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ABSTRACT

Triangular Ni(HCO;), nanosheets were synthesized via a template-free
solvothermal method. The phase transition and formation mechanism were
explored systematically. Further investigation indicated that the reaction time
and pH have significant effects on the morphology and size distribution of the
triangular Ni(HCOs), nanosheets. More interestingly, the resulting product had
an ultra-thin structure and high specific surface area, which can effectively
accelerate the charge transport during charge-discharge processes. As a result,
the triangular Ni(HCQO;), nanosheets not only exhibited high specific capacitance
(1,797 F-g* at 5A-g? and 1,060 F-g* at 50 A-g™), but also showed excellent
cycling stability with a high current density (~80% capacitance retention after
5,000 cycles at the current density of 20 A-g™).

supercapacitor

1 Introduction

With the increasing depletion of fossil fuels and
aggravated environmental pollution, sustainable and
renewable energy storage and conversion are urgently
needed. Supercapacitors [1] are gaining extensive interest
because of their high power density (>10 kW-kg™),
fast recharge capacity (within seconds), and long cycle
life (>10° cycles) [2, 3]. However, the wide practical
usage of supercapacitors is prevented by the limited
energy density (~5-20 kW-kg™) [4]. The development
of novel electrode materials that can afford high energy
density and good stability performance is becoming
one of the key tasks [5]. Among a multitude of

electrode materials, nickel composites show promise
owing to their excellent intrinsic properties and
excellent electrochemical performance. For example,
nickel-based Ni(OH), [6-8] and NiO [9, 10] have been
fabricated and applied as supercapacitor electrode
materials owing to their high theoretical specific
capacitance and low cost. Also, metal sulfides and
even metal phosphides, such as NiS [11, 12] and NiP
[13, 14], have received considerable attention because
of their high capacitance. However, the poor electrical
conductivity of these kinds of materials seriously limits
the performance of the supercapacitors [15, 16]. To
address this problem, novel nanostructures, especially
two-dimensional materials with large specific surface
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areas, have aroused extensive attention on account
of their higher charge transfer rates during the electro-
chemical process [17].

Recently, Ni(HCO;), nanosheets, a new type of two-
dimensional nanomaterial, have attracted the attention
of researchers interested in supercapacitor electrode
materials. Sun et al. [18] synthesized Ni(HCO;), nano-
particles and graphene composites and employed them
as supercapacitor electrode materials. In addition,
a high specific capacitance was achieved in a 6 M
potassium hydroxide (KOH) solution, which is superior
to those of most nickel-based electrode materials
[19,20]. Yan et al. prepared sphere-like Ni(HCO;),
nanoparticles, and their supercapacitor performance
was explored in detail [21]. However, obtaining
Ni(HCO;), nanosheets with controlled morphology is
still a huge challenge.

Here, a facile template-free solvothermal route was
proposed for the synthesis of triangular Ni(HCO;),
nanosheets. The morphology and size distribution of
the triangular Ni(HCO;), nanosheets can be controlled
easily by adjusting the reaction time. When employed
as electrode materials in supercapacitors, the unique
nanostructure is beneficial to the reduction of the
effective diffusion paths and results in faster charge
transport. Its specific capacitance can reach 1,797 F-g™
at5A-g™ and 1,060 F-g™* at 50 A-g™'. More importantly,
the triangular Ni(HCOs;), supercapacitor exhibits
excellent cycling stability (~80% capacitance retention
after 5,000 cycles at 20 A-g™).

2 Experimental
2.1 Preparation of triangular Ni(HCO;), nanosheets

In this study, triangular Ni(HCO3), nanosheets were
synthesized via a facile template-free solvothermal
method. Typically, 2 mmol of nickel nitrate hexahydrate
(Ni(NOs3),-6H,0) and 8 mmol of urea (CO(NH,),) were
dissolved in deionized (DI) water. Then, ethylene glycol
(volume ratio between DI water and ethylene glycol
of 1:7) was added to form a homogeneous solution.
Afterwards, the resultant mixture was transferred into
a 50 mL Teflon-lined stainless steel autoclave and
heated at 140 °C for 12 h in an oven. Finally, the product
was collected and washed with DI water and ethyl

1359

alcohol several times, then dried at 80 °C for 6 h. For the
purpose of comparison, products were synthesized
with different reaction time using the same process.

2.2 Characterization

X-ray diffraction (XRD, Bruker D8 Advance) was
applied to analyze the structures of the samples.
The morphologies of the samples were examined by
field-emission scanning electron microscopy (FESEM,
Zeiss Ultra-55), transmission electron microscopy
(TEM, Hitachi, HT7700 and JEOL, 2010), and atomic
force microscopy (AFM, Bruker Dimension Icon).
The specific surface area of the sample was measured
using nitrogen adsorption—desorption isotherms with
a Micromeritics ASAP 2020 surface area and porosity
analyzer. The pore size distribution was evaluated
using the adsorption branch of the isotherm based
on the Barrett-Joyner-Halenda (BJH) model. The pH
value of the reaction solution was determined with a
pH apparatus (Mettler Toledo 5220 Seven Compact).

2.3 Electrochemical measurements

A conventional three-electrode system (CHI 760D,
CH Instruments Inc., China) was employed with a
saturated Ag/AgCl electrode as a reference electrode,
a platinum plate as a counter electrode, and active
materials as a working electrode. The working electrodes
were fabricated by coating Ni foil with a mixture
containing 70 wt.% active materials, 20 wt.% conductive
agent (acetylene black), and 10 wt.% polyvinylidene
fluoride (PVDF). The loading mass of the active material
was approximately 4 mg-cm™. KOH aqueous solution
(3.0 M) was used as the electrolyte. The electrochemical
performance was measured using cyclic voltammetry
(CV), galvanostatic charge—discharge tests, and electro-
chemical impedance spectroscopy (EIS) measurements
(1-100,000 Hz).

3 Results and discussion

In this study, triangular Ni(HCOs), nanosheets were
synthesized via a template-free solvothermal method.
During the synthesis process, nickel ions and negative
ions (OH™ or HCO;) can participate in a phase-transfer
reaction and form a nickel-based two-dimensional
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nanomaterial. To understand the structural and
morphological changing process of the Ni(HCO;),
nanosheet, a series of samples were synthesized with
different reaction time (3, 6,9, and 12 h). Figure 1
shows the XRD patterns of the four samples. As
shown in Fig. 1(a), for the sample synthesized in 3 h,
three main diffraction peaks can be clearly identified
at around 11.3°, 33.4°, and 60.0°, corresponding to the
single crystalline phase of Ni(OH), (JCPDS No. 38-0715)
[22, 23]. With prolonged reaction time, Ni(HCO;),
diffraction peaks indexed to the standard powder
diffraction file (PDF) card (JCPDS No. 15-0782, a=b =
¢ = 8.383 A) [24, 25] appeared stronger in the XRD
patterns (Fig. 1(b)). Finally, after increasing the reaction
time to 12 h, the diffraction peaks of Ni(OH), disap-
peared completely. The absence of Ni(OH), diffraction
peaks and the rise of Ni(HCO;), diffraction peaks
indicated that Ni(OH), had completely changed to
the Ni(HCO;), phase in the 12 h reaction.

Figure 2 shows the TEM images of the four samples
synthesized at different reaction time. As shown in
Fig. 2(a), the Ni(OH), nanosheets obtained at 3 h show
an ultra-thin two-dimensional structure with some
wrinkles uniformly distributed on its surface. For the
case of the sample with the 6 h reaction time, some
small and regular triangular Ni(HCO;), nanosheets
appeared and were deposited onto the surface of the
previously formed Ni(OH), nanosheets. The length
of the triangular nanosheets was approximately
60 nm. Upon increasing the reaction time further to
9 h, more Ni(OH), nanosheets gradually turned into
triangular-shaped Ni(HCOs), nanosheets. However,
the size of the Ni(OH), nanosheets significantly
decreased. The TEM image in Fig. 2(d) indicates that
the Ni(OH), nanosheets completely transformed into
uniform triangular-shaped Ni(HCO3), nanosheets when
the 12 h reaction was finished. The transition process
of the samples can also be confirmed by the FESEM
images (Fig.S1 in the Electronic Supplementary
Material (ESM)). Furthermore, AFM measurement
indicated that the average thickness of the triangular
Ni(HCOs;), nanosheets was ~14 nm (Fig. S2 in the
ESM). High-resolution TEM (HRTEM) measurement
indicated that the distinct fringe spacing was ~0.59 nm,
which corresponds very well to the (110) crystal plane
of Ni(HCQO;), (Fig. 3(a)). Moreover, the distinguishable
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Figure 1 XRD patterns of the samples synthesized at different
reaction time: (a) 3 h, (b) 6 h, (¢) 9 h, and (d) 12 h.

Figure2 TEM images of the samples synthesized at different
reaction time: (a) 3 h, (b) 6 h, (c) 9 h, and (d) 12 h.

Ni(HCOs), nanosheets.

ring-like feature in the selected area electron diffraction
(SAED) pattern can be an indication of the polycrys-
talline structure of the Ni(HCO;), nanosheets (Fig. 3(b)).

Based on the XRD and TEM measurements, a possible
formation mechanism of the triangular Ni(HCO;),
nanosheets is proposed and illustrated in Scheme 1.
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Scheme 1 Possible formation mechanism of triangular Ni(HCOs), nanosheets.

During the heating process, the generated OH" ions
produced by the decomposition of urea react with
Ni** and form Ni(OH), nanosheets in a short time (3 h).
Afterwards, the later-produced HCOj3, owing to the
more difficult hydrolysis process of CO, than that of
NH;, reacts with the Ni(OH), and produces Ni(HCO;),
nanosheets. With the increase in reaction time, the
HCO;5 causes Ni(OH), to completely transform into
Ni(HCO;),. Here, the main reactions of the urea
homogeneous solvothermal method for the synthesis
of Ni(HCQO;), are as follows

Urea hydrolysis

CO(NH,), + 3H,O — 2NH;-H,O + CO, (1)

Ammonia ionization

NH;-H,O — NH;+OH- 2)
Precipitation reaction of Ni(OH),

Ni* +20H" — Ni(OH), 3)
Carbon dioxide ionization

CO,+H,O — HCO; +H* 4)
Precipitation reaction of Ni(HCO),

Ni(OH), + 2HCO5; — Ni(HCO;), + 20H" )
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& Desorption

Adsorbed volume (cm3.g~", STP)

0.0 0.2 0.4 06 08 1.0
Relative presssure P/P,

It should be noted that the pH values of the reaction
solution increased from 8.75 to 9.08 with the increase
in reaction time, which further confirms the phase
transition from Ni(OH), to Ni(HCO;),.

Figure 4(a) shows the nitrogen adsorption-desorption
curve of the triangular Ni(HCOj3), nanosheets. It can
be found that the isotherms are type III isotherms
with a hysteresis loop at a relative pressure P/P, from
0.7 to 1.0, indicating that the triangular Ni(HCO;),
nanosheets have a mesoporous structure. The calculated
Brunauer-Emmett-Teller (BET) specific surface area
of Ni(HCO;), nanosheets is approximately 97.1 m>g™.
Figure 4(b) shows the pore size distribution calculated
from the desorption data using the BJH model. The
average pore size of Ni(HCOs), nanosheets is appro-
ximately 12 nm. The obtained mesoporous structure
(2 to 20 nm) can promote the transport and diffusion of
electrolyte ions during the charge—discharge process,
which also results in enhanced electrochemical
efficiency [26, 27].

The electrochemical performance of the as-prepared
samples was evaluated in a conventional three-
electrode system with a 3.0 M KOH electrolyte.
Figure 5(a) shows the typical CV curve of the Ni(OH),
and Ni(HCQO;), nanosheets measured at a scan rate of
20 mV-s™". In both of the CV curves, a pair of well-
defined redox peaks can be observed clearly, which are
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Figure 4 (a) Nitrogen adsorption—desorption isotherm and (b) pore-size-distribution curve of triangular Ni(HCO3), nanosheets.
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distinguishable from those of electric double-layer
capacitors and indicate the presence of a reversible
Faradaic reaction and pseudocapacitive behavior [28, 29].
The redox reactions during the charge/discharge of
Ni(OH), and Ni(HCO:s), electrodes can be described
by the following equations [18, 21, 30]

Ni(OH), + OH™ = NiOOH +H,O+e”  (6)
Ni(HCO;), +30H™ = NiOOH +2HCO; + H,O +e”
)
Moreover, the integral area of Ni(HCOj), is larger than
that of Ni(OH),, indicating that the specific capacitance
of Ni(HCQO;), is higher than that of Ni(OH),. Figure
5(b) shows the CV curves of the triangular Ni(HCO;),
nanosheets at different scan rates ranging from 2.0
to 20 mV-s™. With the increase in scan rate, the peak
currents increase correspondingly, indicating ideal
capacitive behavior and fast charge—discharge perfor-
mance for electrochemical energy storage [31, 32].
Galvanostatic charge—discharge (GCD) curves of the
triangular Ni(HCO;), nanosheets at various current
densities are shown in Fig. 5(c). According to the GCD
curves, a high specific capacitance (1,797 F-g™) can be
achieved at a current density of 5 A-g™. Even at a high
current density (50 A-g™), the specific capacitance
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of Ni(HCQO;), nanosheets can reach approximately
1,060 F-g!, which is much higher than that of Ni(OH),
nanosheets (Fig. S3(a) in the ESM). Furthermore, the
slight decrease in capacitance with the increase in the
charge/discharge current (Fig. 5(d)) indicates that the
Ni(HCO;), nanosheets allow the redox reaction to
take place rapidly at high current densities. The high
electrochemical performance of the Ni(HCO;), nano-
sheets may be attributed to their unique nanostructure.
The mesoporous structured Ni(HCO;), nanosheets can
provide more electrochemical active sites and con-
sequently increase the efficiency of electrochemical
reactions.

Figure 6(a) shows the cycle performances of Ni(OH),
and Ni(HCQO;), nanosheet electrodes at a current
density of 20 A-g™. It can be seen that the capacitance
retention of Ni(OH), nanosheets was close to 50% after
5,000 cycles. In contrast, there was only a decrease
of approximately 20% in the capacitance for the
Ni(HCGQO;), nanosheet electrode after 5,000 cycles.
This shows that Ni(HCO;), nanosheets have excellent
long-term cycling stability even at a high current
density. Figure 6(b) displays the Nyquist plots of
the Ni(HCO;), nanosheet electrode before and after
5,000 charge—discharge cycles. It can be found that
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Figure 5 (a) CV curves of Ni(OH), and Ni(HCOs), electrodes at a scan rate of 20 mV-s . (b) CV curves and (c) galvanostatic charge—
discharge curves of Ni(HCO;), electrode. (d) Specific capacitance of Ni(OH), and Ni(HCO;), electrodes measured as a function of current

density.
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Figure 6 (a) Cycling stability of Ni(OH), and Ni(HCO3), electrodes measured at a current density of 20 A-g ', (b) Nyquist plots of the
Ni(HCOs), electrode before and after 5,000 charge—discharge cycles at a current density of 20 A-g .

there was no obvious appearance of semicircles for
the Ni(HCOs), nanosheet electrode, indicating that the
charge-transfer resistance (Rct) of the electrode was
low enough during the cycling test [33]. Furthermore,
the sloping straight line at lower frequencies caused
by the diffusion process reveals a typical capacitive
behavior of the electrode [34]. After 5,000 cycles, the
equivalent series resistance (ESR) shows a slight increase
(~0.12 Q) evaluated from the point intersecting with
the real axis in the high-frequency range [35]. The
slight changes in the Nyquist plots of the Ni(HCO;),
electrode before and after the cycles further confirm
the highly reversible redox reaction of the Ni(HCO;),
electrode. EIS spectra of the Ni(OH), and triangular
Ni(HCOs)2 nanosheets (Fig. S3(b) in the ESM) show
that the line of Ni(HCOs), in the low-frequency region
is steeper than that of Ni(OH),, which facilitates the
fast diffusion and migration of electrolyte ions [36].
Furthermore, the ESR of Ni(HCQO;), in the high-
frequency range is smaller than that of Ni(OH),.
For comparison, the electrochemical performances of
Ni(HCQO;), electrodes reported recently are presented
in Table 51 in the ESM. This suggests that the triangular
Ni(HCO:s), nanosheet electrode in this work shows
higher specific capacitance and better cycle stability at
a high current density.

4 Conclusions

In summary, a facile one-pot solvothermal method
was applied to fabricate Ni(HCO;), nanosheets. By
adjusting the reaction time, the triangular Ni(HCO;),

nanosheets with a uniform triangular-shaped mor-
phology, ultra-thin structure, and high specific surface
area were successfully synthesized. The triangular
Ni(HCO;), nanosheets exhibited a high specific
capacitance (1,797 F-g at 5 A-g”! and 1,060 F-g! at
50 A-g1) and excellent cycling stability (~80% capaci-
tance retention after 5,000 cycles at 20 A-g™). The high
electrochemical performance indicates that Ni(HCO;),
triangular nanosheets can potentially be used as energy
storage materials.
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