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Abstract: Hierarchical Ag@Ni(OH), nanospheres were achieved directly on copper foam substrate
through a convenient two-step process. Ag nanoflowers were formed on copper substrate by
galvanic replacement technology between AgNOs3 and copper foam followed by electrodeposition
of a layer of Ni(OH),. Ag nanostructures as cores not only dominated the final morphology of the
composites, but also improved the electrical conductivity, increased the specific surface area of the
active electrode material, and even directly participated in the electrochemical reactions. The resulted
Ag@Ni(OH); nanospheres could be directly used as high-performance binder-free electrodes and
exhibited enhanced electrochemical performance with a high specific capacitance of 1.864 F cm 2
and long cycling lifespans of 90.43% capacity retaining after 3000 cycles.

Keywords: electrodeposition; Ag@Ni(OH), nanospheres; electrode material; supercapacitor

1. Introduction

Supercapacitors, as one of the most efficient energy storage and conversion devices have attracted
ever-increasing interest due to their fast charging—discharging rate, remarkable power density and long
cycling lifespans [1]. It is generally believed that the electrochemical performances of supercapacitor
depend mainly on the electrode materials [2]. Among these candidates, pseudocapacitive materials of
transition metal hydroxides/oxides, including Ni(OH),/NiO [3], Co3O4 [4] and MnO; [5] have
attracted considerable attention because of their reversible redox behavior, reasonable cost and
environmentally friendly characteristics [6,7]. Ni(OH); is considered as the most competitive candidate
owing to its high chemical stability, natural abundance of nickel compounds and high theoretical
specific capacity. A large number of in-depth explorations have been performed on optimizing
the performance of Ni(OH),. But the relatively low conductivity and active surface areas often
limit the effective utilization of electrode materials, and lead to the reduction of energy and power
density. To address these problems, three strategies have been conceived: (1) Constructing hybrid
materials by adding components or elements with high conductivity, such as graphene, Ag, Au
and Cu; (2) Designing various hierarchical structures, forming porous structure or reducing particle
size in order to increase the specific surface area of the active materials; (3) Adopting chemically
stable conductive substrates with proper surface modification, such as copper foam [8], stainless
steel mesh [9], cotton textile [10] and paper [11]. For example, Gong and coworkers [12] fabricated
Ni(OH),-Cu hybrid electrode by hydrothermal method, which exhibited an ultrahigh areal capacitance
of 8.66 F cm~2 at 1 mA cm 2. The prominent enhancement is attributed to the highly conductive
path provided by the metallic Cu layer, which facilitates charge transport and benefits fast redox
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reaction. Jeyasubramanian et al. [13] reported the growth of MnO; nanostructures on hierarchical
Cu nanoleaves via a two-step electrodeposition, which demonstrated a high specific capacitance
of 486 F g~! at 1 mA cm~2. Shin and coworkers [14] described the decoration of Co3O4 by Ag
nanoparticles using chemical immersion method, and the composite electrode achieved a superior
specific capacitance of 958 F g~!. These works revealed that the reasonable design and construction of
metal hydroxides/oxides-based materials with conductive reinforcement is an effective method to
enhance the electrochemical performances of the hybrid electrodes.

Previous published papers have confirmed the use of Ag as an enhancement component owing to
its stability, high electrical conductivity and electrochemical activity. Therefore, it is reasonable
to believe that Ag/Ni(OH), composite electrode will have excellent electrochemical properties.
The existing technologies to achieve Ag/Ni(OH), composite usually involve two steps. The initial Ag
nanostructures could be obtained by various methods, such as electrodeposition and hydrothermal
method [15]. After that, the metal hydroxides/oxides were grown on the Ag electrode surface via
hydrothermal or electrodeposition [16,17]. The hierarchical structure is helpful to exert the synergistic
effect between each component and enhances the overall electrochemical properties thereby. However,
the resulting samples in a powdered state must be pressed onto the substrates to fabricate electrodes
with a binder and acetylene black. The incorporation of ancillary materials often results in the
inadequate contact at the interfaces between electrode materials and substrate, which were inhibiting
the performance of the supercapacitors. Therefore, it is urgent to explore a high-efficiency strategy
for realizing in-situ construction of composite materials and using directly as high performance
binder-free electrodes.

In view of the above analysis, hierarchical Ag@Ni(OH); nanospheres have been constructed
on copper substrate herein through a convenient two-step process. Galvanic replacement reaction
between AgNOj; and copper foam was exploited to generate silver nanoflowers directly on copper foam
substrate. The Ni(OH), layer was constantly loaded on silver nanoflowers surface by electrodeposition.
The resulting Ag@Ni(OH), samples as binder-free electrodes exhibited enhanced electrochemical
performances, which was mainly attributed to the synthesis strategy and the effective utilization of
Ag as backbone. The Ag element could improve the electrical conductivity and increase the specific
surface area of the active electrode material.

2. Materials and Methods

2.1. Materials

Copper substrate was carefully cleaned by toluene, acetone, ethanol and deionized water, and then
immersed into HCI aqueous solution (1 M) before use in order to remove surface oxides. Silver nitrate
(AgNO3, 99.8%), nickel nitrate (Ni(NO3)2-6H,0O, 99% ) and NaOH were used in this report.

2.2. Synthesis of Hierarchical Ag@Ni(OH);, Electrode

In a typical procedure, the precleaned copper foam was suspended and immersed into an AgNOs
aqueous solution (0.01 M) for 10 min. After that, the copper foam with gray silver precipitates was
rinsed with ethanol and deionized water, and then, a freshly prepared Ni(NOj3),-6H,O aqueous
solution (0.05 M) was used to deposit Ni(OH), onto the Ag core for 300 s. In the three-electrode
system, the Ag/copper foam acts as working electrode, a platinum foil acts as counter electrode,
and saturated calomel electrode (SCE) acts as reference electrode. The potentiostatic deposition was
performed about 300 s at —1.0 V vs. SCE. At last, the resulting copper foam was rinsed with ethanol
and deionized water.

2.3. Materials Characterization

The products were characterized by X-ray diffraction (XRD) using Cu K« radiation (A = 1.5406 A)
and field-emission scanning electron microscopy (FE-SEM JEOL JSM-7610F, Japan) equipped with
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an energy dispersive X-ray spectrometer (EDS). The X-ray photoelectron spectroscopy spectra (XPS)
measurement was performed on an ESCALAB 250Xi (ThermoFisher Scientific Co., Ltd, USA) with Al
Ko as the X-ray source.

2.4. Electrochemical Measurements

The electrochemical performance was evaluated on an electrochemical workstation
(Shanghai Chenhua Instrument CHI 660D), including cyclic voltammetry (CV) and galvanostatic
charge—discharge test (GCD). The three-electrode system consists of the obtained Ag@Ni(OH),
composite, a platinum foil and Hg/HgO (0.098 V). They serve as working electrodes, counter
electrode and reference electrode, respectively. The electrolyte was a 5-M NaOH solution. The cycling
performance has been assessed involving the Neware testing system.

3. Results

The construction process of Ag@Ni(OH); electrode is shown in Scheme 1. Firstly, a convenient
galvanic replacement reaction route is designed based on the following equation: Cu (s) + 2Ag*
(aq)—2Ag (s) + Cu®* (aq) [18]. Ag nanoflowers stuck to copper substrate are obtained by immersing
of the copper substrate into AgNOj solution (0.01 M) for 10 min. In this process, copper foam acts as
both reducing agent and substrate. After that, the electrochemical deposition process was performed
in a three-electrode system using the Ni(NOj3),-6H,O aqueous solution as electrolyte. The OH™
generated by electrolytic reaction at the Ag electrode surface causes constant Ni(OH), deposited, and
thus hierarchical Ag@Ni(OH), nanospheres are formed as described by the following equations [19]:

NOj +H,0+2e~ — NO; +20H™ (1)

Ni** +20H~ — Ni(OH), | )

Figure 1a shows the original FE-SEM image of copper foam substrate with 3D net structure.
An overview FE-SEM image of the products obtained through galvanic replacement reaction between
AgNO; and copper foam is shown in Figure 1b, where the uniform and dense Ag nanostructure is
observed on the copper substrate. The magnified image in Figure 1c shows that the products are
nanoflowers, which are made up of a number of nanosheets with thickness of about 20 nm and rough
surface (Figure 1d).

Ag@Ni(OH),
nanospheres

Cu foam Ag nanoflowers

D galvanic replacement reaction; @ electrodeposition

Scheme 1. The illustration of the in-situ construction process of core/shell structured Ag@Ni(OH),
electrode.

The subsequent electrochemical deposition allows the coating of uniform Ni(OH), layer on the
surface of Ag nanoflowers. As can be realized from Figure 2a, Ag nanoflowers are covered tightly
with a dense layer of Ni(OH), when the deposition time is only 30 s. The original shape of the Ag
nanoflowers constructed by numbers of nanosheets is clearly visible. The corresponding EDS element
mapping images and EDS spectrum (in inset of Figure 2a) confirm the existence of Cu, Ag, Ni and
O elements. Further observation of the enlarged image in Figure 2b confirms that in addition to the
tightly wrapped a layer of Ni(OH), on the surface of the Ag nanosheets, a large number of Ni(OH),
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nanospheres with regular shapes are deposited on the surface with a mean diameter of about 260 nm
(Figure 2c).

Figure 2. FE-SEM images of the Ag@Ni(OH), composite with 30 s the deposition time of Ni(OH);:
(a) Low magnification image and the EDS element mapping, inset is the EDS spectrum; (b—c) high
magnification images.

When the deposition time is up to 300 s, as shown in Figure 3a, Ni(OH); nanospheres with a
diameter of about 650 nm are found to be packed closely with each other, and the corresponding EDS
element mapping images reveal the coexistence of Cu, Ag, Ni and O elements. Figure 3b,c present
the magnified images of Ni(OH), nanospheres. The Ni(OH), nanospheres are composed of a large
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number of smaller nanoparticles with diameter of about 10 nm, which are interconnected with each
other to form a worm-like structure.

2:51m

o

Figure 3. FE-SEM images of the Ag@Ni(OH), composite with 300 s the deposition time of Ni(OH);:
(a) Low magnification image and the EDS element mapping; (b,c) high magnification images.

Figure 4a presents the XRD patterns of Ag nanoflowers and Ag@Ni(OH), composite on copper
foam. Three characteristic peaks labeled with asterisks belong to the copper substrate (JCPDS card no.
01-1241), the as-synthesized Ag nanoflowers display crystalline peaks at diffraction angle of about
38.12°, 44.28° and 77.48° corresponding to (111), (200) and (311) crystalline plane, respectively, in good
agreement with the face-centered cubic (fcc) Ag (JCPDS card no. 04-0783). The Ag@Ni(OH), composite
exhibits (100), (101) and (111) crystalline peaks at 33.52°, 38.64° and 62.66°, indicating the 3 phase of
Ni(OH); (JCPDS card no. 14-0117). XPS was carried out to further verify the deposition of Ni(OH);
layer on the surface of Ag nanoflowers. The survey spectrum in Figure 4b confirms the presence of
C, O, Ni and Ag elements, agreeing with the EDS result. The spectrum of Ag 3d shows two peaks at
368.2 and 374.4 eV, as shown in Figure 4c, which originated from Ag 3ds5,, and Ag 3d3,, respectively.
Figure 4d presents the Ni LMM (L-inner level-M-inner level-M-inner level electron transition) Auger
spectrum with the Auger peak of 841.8 eV, the peak shape is in good agreement with the literature [20].
The spectrum of Ni 2p shows two major peaks in Figure 4e, the binding energies at 856 and 873.7 eV
are ascribed to Ni 2p3,, and Ni 2p, /», respectively. So the spin-orbit coupling energy separation is
17.7 eV, and the Auger parameter of Ni(OH); is 1698 eV [16,20,21]. In addition, two satellite peaks at
861.7 and 880 eV correspond to the binding energies of Ni 2p;,, and Ni 2p; /,, respectively. The peak
of O 1s spectrum located at around 531 eV can be attributed to the hydroxide (OH™) group [22].

The obtained hierarchical Ag@Ni(OH), nanospheres sample on copper substrate was directly
used as binder-free electrodes for the electrochemical performance estimation in a three-electrode
system. Figure 5a displays the CV curves of different electrodes at the scan rate of 5 mV s~! at potential
window of 0-0.6 V, including Ag@Ni(OH), (immerse copper substrate in 0.01 M of AgNOj solution
for 10 min and then electrodeposition of 300 s on the obtained Ag electrode surface using 0.05 M
of Ni(NO3),-6HO as electrolyte), Ni(OH), (electrodeposition of 300 s on copper substrates using
0.05 M of Ni(NO3),-6H,0 as electrolyte), Ag electrode (immerse copper substrate in 0.01 M of AgNOs3
solution for 10 min ) and copper foam substrate. As can be seen, the CV curve integral area of the
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Ag@Ni(OH); electrode is much larger than those of the others, demonstrating the highest specific
capacity of the Ag@Ni(OH), composite electrode. The Ag@Ni(OH), electrode shows two pairs of
redox peaks in the voltammogram where the sharp and strong peaks at 0.5 V and 0.3 V are ascribed to
the redox couple Ni?* /Ni**, and the broad and small peaks at 0.27 V and 0.10 V are ascribed to the
redox couple Ag/Ag" as below [23]:

Ni(OH), + OH™ +» NiOOH + H,0 + e~ 3)

2Ag +20H" « Ag,0+Hy0 +2e” 4)

Figure 5b reveals the GCD curves of the Ag@Ni(OH),, Ni(OH), and Ag electrode at
2 mA cm~2, where Ag@Ni(OH); electrode presents the longest discharge time, consistent with
the CV measurements. It can be noticed that the intensity of redox peaks of Ag becomes weaker
and weaker with the continuous deposition of Ni(OH); layer (Supplementary Materials Figure Sla).
The corresponding GCD curves in Figure S1b illustrate a tiny plateau at about 0.15 V, corresponding to
the redox couple Ag/Ag* [24-26]. As can be observed, the plateau period becomes shorter with the
continuous deposition of Ni(OH);.
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Figure 4. (a) XRD patterns of Ag and Ag@Ni(OH), (The arrows point to a higher magnification);
(b—f) XPS spectra of the Ag@Ni(OH),: survey scan, Ag 3d, Ni LMM, Ni 2p and O 1s.
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Figure 5. (a) CV curves of Ag@Ni(OH);, Ni(OH), and Ag as electrodes, and copper foam substrate at a
scan rate of 5mV s~1; (b) a comparison of GCD curves of the three electrodes.
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The CV curves of the Ag@Ni(OH); electrode were recorded at various scan rates ranged from
2 to 50 mV s~ ! within the potential range of 0-0.6 V, as seen from Figure 6a. A pair of strong redox
peaks with good symmetry are observed, and all the CV curves maintain similar shape. The current
response increases with scan rate, that is, the oxidation and reduction peak potentials move to more
positive and negative directions, respectively, on the contrary, the specific capacitance decreases with
the increase of scan rate according to the equation in Supplementary Materials. The decrease may be
attributed to the fact that many internal electroactive sites of the electrode are inadequate participated
in redox reactions at high scan rates due to the limitation of ionic/electronic diffusion [27]. The typical
GCD tests were further performed in a potential window of 0-0.5 V at different current densities
ranged from 2 to 20 mA cm 2 (Figure 6b). The symmetric and nonlinear profile of the GCD curves
exhibits good pseudo-capacitance characteristics. The specific capacitance of Ag@Ni(OH); electrode
can be obtained by the equation in Supplementary Materials [28]. In addition, the CV and GCD
measurements of Ni(OH), and Ag electrode were also performed for comparison in Figure S2. Figure 6¢
shows the comparative plots of the specific capacitance versus current density of Ag@Ni(OH),,
Ni(OH), and Ag electrodes. The specific capacitance values of the three electrodes are shown in Table
S1 in Supplementary Materials. The specific capacitance of Ag@Ni(OH), decreases from 1.864 to
2, respectively,
which are much higher than Ni(OH); and Ag electrodes. Meanwhile, the average equivalent series
resistance (Rgsg) is 0.988 Q) cm ™2, the equation and data (Table S2) are displayed in Supplementary
Materials [8] (Figure 6d). The low Rggp is attributed to the direct growth of Ag on copper foam substrate
using galvanic replacement reaction that leads to strong interaction between them. Meanwhile,
the Ag nanostructures with good conductivity act as both collector and effective constituent of the
active material.

0.760 F cm~2, corresponding to the discharge current density from 2 to 20 mA cm™
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Figure 6. (a) The CV curves, (b) GCD curves, (c) plots of specific capacitance versus current density
and (d) voltage drops during the GCD tests of the Ag@Ni(OH), electrode.

Figure 7 shows the specific capacitance retention curve of the Ag@Ni(OH), electrode. It maintains
90.43% of its original specific capacitance value and no obvious structure deformation (Figure S3) after
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3000 cycles. This good cyclic property is attributed to the effective bonding between active materials
and copper substrate.
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Figure 7. Cycling performances of the Ag@Ni(OH), electrode.

The resulting hierarchical Ag@Ni(OH), samples available in high performance binder-free
electrodes may be mainly attributed to the following factors: (1) the Ag nanoflowers directly grown
on copper substrate by the electroless deposition techniques reduces the contact resistance, and
provides a natural pathway for electron transport thereby [22]; (2) The use of Ag nanoflowers as
backbone provides adequate surface area for subsequent Ni(OH), layer deposition and allows fast
electric and ionic conduction through the electrode owing to its good electrical conductivity [27];
(3) The electrodeposition of Ni(OH), nanospheres are composed by smaller nanoparticles, which
interconnect with each other on the surface of the Ag nanoflowers and this generates abundant space,
enabling the electrolyte to fully infiltrated into the internal area of the electrode, and thus ensuring full
utilization of active electrode materials [29].

4. Conclusions

In summary, hierarchical Ag@Ni(OH), nanospheres have been designed and in-situ constructed
on copper foam substrate through the combination of electroless deposition technology with
electrodeposition. Copper foam acts as both reducing agent and substrate. The resulting Ag@Ni(OH),
samples could be directly used as high performance binder-free electrodes and exhibited a high
specific capacitance value of 1.864 F cm~2, low Rgsg of 0.988 Q cm ™2, and good cycling stability
with a capacitance retention of 90.43% after 3000 cycles. The good electrochemical properties should
be ascribed to the synthesis strategy and the effective utilization of Ag as backbone, which can
increase the electrical conductivity and the specific surface area of the active material. Moreover, this
convenient method can be extended to construct other binary or multiple composites with Ag as
conductive reinforcement.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/9/2/118/s1,
Figure S1: Ag@Ni(OH), electrode corresponding to different Ni(OH), deposition time: (a) CV curves; (b) GCD
curves. Figure S2: (a,c) The CV curves and (b,d) GCD curves of Ni(OH), and the Ag electrode, respectively.
Figure S3. FE-SEM images of the Ag@Ni(OH), composite at different magnifications after 3000 cycles. Table
S1. The specific capacitance versus current density of the three electrodes. Table S2. The Rgsr and voltage drop
versus current density of the Ag@Ni(OH), electrode. Equations for calculating specific capacitance and average
equivalent series resistance.
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