellent rate performance
(65% from 1 to 10 A g~ 1) and better cycle performance (81.09% over
8000 cycles), as compared to other two mono-metallic systems. This
was largely due to the intercalation with benzoate ions that
increased the interlayer spacing of the hydroxides and facilitated
the rapid diffusion of ions and enhanced exposure of the active sites.
Interestingly, a B-CoNi-LHSs//AC HSC device was found to achieve
achieve a wide operating voltage of 1.6 V and a high energy density
of31.7 Wh kg~ ! at a power density of 780 W kg~ . These results con-
firmed that one-dimensional B-CoNi-LHSs nanobelts are promising
candidates for SCs, and the strategy can be extended to other inter-
calating anions and transition metal-based layered metal hydrox-
ides for further improvement of the capacitance performance.
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