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asymmetric supercapacitors
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Transition-metal hydroxides (TMHOSs) or oxides (TMOs) with layered crystalline
structures are attractive electrode materials for high-density charge storage in
electrochemical supercapacitors. However, their randomly stacked
nanostructures on conductive reinforcements, typically carbon materials, exhibit
only modest enhancement of rate capability because of poor electron and ion
transports that are limited by highly anisotropic conductivity, excessive grain
boundaries and weak TMHO or TMO/C interfaces. Here we report a hybrid
electrode design to tackle all three of these problems in layered Ni(OH), for
high-performance asymmetric supercapacitors, wherein the single-crystalline
Ni(OH), nanosheets are vertically aligned on three-dimensional bicontinuous
nanoporous gold skeleton with epitaxial Au/Ni(OH), interfaces (NP Au/VA
Ni(OH);). As a result of the unique nanoarchitecture, the pseudocapacitive

behavior of Ni(OH), is dramatically enhanced for ensuring a volumetric
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capacitance as high as ~2911 F em? (~2416 F g'1 for the constituent Ni(OH),) in
the NP Au/VA Ni(OH), electrode with excellent rate capability. Asymmetric
supercapacitors assembled with this NP Au/VA Ni(OH); electrode and the
activated carbon have a high gravimetric energy of 31.4 Wh kg delivered at an

exceptionally high power density of 100 kW kg™ with excellent cycling stability.

* Correspondence and requests for materials should be addressed to X.Y.L. (email:

xylang@jlu.edu.cn) or Q.J. (email: jiangg@jlu.edu.cn).

Page 2 of 29



Page 3 of 29

Journal of Materials Chemistry A

Supercapacitors (SCs) have attracted much attention as an electrical energy storage
system because they can offer higher power density than batteries, and higher energy
density than conventional capacitors with long lifetime and good safety.'* These
fascinating features make them promising energy storage devices when high power
demands are needed in hybrid vehicles, portable electronic devices and renewable
energy applications.5 7 However, the capacitive energy storage by ionic
adsorption/desorption (electric double-layer capacitance, EDLC) occurring at
conductive materials with large surface area, typically nanostructured carbon, suffers
from a key limitation that is the low energy-density storage, in particular for the
devices with a limited area or volume.®!! For this reason, there is considerable interest
in maximizing the device capacitance (C) and extending the cell voltage (V) of SCs
for an aim at increasing the energy density (£) without sacrificing the power density
and cycle life according to the equation E = CV*2.**'> To increase V, a promising
approach is to develop asymmetric SC (ASC) devices by employing a battery-type
faradaic electrode as energy source and a capacitive electrode as a power source in
aqueous electrolytes with the advantages of high ionic conductivity, non-flammability
and safety.13 ' This is a more attractive alternative to the utilization of organic
electrolytes because of their intrinsic defects of flammability, low conductivity and
high toxicity, in spite of a wider voltage window up to ~3 V.** Moreover, the
pseudocapacitive materials, which store and deliver charge by fast and reversible
redox reactions at electrode/electrolyte interface (pseudocapacitance) with specific

capacitances about one order of magnitude higher than carbon-based electrodes, >
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are beneficial for further enhancing the specific capacitance and energy density of
ASCs. Hitherto, various ASC systems have been explored in aqueous electrolytes,
wherein activated carbon (AC) and pseudocapacitive materials such as
transition-metal hydroxides (TMHOs), oxides (TMOs) and conductive polymers are

employed as negative and positive electrode materials, respectively.23 28

Owing to the poor conductivity of pseudocapacitive materials, electron transport in
the positive electrode remains primarily challenging to fulfill the demand of
high-energy storage at rapid charge/discharge rates in ASC devices. This problem is
prominent for the layered crystalline TMHOs or TMOs because of their highly
anisotropic conductivity between the inter- and intra—layer.zg’32 In contrast with the
intra-layer close-packed plane favoring the electron transfer, the inter-layer electron
hopping efficiency (H) of layered TMHOs or TMOs exponentially decreases as a
function of the interlayer distance L, i.e., H = exp(-2kL), where k = (ZmCVO)” 2/h with
m. the effective mass of electrons, V, the potential barrier and /% the Planck
constant.*?’ Although great efforts have gone into alleviating this deficiency by
incorporating conductive reinforcements, such as carbon nanostructures including

. 3840
activated carbon, carbon nanotubes and graphene,

there still exist high contact
resistance at the weak TMO or TMHOY/C interfaces. Furthermore, the layered TMO or
TMHO electroactive phases also suffer from poor ion accessibility and electron

transfer because of undesirably excessive grain boundaries and highly anisotropic

conductivity in their randomly stacked nanostructures.”*! These high resistances lead

Page 4 of 29



Page 5 of 29

Journal of Materials Chemistry A

to only modest enhancements in pseudocapacitive performance and rate capability in
low-dimensional nanocomposite electrodes. Therefore, it 1is desirable to
simultaneously address these resistances in the development of hybrid electrodes for
high-energy storage in ASC devices at high charge/discharge rates. This requires the
layered TMO or TMHO nanocrystals integrating on conductors not only with
charge-transfer enhanced coherent interfaces but also along a highly conductive
direction when maintaining extremely large surface areas of electrode/electrolyte.
Nanostructured metals, such as Au, are the best alternative conductors because of their
versatile crystalline planes, which offer various lattices matching with these of
electroactive TMOs or TMHOs for producing epitaxial metal/TMO or TMHO
interfaces.”*® While the electron and ion transports in the layered electroactive

TMOs or TMHOs rely on a rational configurel'[ion,38’41

i.e., single-crystalline
nanostructure grown along highly conductive direction, which can circumvent the
influences of grain boundaries and conductive anisotropy. These architectural features
are expected to reduce ion transport distance and facilitate the fast electron transfer

from the electroactive TMOs or TMHOs to metal conductors, and thus lead to

outstanding electrochemical performance of hybrid electrodes.

Here we demonstrate a design of hybrid electrodes to realize these requirements in a
model system of layered crystalline TMHOs, a-Ni(OH),, for high-performance ASC
applications in view of its advantages such as high theoretical specific capacitance,

environmental friendliness and natural abundance. By using strong adsorption of
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negatively charged surfactant on the positively charged layered facets, the
single-crystalline Ni(OH),(001) nanosheets are controllably and vertically aligned on
three-dimensional (3D) bicontinuous nanoporous Au skeleton (NP Au/VA Ni(OH),).
Therein, the core Au network interpenetrates in the whole hybrid electrodes, not only
facilitating electron and ion transports but also offering abundant coherent interfaces
of Au(111)/Ni(OH),(100) with enhanced electron transfer. As a consequence, the NP
Au/VA Ni(OH); electrode exhibits a volumetric capacitance as high as ~2911 F cm™
(~2416 F g'1 for the constituent Ni(OH),) at 6.7 A cm™ and retains ~62% of initial
capacitance as the current density increases to 333.3 A cm”. Asymmetric
supercapacitors consisting of the NP Au/VA Ni(OH), and AC electrodes deliver an
exceptionally high power density of 100 kW kg'1 while maintaining a gravimetric

energy of 31.4 Wh kg'1 with exceptional cycling stability.

Results and discussion

The NP Au/VA Ni(OH), hybrid electrodes are fabricated by electroless plating
Ni(OH), nanosheets onto 3D bicontinuous NP Au skeleton, as schematically
illustrated in Fig. 1a, wherein the passivating reagent of 82082' is introduced for the
controllably vertical growth of Ni(OH), nanosheets. Briefly, the NP Au films with
pore size of ~40 nm are firstly prepared by chemically de-alloying 100-nm-thick
white gold (AussAges, at%) leaves in concentrated HNO;3; (Supplementary Fig. S1).
The cost of a piece of commercial white gold leaf (20 cm x 20 cm x 100 nm) is about

$0.1. They are used as 3D conductive networks because of their unique nanostructure
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consisting of interconnective gold ligaments and nanopore channels, which enlist the
whole network to exhibit excellent electrical conductivity up to 1.8 x 10° S cm™ and
offer sufficient room for the loading of electroactive materials without any polymer
binder.***"*® The incorporation of Ni(OH), nanosheets into NP Au skeleton is carried
out by introducing NH3 gas through NP Au films that float on the surface of a mixed
solution containing 2 mM Ni** and 0.1 mM S,0s> ions. With the adjustment of pH
value by NHj3, the layered crystalline Ni(OH), with positive charge begins nucleating
on the curved ligaments of NP Au,49’50 and the 82082' ions selectively adsorb on
Ni(OH),(001) for passivating the growth of nanosheets in the [0001] direction.! Figs.
2a,b show representative top-view and cross-sectional scanning electron microscope
(SEM) images of as-prepared NP Au/VA Ni(OH),, legibly revealing the uniform
distribution of Ni(OH), nanosheets with length of ~20 nm on NP Au with the
maintenance of open nanoporosity. High-resolution transmission electron microscope
(HRTEM) image of NP Au/VA Ni(OH), reveals the single-crystalline nature of the
constituent Ni(OH), nanosheets (Fig. 2c¢), which is verified by the fast Fourier
transform (FFT) pattern (inset of Fig. 2¢). With the aid of passivating adsorption of
82082' on the (001) facet,51 the single-crystalline Ni(OH), nanosheets vertically align
on the curved Au ligaments (Fig. 2¢) with a layered structure consisting of
close-packed oxygen planes with an ABAB stacking sequence. The Ni atoms occupy
octahedral sites between alternating oxygen layers to form NiO, host, and the
hydrogen atoms reside in the tetrahedral sites between oxygen atoms.” Fig. 2d

presents HRTEM image of Au/Ni(OH); interface, in which the interplanar spacings of
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0.228 and 0.232 nm correspond to the lattice planes of Ni(OH),(100) and Au(111),
respectively. The mismatch of ~2% enables the coherent combination of Ni(OH),
with Au by end-bonded contact,”® and their proper alignments between the Fermi
level in Au (the work function of ~5.2 eV) and the conduction and valence bands in
the constituent Ni(OH), (the band gap of 3.5 eV and the electron affinity of 1.47 eV)
makes an Ohmic contact.™* These structural and electronic properties at the
Au/Ni(OH), interface enable the hybrid electrode to not only possess stable interface
structure but also exhibit excellent electron transfer capability.”>”*The structure of
vertical alignment of Ni(OH), nanosheets on the Au ligaments of NP Au skeleton is
further confirmed by X-ray diffraction (XRD) spectrum, where the evident peak at
~12° indexes to (001) plane of a-Ni(OH), with a layer spacing of 0.76 nm in space
group P-31m (JCPDS 22-0444) (Fig. 2¢).”>® This is in distinct contrast with the XRD

pattern (Fig. S2a) of randomly aligned Ni(OH), nanocrystals on NP Au skeleton (NP

Au/RA Ni(OH),) during the hydrolyzing process in the absence of S,0¢” (Fig. S2b,c).

The presence of Au, Ni and O elements in the NP Au/VA Ni(OH), electrode is
demonstrated by X-ray photoelectron spectroscopy (XPS) survey (Fig. S3) and
energy-dispersive X-ray spectrometer (EDS) analysis (Fig. S4). The chemical state of
Ni element is verified by high-resolution XPS spectrum of Ni 2p region, as shown in
Fig. 2f. There are two major peaks with binding energies at 873.1 and 855.4 eV,
which correspond to Ni 2p;, and Ni 2ps, of Ni(OH), with a separation of 17.7 eV,

respectively, in addition to two satellite peaks.57
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To evaluate the pseudocapacitive properties of the NP Au/VA Ni(OH), films,
electrochemical measurements are carried out in a three-electrode cell with a Ag/AgCl
reference electrode and a Pt counter electrode in 1 M KOH aqueous electrolyte. Fig.
3a shows typical cyclic voltammetry (CV) curves for NP Au/VA Ni(OH), electrodes
at various scan rates up to 1000 mV s, exhibiting much higher current density and
less positive and negative shifts of redox peaks than these for the nanocrystalline
Ni(OH), randomly stacked on NP Au skeleton (NP Au/RA Ni(OH),) and carbon fiber
papers (CFP/RA Ni(OH),) as well as the VA Ni(OH), supported by CFP(CFP/VA
Ni(OH),) (Fig. 3b and Fig. S5), which are prepared by the same method with/without
the aid of 82082' (Fig. 1b and see experimental section for details). Furthermore, all
CV curves of NP Au/VA Ni(OH); in a wide range of scan rates consist of a pair of
well-defined redox peaks corresponding to the reversible reactions of Ni(Il) <> Ni(III),
i.e., Ni(OH), + OH < NiOOH + H,O + ¢, implying that the capacitive
characteristics are mainly governed by faradaic redox reactions. With the increasing
of scan rate, the voltage shifts of redox peaks suggest a rate-controlling process for
the redox reversibility of the hybrid electrode.*”""® Even the scan rate increases by
200 times (from 5 to 1000 mV s'l), the anodic (Ep) and cathodic (ERr) peaks only shift
to 0.494 and 0.188 V, respectively, from 0.344 and 0.269 V at 5 mV g (Fig. 3a). The
difference between Eo and Er (AE, = Eo-Er) for NP Au/VA Ni(OH), electrode is
much lower than these for both NP Au/RA Ni(OH), and CFP/VA Ni(OH), electrodes
at various scan rates ranging from 5 to 1000 mV s (Fig. S6), implying an excellent

rate capability and reversibility of VA Ni(OH), supported by NP Au due to the
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enhanced transports of electrons and ions in this hybrid electrode.”*>**° The

outstanding power characteristic of the NP Au/VA Ni(OH), hybrid electrodes results
from the unique nanoarchitecture, in which the single-crystalline Ni(OH), nanosheets
vertically aligned on 3D nanoporous skeleton with coherently interfacial structure not
only facilitate the fast ion accessibility but also enhance the electron transfer.
However, when too much Ni(OH); is incorporated into NP Au skeleton by increasing
the concentration of the precursor NiCl, to 5 mM from 2 mM, the excess Ni(OH),
seals the nanopore channels and prevents effective contact between the
nanocrystalline Ni(OH), and the electrolyte.**** This eventually leads to reductions in

the current density and the rate capability (Fig. S7).

Fig. 3c shows galvanostatic charge/discharge curves of the NP Au/VA Ni(OH),
electrode at various current densities. In order to avoid an overestimation of the
specific capacitance due to an oxygen evolution reaction (OER) at the high potential
range,60 the measurements of charge and discharge are performed in a slightly
narrower voltage window (0-0.45 V). The voltage plateaus agree well with the redox
peaks observed in the CV curves (Fig. 3a), further confirming the primary
contribution of pseudocapacitive charge storage. The volumetric capacitance of the
NP Au/VA Ni(OH), electrodes can be calculated on the basis of the charge/discharge
curves in Fig. 3c and the results are plotted in Fig. S8. As a consequence of the highly
compact structure, the NP Au/VA Ni(OH), electrode exhibits a volumetric capacitance

as high as ~2911 F cm” at a charge/discharge current density of 6.7 A cm” with a

10
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retention of ~62% (~1800 F cm’3) even at 333.3 A cm™, much higher than those
electrode materials reported previously: 376 F cm” for 3D high-density porous
carbon,”’ ~500 F cm™ for NP Ni/Ni(OH),,* and ~800 F ¢cm™ for 3D NP Ni(OH),."
The exceptionally high volumetric capacitance is due to the full use of high
pseudocapacitance (~2416 F g’1 at 6.7 A g'l) of the constituent Ni(OH), in the 3D NP
Au/VA Ni(OH), hybrid electrodes. Even when the current density increases up to
3333 A g'l, the specific capacitance still retains as high as ~1644 F g'1 (Fig. 3d). They
are ~1.2 times higher than that of NP Au/RA Ni(OH), (~2076 F g at 6.7 A g and
~1407 F g at 333.3 A g") and 4 times higher than that of CFP/RA Ni(OH), (~585 F
g' at 6.6 A g' and ~251 F g at 133 A g"') (Fig. 3d) due to the enhanced
electrochemical kinetics, which is demonstrated by their comparison of
electrochemical impedance spectroscopy (EIS) spectra (Fig. S9). At very high
frequencies, the intercept at real part represents an intrinsic resistance, including the
ionic resistance of electrolyte and the resistance of the hybrid electrode. Owing to
different stack structure of crystalline Ni(OH),, the NP Au/VA Ni(OH), electrode has
a lower intrinsic resistance than NP Au/RA Ni(OH), as well as CFP/RA Ni(OH);
(inset of Fig. S9). This difference will give rise to distinct ion transport capability in
the electroactive Ni(OH), phase. As shown in Fig. S9, the NP Au/VA Ni(OH),
electrode exhibits a more sharp increase in the imaginary part of EIS at low frequency,
which implies an enhanced ion transport in VA Ni(OH), in comparison with RA
Ni(OH),. Therefore, the NP Au/VA Ni(OH), electrode exhibits superior rate capability

compared with the state-of-the-art nanostructured Ni(OH),-based hybrid electrodes,

11
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including graphite/amorphous Ni(OH),,* Ni foil/3D Ni(OH),,” graphene/Ni(OH),,*®

Ni(OH), nanostructures deposited with Au nanoparticles,54

3D graphite
foam/Ni(OH),,® Ni  foam/CoO/Ni(OH),,”> and 3D graphene/NisSo/Ni(OH),

electrodes (Fig. $10).

To further demonstrate the practical application of NP Au/VA Ni(OH); electrodes, an
ASC device is assembled by using NP Au/VA Ni(OH), and AC electrodes as positive
and negative electrodes, respectively. Here the AC electrode is mass-optimized to
balance the charge storage with that of the positive NP Au/VA Ni(OH), electrode by
making use of EDLC in its high surface area, and its electrochemical measurements
are performed in the three-electrode cell using KOH aqueous electrolyte. Owing to

fast diffusion of electrolyte ions into the electrode, the AC electrode exhibits ideal

capacitive behavior in a voltage range of -1~0 V with a good rate capability (Fig. S11).

No obvious iR drop is observed in any of the curves, indicating that the electrode has
low internal resistance. These interesting electrochemical properties ensure the
outstanding performance of the ASC device based on the AC and NP Au/VA Ni(OH),
electrodes in a stable voltage window extending to as high as 1.6 V (Fig. S12). Fig.
4a presents the typical CV curves of the ASC device at various scan rates of 10-500
mV s measured between 0 and 1.6 V in 1 M KOH aqueous electrolyte. The specific
capacitance of the asymmetric cell (based on the total mass of the active materials of
the two electrodes) at different scan rates is shown in Fig. 4b. The specific

capacitance of the ASC device reaches 143 F g'1 at a scan rate of 10 mV s and

12
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retains ~81% (116 F g’l) at a high scan rate of 500 mV s, demonstrating an excellent
rate capability due to the pseudocapacitive and capacitive contributions of both NP
Au/VA Ni(OH), and AC electrodes. This feature is also observed in the representative
galvanostatic charge/discharge measurements of ASC device with linear and nonlinear
voltage stages at different current densities (Figs. 4¢,d). The slightly low Coulombic
efficiency (CE) at low current densities is probably due to the occurrence of OER at
high potential range.60 While the current density increases to 12.5 A g'l, the CE
reaches ~90%, enabling this ASC device to deliver high levels of electric power. The
specific energy and power of the NP Au/VA Ni(OH),//AC ASC device are plotted in
the Ragone plot (Fig. 4e). This ASC device has a maximum energy density of 52.3
Wh kg1 at low powers, and can maintain 31.4 Wh kg1 at an exceptionally high power
of 100.0 kW kg'l, which is about sevenfold higher than those of other typical
Ni(OH),-based ASC devices with the similar energy densities reported previously:
graphite/amorphous  Ni(OH),//AC,” Ni foam/CNT/Ni(OH).//AC,** Ni foil/3D
Ni(OH),//AC,” graphite paper/NiCo-carbonate hydroxide nanowires/NiCoAl
hydroxide  nanoplates//AC electrods,”® graphene/Ni(OH)2//g1raphene,5 7 and
graphene/NiCo hydroxide//AC.64 Taking the mass of NP Au into account, this ASC
device still delivers an energy density of 14.0 Wh kg™ at a high power density of 44.4
kW kg'. It is known that long cycling life is an important requirement for
supercapacitors. The cycling stability of NP Au/VA Ni(OH),//AC ASC device is
performed at a current density of 25.0 A g over 10,000 cycles. Fig. 4f shows the

capacitance retention ratio of the ASC device as a function of cycle number. After

13
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10,000 cycles, there is only ~16% deterioration of the initial specific capacitance with
the CE decreasing from 95% to ~90% (Fig. S13). The excellent electrochemical
durability results from the stable 3D nanoporous architecture of the hybrid electrode
with a solid Au/Ni(OH), interface. As shown in Fig. S14, the microstructure of the
hybrid electrode after long-term cycling does not show remarkable change in

comparison with the initial one (Fig. 2a).

The exceptional performance of NP Au/VA Ni(OH),//AC ASC device can be
attributed to the unique nanoarchitecture of NP Au/VA Ni(OH), electrode with the
enhanced pseudocapacitive behavior. On one hand, the single-crystalline Ni(OH),
nanosheets vertically aligned on Au ligaments with coherent interfaces facilitate the
ion accessibility and electron transfer; on the other hand, the 3D bicontinuous NP Au
skeleton with extremely large specific surface area of electrode/electrolyte interface
and high conductivity not only offers the short ion diffusion but also accelerates
transports of both ions and electrons in the whole electrodes. The unique
nanoarchitecture realizes the highly efficient energy storage/deliver by minimization
of internal resistances for electron and ion transports, in particular at the interfaces of
conductor/active material and active material/active materials, which generally
present extensively in low-dimensional nanostructures. Moreover, the stable coherent
Au/Ni(OH), interface ensures the structure stability during the long-term

electrochemical cycle.

14
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Conclusions

In summary, we have developed additive-free NP Au/VA Ni(OH), hybrid electrodes
by controllably electroless plating method for high-performance asymmetric
supercapacitors. As a consequence of the unique electrode structure, in which
Ni(OH), nanosheets vertically aligned on the Au ligaments of NP Au skeleton with
coherent interfaces, the NP Au/VA Ni(OH), electrode exhibits exceptionally high
volumetric capacitance of ~2911 F cm™ by fully utilizing the ultrahigh
pseudocapacitance of Ni(OH), nanosheets, and excellent rate capability due to the
enhanced transports of electrons and ions in the whole electrode. These properties
enlist the ASC device constructed with this NP Au/VA Ni(OH), electrode as positive
electrode and AC electrode as negative electrode to show high gravimetric energy
(31.4 Wh kg'l) delivered at an exceptionally high power of 100 kW kg'1 with
excellent cycling stability. The high performance makes NP Au/VA Ni(OH), electrode

as a promising electrode for thin-film energy storage devices.
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Experimental section

Fabrication of NP Au, NP Au/VA Ni(OH);, NP Au/RA Ni(OH),, CFP/VA Ni(OH),,
CFP/RA Ni(OH); and AC electrodes. Free-standing NP Au films with dimensions of
~ 1 cm x 1 cm were fabricated by chemically de-alloying 100-nm-thick AussAges
(at%) sheets in a 70% HNO; solution for ~10 h at room temperature. The residual
acid in NP Au film was removed by water rinsing. The NP Au/VA Ni(OH), and
AwRA Ni(OH), hybrid electrodes were prepared by a facile electroless plating
method, in which NP Au films were floated on an aqueous solution containing 2 mM
NiCl, with or without 0.1 mM K,S,0s, and NH; gas evaporated from ~8 wt%
aqueous ammonia was introduced to the airtight box (~0.7 L) at room temperature for
100 minutes. CFP/VA Ni(OH), and CFP/RA Ni(OH), electrodes were prepared by the
same procedure and conditions except that a 5 mM NiCl, solutions with or without
0.25 mM K,S,05 were used. The mass loadings of Ni(OH), on NP Au and CFP are
0.012 mg cm™ and 0.038 mg cm™, which were determined by ICP measurement. The
AC electrode was firstly prepared by mixing 80 wt% AC, 10 wt% carbon black and
10 wt% poly(vinylidene fluoride) (PVDF) binder in N-methyl-pyrrolidinone (NMP)
solution. Then, the mixture was pasted onto a Ni foam current collector and dried at
80 °C. The mass loading for AC electrode was directly determined by comparing the

mass difference before and after the mixture coating.

Structure characterization. The microstructure of the specimens were investigated
using a field-emission scanning electron microscope (FESEM, JEOL 6700F)

16
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equipped with an energy-dispersive X-ray spectrometer (EDS), and a transmission
electron microscope (TEM, JEOL JEM-2100F). X-ray photoelectron spectroscopy
(XPS) was determined on an ESCAIlab220i-XL electron spectrometer from VG
Scientific using Al Ko radiation. Weight determination was performed using a
Multityple Inductively Coupled Plasma FEmission Spectrometer (Shimadzu
ICPE-9000). X-ray diffraction (XRD) measurement was carried out on a Rigaku

D/max2500 diffractometer using Cu Ka radiation.

Electrochemical characterization. The electrochemical measurements were
performed in a three-electrode configuration with a Ag/AgCl reference electrode and
a Pt counter electrode. NP Au/VA Ni(OH),, NP Au/RA Ni(OH), films are shifted on
the current collectors of Au plates as working electrodes. Asymmetric supercapacitor
was assembled with the NP Au/VA Ni(OH), as a positive electrode and AC as a
negative electrode. The electrolyte for all measurements was 1 M KOH. All
electrochemical tests were carried out with an electrochemical analyzer (Iviumstat
electrochemical analyzer, Ivium Technology). The specific capacitance of the
constituent Ni(OH), in NP Au/Ni(OH), electrodes was calculated according to the
equation, Csingle = (QnpG+NiOH)2)-Onpc)/(mAV), where Q is the charge obtained from
the discharge process, m is the mass of Ni(OH), in single working electrode and AV is
the discharge voltage range. The volumetric capacitances of NP Au/VA Ni(OH),
electrodes were evaluated based on their thickness of 120 nm. The energy density (E)

of the ASC device was calculated in light of E = C V2/2, based on total mass of active

17
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materials in both positive and negative electrodes. The power density of ASC devices

was calculated according to P = E/t, where ¢ is the discharge time.
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Figure captions

Figure 1. Schematic for the fabrication of hybrid electrodes. (a) NP Au/VA Ni(OH),
electrode is prepared by a modified plating method, in which single-crystalline
Ni(OH), nanosheets are vertically aligned on the curved Au ligament of NP Au
skeleton with the assistance of K,S,0Og reagent. (b) CFP/RA Ni(OH), electrode is
prepared by loading Ni(OH), nanocrystals with random stack on CFP in the aqueous

solution in the absence of K»S,0x.

Figure 2. (a) Top-view and (b) cross-section SEM images of NP Au/VA Ni(OH),
electrode. (¢) HRTEM image of the NP Au/VA Ni(OH), electrode. Inset: The FFT
pattern of the constituent Ni(OH),. (d) HRTEM image of Au/Ni(OH), interfacial
structure with their corresponding atomic structures. (e) XRD pattern and (f) XPS

spectrum of NP Au/VA Ni(OH), electrode.

Figure 3. (a) Typical CV curves of NP Au/VA Ni(OH); electrode at various scan rates
within a voltage window of 0-0.55 V. (b) Comparison of CV curves among NP Au/VA
Ni(OH),, NP Au/RA Ni(OH), and CFP/VA Ni(OH), electrodes at 500 mV s™. (c)
Galvanostatic charge-discharge profiles of NP Au/VA Ni(OH), electrode at various
current densities in a voltage window of 0-0.45 V. (d) Specific capacitance of
constituent VA Ni(OH); and RA Ni(OH), on NP Au and RA Ni(OH), on CFP

substrates at various gravimetric current densities.
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Figure 4. (a) CV curves and (b) average specific capacitance of NP Au/VA
Ni(OH),//AC ASC device at different scan rates in a voltage window of 0-1.6 V. (c)
Galvanostatic charge/discharge curves and (d) specific capacitance of NP Au/VA
Ni(OH),//AC ASC device at various gravimetric current densities. (e) Ragone plot
comparing the energy and power densities of NP Au/VA Ni(OH),//AC ASC device
with those of previously reported Ni(OH),-based ASCs, such as graphite/amorphous
Ni(OH),//AC,® Ni foam/CNT/Ni(OH)»//AC,** Ni foil/3D Ni(OH),//AC,”
graphite/NiCo-carbonate hydroxide nanowires/NiCoAl hydroxide nanoplates//AC
electrodes,”®  graphene/Ni(OH),//porous  graphene,””  and  graphene/NiCo
hydroxide//AC.64 (f) Cycling stability of NP Au/VA Ni(OH),//AC ASC device as a

function of cycle number at a gravimetric current density of 25.0 A g’l.
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Figure 1.
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Figure 2.
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Figure 3.
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TOC
We report a rational design of hybrid electrodes with minimization of internal

resistance for high-performance asymmetric supercapacitors.
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