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ABSTRACT:

Composite of the Ni(OH), nanosheets doped with Ag nanoparticles/3D
graphene(Ag/Ni(OH),/3DG) was synthesized by a combination of chemical vapor
deposition and a hydrothermal process. The Ag/Ni(OH),/3DG composite is light,
flexible and has a high conductivity. They can be utilized directly as the
supercapacitor electrodes (including current collectors) without using the binder
materials or conductive agents. Doping the Ni(OH), nanosheets with Ag
nanoparticles can improve the conductivity, which enhances the specific capacitance

of the hybrid electrode accordingly. Electrochemical tests show a high specific
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capacitance of 2167 F/g scaled to the total mass of the electrodes at 10 A/g current
density, a good rate capability and an excellent cycling performance of 98%

capacitance retention over 1000 cycles at 25 A/g current.

1. Introduction

Growing demand for the renewable energy and the environmental concerns has
been leading to the development of the novel energy storage technologies [1-2].
Supercapacitors, also known as electrochemical capacitors, have been researched
extensively owing to their high power density and long cycling. Pseudocapacitors
(one type of supercapacitors), which can store the energy via a reversible faradaic
redox reaction at the electrode surface, are considered as the promising candidates for
the energy storage systems [3]. The research results show that the good performance
of the electrochemical capacitors usually originates from the high specific surface
area as well as the highly reversible reaction of the electrode material [4]. Currently,
the most attractive materials as the pseudocapacitors have been the cheap transition
metal oxides or hydroxides and conductive polymers [5-10]. However, they often
result in compromises in the rate capability and the reversibility. The reason is the
limitation of the redox kinetics by the rate of ion diffusion and electron transfer
[11-12]. The large specific surface area and high electrical conductivity can improve
the capacitance performance of the electrode materials. Nickel (II) hydroxide,
Ni(OH),, shows strong redox properties [13]. It is commonly used in rechargeable
battery electrodes by oxidation to nickel (III) oxide-hydroxide. Blocks of Ni(OH),
have low specific surface area values and low electrical conductivities because of
their semiconductive nature, which limit their application as the electrode materials
of the electrochemical capacitors. Therefore, nickel hydroxide with a large specific
surface area and a high electrical conductivity is sought. Previous studies

demonstrated the synergistic effect produced by integrating multiple components,
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which could overcome the limitations of the pseudo-materials (e.g. low conductivity

of metal oxides and hydroxides) and improve specific capacitance [14-16].

Nickel hydroxide nanosheets show distinctive physicochemical properties as
well as large specific surface area values. They can be obtained by hydrothermal
reactions or chemical bath deposition and can be employed as supcapacitor electrode
material with the capacitance of 1440 F/g at the current density of 10 A/g [17] and
high-rate redox activity up to 500 V/s[13]. However, their low electrical conductivity
limits further improvements of the electrochemical properties [18]. Some
investigations show that the performance of the lithium-ion battery can be
significantly improved by doping with 1-8 wt% Ag [19], where Ag nanoparticles can
improve the proton diffusion throughout the electrodes [20]. Therefore, Ag-doped
Ni(OH), nanomaterials are expected to improve the conductivity of the
electrodematerial and show a higher specific capacitance by forming electron transfer

channels during the the charge/discharge times.

In this work, a simple two-step approach was applied to grow hybrid Ni(OH),
nanosheets doped with Ag nanoparticles/3D graphene composite. The first step is to
grow 3D graphene on the nickel foam using a CVD technique, which is considered as
the most effective way to fabricate graphene films with a large surface area and a
high quality. The second stage is the synthesis of the Ni(OH), nanosheets doped with
Ag on the as-prepared 3D graphene. Furthermore, the electrochemical properties of

the products and the mechanism of formation were analyzed.

2. Experimental

2.1. Materials

All the reagents used in this work were analytical grade and were used without

further purification and treatment. Nickel nitrate (Ni(NOs),*6H,0), hexamine,
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hydrogen chloride (HCIl) were purchased from Sigma Aldrich Co. LLC. Nickel (Ni)
foams were purchased from Shanghai Zhongwei New Material Co.Ltd., China. Ag
nanoparticles were obtained from Suzhou ColdStones Technology Co. Ltd. Deionized

water was used in the experiments.

2.2. Equipment

The morphologies of the samples were characterized by field emission scanning
electron microscopy (FE-SEM, Hitachi S-4800) with an accelerating voltage of 5 kV.
The microstructures were characterized using transmission electron microscopy
(TEM, FEI Tecnai F30, operated at 300 kV) equipped with an X-ray energy
dispersive spectrometer (EDS). Samples were prepared by immerging the
Ag/Ni(OH),/3DG materials in ethanol, followed by an ultrasonic treatment. The
suspension was then dropped on the carbon-coated copper grids and dried in air at
room temperature for observation. The crystal structures of the products were
examined by X-ray diffraction (XRD, Philips, X pert pro, Cu Ka, 0.154056 nm) and
Raman spectroscopy (JY-HR800 micro-Raman, using a 532 nm wavelength YAG
laser with a laser spot diameter of ~600 nm). The mass of Ag/Ni(OH), active
materials was measured by a microbalance (Mettler, XS105DU) with an accuracy of

0.01 mg.

Electrochemical measurements (CHI 660E Electrochemical Workstation) were
conducted in a three-electrode electrochemical cell at room temperature in a 1 M
NaOH aqueous electrolyte. The Ag/Ni(OH),/3DG hybrid nanostructures were used
directly as the working electrodes. A Pt plate and an Hg/HgO electrode were used as
the counter electrode and the reference electrode, respectively. The nominal area of
the Ag/Ni(OH),/3DG immersed into the electrolyte was controlled to be at around 1

cmx1 cm. All the potentials were referred to the reference electrode.
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2.3. Synthesis

The composite of the Ni(OH), nanosheets doped with Ag nanoparticles/3D

graphene was fabricated by a two-step approach:

In the first stage, 3D graphene was synthesized by a CVD method. A part of the
nickel foam was placed at the center of the quartz tube, which was mounted in the
high-temperature furnace. Prior to heating, 100 sccm Ar and 50 sccm H, were
introduced for 15 min to evacuate the air from the system. Then, the nickel foam was
heated to 1000°C in 60 min under Ar (100 sccm) and H, (50 sccm). The temperature
was then maintained at 1000 "C for 30 min. The H, flow was then reduced to 20 sccm
and the ethanol was introduced into the reaction tube as the carbon source
simultaneously. After 20 min, the ethanol flow was stopped and the furnace was
cooled down under Ar and H,. The Ni foams were then eliminated by 3 mol/L HCI

aqueous solution at 80 Cto gain a free-supporting 3D graphene.

In the second stage, Ag-doped Ni(OH),/graphene nanosheets were prepared by a
hydrothermal method. 0.201 g of Ni(NOs),-6H,0, 0.504 g of hexamine and 2 mg of
Ag nanoparticles (1 mg/mL) were dissolved in 35 mL deionized water. Then the
mixture was stirred on a magnetic stirrerfor 2 h at room temperature. The mixture
was then transferred into a Teflon-lined stainless steel autoclave and the 3D graphene
foam was placed into the solution. The autoclave was sealed and kept at 80 "C for 8 h.
Then, the system was cooled down to the room temperature under natural conditions.

The sample was washed with deionized water 3 times and was dried at 65 °C for 3 h.

3. Results and Discussion

The as-prepared 3D graphene foams are thin, flexible and hold ultralight weight
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architectures. Fig. 1 shows the fabrication process of the Ag/Ni(OH),/3DG composite.

As can be seen from the photographs, the as-prepared 3D free-standing graphene is
quite light (~0.6 mg/cm?), which can be caught by a glass rod due to the electrostatic
force and can be bent by the tweezers. For the synthesis process of the active material
on the 3DG, the main chemical reactions involved in the formation of Ni(OH),

nanosheets are as follows:

Ni +xNR, +(6-x)H,0 <> [Ni(NR ), - (H,0)_. T (1)

[Ni(NR,), - (H,0),,]"" «=—=[Ni(OH)(H,0),,(NR,) ,]'+HNR " (2)
Ni(OH)(H,0), . (NR,)_, <> Ni(OH),(H,0), (NR,) ,+HNR," (3)
Ni(OH),(H,0),, (NR,),, <> Ni(OH) { +(4- x)H,0+(x-2)NR, (4)

The Ag nanoparticles were encapsulated in the Ni(OH), nanosheets during the

synthesis process.

XRD characterization was used to study the hybrids (Fig. 2a). The peaks
corresponding to the Ni(OH), (JCPDS no.14-0117), Ag (JCPDS no.04-0783)
nanoparticles and the graphene were detected [7]. The results suggest the coexistence
of the Ag, Ni(OH), and 3DG phases. Fig. 2b shows the Raman spectra of the 3D
graphene and Ag/Ni(OH),/3DG composite. In both of the samples, the G peak at
~1580 cm’ corresponds to the vibration of carbon atoms in the hexagonal graphene
lattice and 2D peak at ~2716 cm’ correspond to the second order of zone-boundary
phonons. No D peak related to the defects was detected. This confirms the good
quality of graphene foam and further implies a good conductivity that is very
important for supercapacitors electrodes [21-22]. When compared with the spectrum
of the 3D graphene, Ag/Ni(OH)»/3DG spectrum also displays a peak at ~510 cm™,
which can be attributed to the Ni(OH), nanosheets. This indicates that the hybrids are

synthesized successfully.
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Ni(OH); nanosheets doped with Ag nanoparticles grown on the 3D graphene
were prepared by a simple hydrothermal reaction. The SEM images are shown in Fig.
3, which show that the Ni(OH), nanosheets are uniformly coated onto the graphene
foam forming a 3D network structure. Fig. 3b and 3c are magnified images of this
region, which shows that the Ni(OH), nanosheets are in a layered structure following
the same pattern. These nanosheets are interconnected sheets that are deposited
vertically on the whole graphene foam surfaces and the sheet has a direct contact with
the 3D graphene. Thus, the hybrid can be used directly as the electrodes (including
current collectors), without involving the other less active materials such as binders
and conductive additives. Besides, this structure facilitates the ion diffusion, enlarges
the contact area with the electrolyte and then increases the utilization of
pseudocapacitance materials. The magnified image (Fig. 3d) of the nanosheets shows
that the size and thickness of the nanosheets are highly uniform. Ni(OH), nanosheets

doped with Ag nanoparticles are adhered firmly to the 3D graphene.

TEM images of the Ag/Ni(OH),/3DG samples are presented in Fig. 4a and 4b. It
is shown that Ni(OH), nanosheets are thin transparent platelets, which are adhered
firmly to the 3D graphene. The inset in Fig. 4b shows that the Ag nanoparticles are
kept stable on the nanosheets. The SEM images do not show any nanoparticles.
Therefore, we conclude that Ag nanoparticles are encapsulated in the Ni(OH),
nanosheets. High resolution TEM image in Fig. 4c reveals three interplanar spacings
of 0.234, 0.209 and 0.232 nm, corresponding to (101) lattice plane of Ni(OH),, (200)
and (111) ones of Ag, respectively. Energy dispersive X-ray spectroscopy (EDS)
analysis is shown in Fig. 4d. It also reveals that Ag nanoparticles are encapsulated in

the Ni(OH),/3DG composite.

To investigate the supercapacitor applications of these hybrid architectures, the
electrochemical tests were performed. Fig. 5a shows the comparison of the cyclic
voltammetry (CV) curves of the Ag/Ni(OH),/3DG composite (black) and the

Ni(OH),/3DG composite (red) under the same conditions. The potential window is
7
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restricted in a range of 0-0.7 V versus a Hg/HgO reference electrode. It is apparent
that the Ag/Ni(OH),/3DG hybrid electrode (black) shows a better performance.
Furthermore, Fig. 5b displays the comparison between the galvanostatic
charge/discharge curves for the Ag/Ni(OH),/3DG hybrid electrode (black) and the
Ni(OH),/3DG hybrid electrode (red) at the same current density of 10 A/g. Evidently,
the charge/discharge times of the Ni(OH),/3DG composite are shorter than those of
the Ag/Ni(OH),/3DG composite.

Fig. 6a shows the cyclic voltammetry (CV) curves of the Ag/Ni(OH),/3DG
composite electrodes at different scan rates of 5, 10, 15, 20, 30, 40 and 50 mV/s. The
anodic peak (positive current density) indicates an oxidation process related to the
oxidation of a-Ni(OH), to y-NiOOH, whereas the cathodic peak (negative current
density) corresponds to a reduction process following the Faradaic reactions of

Ni(OH),, see Equation (5).
a-Ni(OH), +OH <> y-NiOOH +H,O0+e” (5)

The intensity of the current peak increases with negligible change in the shape of the
CV curves as the scan rates increase from 5 to 50 mV/s. This reveals a good
electrochemical reversibility and the high power capabilities. The specific

capacitance value, Cs, can be estimated according to Equation (6).
Cs=1It/(mAV)  (6)

Where [ is the current density, ¢ is the charge/discharge time, AV is the potential
window and m is the mass of the active material. Fig. 6b displays the galvanostatic

charge/discharge curves of the hybrid structures at the different current densities of

10, 20, 25, 30, 40, 60 and 80 A/g. The calculated capacitance values are shown in Fig.

6¢. The Cs of the Ag/Ni(OH),/3DG composite electrodeis obtained to be ~2167 F/g
at a charge/discharge current density of 10 A/g. For the undoped Ni(OH), nanosheets,

the calculated Cs is 1766 F/g at the same current density of 10 A/g. Therefore, by
8
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doping the silver nanoparticles, the specific capacitance of the Ni(OH),supercapacitor
electrodes is improved by ~23%. The Cs of the Ag/Ni(OH),/3DG can reach the value
of 1333 F/g at the charge/discharge current density of 80 A/g. The specific
capacitance decreases gradually as the current density increases. When
thecharge/discharge current density increases from 10 to 80 A/g, ~62% of the
capacitance is still remained. The capacitance value is also higher than the reported
results. Ghosh et al., [18] synthesized hierarchical stacked nanoplate of Ag-deposited
Ni(OH),/graphene composite with maximum specific capacitance of 496 F/g at 1 A/g
current density accompanying 93 % specific capacitance retention at the end of 500
consecutive charge discharge cycles. Wu et al., [23] grew Ni(OH); on the graphene
as the electrode. They obtained the highest specific capacitance of 1503 F/g at the
scan rate of 2 mV/s by integrating the area under the CV curves. Bag et al., [24]
obtained a specific capacitance of 1339.13 F/g for the layered hybrid rGO/a-Ni(OH),
electrodes at a current density of 10 A/g. Ma et al., [25] prepared a 3D flower-like
B-Ni(OH),/GO/CNTs composite and found that the specific capacitance based on the
mass of Ni(OH), was ~1060 F/g at 10 A/g. Our specific capacitance results show an
increase of ~ 45%, when compared with the highest reported capacitance value of
~1500 F/g. The cycling stability of the hybrid electrode was also examined over 1000
charge/discharge cycles at the current density of 25 A/g, which shows that over 98 %
of the capacitance is maintained (Fig. 6d). Besides, after 1000 cycles, no change in

the curves (inset) was detected, which reveals a good cycling performance.

Electrochemical impedance can be used to describe the resistance characteristic.
Electrochemical impedance spectroscopy (EIS) data of the Ni(OH),/3DG and
Ag/Ni(OH),/3DG composite are shown in Fig. 7. The Nyquist plots of the two
materials are similar to each other with a semicircle at the higher frequency region
and a spike at the lower frequency. The semicircle at the high-frequency range is due
to the charge transfer reaction at the interface of the electroyte/oxide electrode. It
corresponds to the charge transfer resistance (R.) and can be calculated by

9
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extrapolation of the semicircle on the real impedance axis [26]. The EIS spectra
shows that the diameter of the semicircles associated with the Ag/Ni(OH),/3DG
composite decreases. This indicates that the R of the Ag/Ni(OH),/3DG composite
(1.8 Q) is lower than that of the Ni(OH),/3DG (3.0 Q) composite and the
electrochemical reaction on the electrode/electrolyte interface is easier. This result
indicates that the presence of the Ag nanoparticles indeed decreases the electrical
resistivity of the electrode. In addition, the inclined line in the low frequency range is
attributed to the Warburg impedance, resulting from the frequency dependence of the
ion diffusion and the transport in the electrolyte [27]. It is obvious that the linear
region of the plots forms an angle relative to the real axis. The angle of the line
associated with the Ag/Ni(OH),/3DG composite is lower than that of the
Ni(OH),/3DG composite. This result shows that the Ag/Ni(OH),/3DG composite can

improve the electrical performance by increasing the conductivity.

4. Conclusions

We applied a simple and effective approach to synthesize 3D graphene foam
holding a high conductivity and a light weight. We then integrated the structures with
the Ni(OH), nanosheets to be served as the supercapacitor electrodes for energy
storage applications. To improve the poor conductivity of the Ni(OH),, the Ag
nanoparticles were introduced. In these unique structures, the presence of the 3D
graphene and the Ag nanoparticles allows the efficient use of the Ni(OH),
pseudocapacitors for charge storage. This facilitates the transport of the electrolyte
ions and the electrons, which provides a high specific capacitance and a good cycling

performance.
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Figure captions

Fig 1. Schematics of the fabrication process of the Ag/Ni(OH),/3DG composite.

Fig 2.(a) XRD pattern of 3D graphene after hydrothermal process; (b) The typical
Raman spectra of the Ag/Ni(OH),/3DG composite (red) and the graphene (black).

Fig 3.SEM images of Ag/Ni(OH),/3DG hybrid electrodes at different magnifications.

Fig 4. (a) and (b) TEM images of the Ag/Ni(OH),/3DG hybrid electrodes. The inset
in (b) is the high magnification of the nanosheets; (c) The HRTEM images of the
Ni(OH), and Ag crystal lattice; (d) The EDS spectrum of the Ag/Ni(OH),/3DG

composite.

Fig 5. (a) CV curves of the Ag/Ni(OH),/3DG composite (Black) and Ni(OH),/3DG
composite (Red) at the same scan rate of 20 mV/s; (b) The galvanostatic
charge/discharge curves of the Ag/Ni(OH),/3DG composite (Black) and the
Ni(OH),/3DG composite(Red) at the same current density of 10 A/g.

Fig 6.(a) CV curves of the Ag/Ni(OH),/3DG composite as the electrode at various
scan rates; (b) Galvanostatic charge/discharge curves at various current densities; (c)
The calculated capacitance as a function of current density; (d) Cycling performance

of the Ag/Ni(OH),/3DG hybrid structures over 1000 cycles at the current density of

15
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25 A/g. The inset is showing the single charge/discharge curves before and after 1000

cycles.

Fig 7. (a) The EIS spectra of the Ni(OH),/3DG and Ag/Ni(OH),/3DG composite with
a frequency range from 0.5 to 10° Hz in a 1 M NaOH aqueous electrolyte; the inset is

the equivalent circuit. (b) The diagram of the three-electrode cell.

16

Page 16 of 23



Page 17 of 23 RSC Advances

Ni foam Graphene foam Hybrid electrode

m CVD m Hydrothermal
—————————— 3 [——————— 3

Fig 1. Schematics of the fabrication process of the Ag/Ni(OH)2/3DG composite.
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Fig 2.(a) XRD pattern of 3D graphene after hydrothermal process; (b) The typical Raman spectra of the
Ag/Ni(OH)2/3DG composite (red) and the graphene (black).
123x46mm (300 x 300 DPI)



Page 19 of 23 RSC Advances

Fig 3.SEM images of Ag/Ni(OH)2/3DG hybrid electrodes at different magnifications.
70x49mm (300 x 300 DPI)
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Fig 4. (a) and (b) TEM images of the Ag/Ni(OH)2/3DG hybrid electrodes. The inset in (b) is the high
magnification of the nanosheets; (c) The HRTEM images of the Ni(OH)2 and Ag crystal lattice; (d) The EDS
spectrum of the Ag/Ni(OH)2/3DG composite.
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Fig 5. (a) CV curves of the Ag/Ni(OH)2/3DG composite (Black) and Ni(OH)2/3DG composite (Red) at the
same scan rate of 20 mV/s; (b) The galvanostatic charge/discharge curves of the Ag/Ni(OH)2/3DG
composite (Black) and the Ni(OH)2/3DG composite(Red) at the same current density of 10 A/g.
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Fig 6.(a) CV curves of the Ag/Ni(OH)2/3DG composite as the electrode at various scan rates; (b)
Galvanostatic charge/discharge curves at various current densities; (c) The calculated capacitance as a
function of current density; (d) Cycling performance of the Ag/Ni(OH)2/3DG hybrid structures over 1000
cycles at the current density of 25 A/g. The inset is showing the single charge/discharge curves before and
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after 1000 cycles.
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Fig 7. (a) The EIS spectra of the Ni(OH)2/3DG and Ag/Ni(OH)2/3DG composite with a frequency range from
0.5to 105 Hz in a 1 M NaOH aqueous electrolyte; the inset is the equivalent circuit. (b) The diagram of the
three-electrode cell.
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