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Abstract

Herein, an integrated system combining solar cgite a hybrid supercapacitor device for
operating a homemade windmill device was assemhblgdeving energy conversion, storage
and utilization. As a candidate for positive eled& of hybrid supercapacitor devices,
battery-like Ni(OHY@CuO@Cu binder-free electrode was fabricated lyoastep process at
ambient temperature. CuO@Cu was prepared by chewmxodation method to act as the
supporting electrode for electrochemical depositbNi(OH).. Various deposition times (30,
50, 90, 150 and 200s) were investigated to optirtheeenergy storage characteristics of the
resulting Ni(OHY@CuO@Cu electrode materials. Among all the samples,
Ni(OH).@CuO@Cu-150 exhibited the largest areal capacif068 mC crif at 20 mA crnt,
and was therefore chosen as the positive elecirodehybrid supercapacitor device. Using
N-doped reduced graphene oxide on nickel foam (R/NG-) as the negative electrode, a
hybrid supercapacitor was assembled. It displayexti dlexibility, cycling stability and high
areal energy density of 130.4Vh cm? at a power density of 1.6 mW émTwo hybrid
supercapacitor devices were connected in seriesitoessfully lighten up a red LED for
12min 39s, while three devices assembled in sesese able to successfully power a
three-digit digital display for 1min 28s. Interewly, the hybrid supercapacitor device,
charged by solar cells, further operated a homemaddmill device for 59s, achieving
sunlight-powered integration system. All of thediimgs suggested the practical application
potential of the hybrid supercapacitor based orONR@CuO@Cu composite as energy

storage device.

Keywords: Ni(OH), CuO Copper foam Flexible SupercapacitorsSunlight-powered

Energy storage system.



1. Introduction

In the last few years, the problems associated wethironment pollution, fossil fuels
decline, and global warming have drawn increasimgcern [1, 2]. To pursue a sustainable
life, people have concentrated more on clean amdclust energy sources like solar energy,
wind energy, rain, tides, waves, geothermal hedthaarogen energy [3-5]. Furthermore, the
development of electric vehicles and new wearaldetm®nics promotes the exploration of
flexible energy storage devices with high energgpsity [6-8]. As energy storage devices,
supercapacitors become more and more favored, $eczHutheir obvious benefits like low
cost, high power density, fast charge-dischargedgpand so on [9, 10]. However, most of
supercapacitors encountire problem of low energy densiti)(compared with batteries,

hindering their widespread application in our ddilg [11, 12]. According to the correlation
of energy density with capacitance and potential (- ), high energy density can be

reached through enhancing the capacitance (C) atit#ooperating potential window (V).
Hence, constructing a hybrid supercapacitor derepeesents an attractive route to broaden
the operating potential window, further enhancimg ¢nergy density [13-15].

Usually, a hybrid supercapacitor device consists @sitive battery-like electrode with
high capacity, and a negative carbon-based elextnath a wide working potential window
[16, 17]. For example, Wangt al constructed a hybrid supercapacitor device byleyimy
metal silicates as an effective positive electradd activated carbon as negative electrode
material in PVA-KOH gel electrolyte, achieving highergy density of 4.6 mWh chn[18].
Dong et al assembled NiSi/GO composite//activated carbon)(A¢brid supercapacitor
device, exhibiting an energy density of 0.37 Wi [f9]. Zhanget al fabricated a hybrid
supercapacitor using NiO/C/rGO and a hierarchiaaiops carbon derived from sodium
citrate, delivering a high energy density of 35.% \&g! [20]. Among all the battery-like
electrode materials, Ni(Okl)with large theoretical specific capacitance (2082y%) has
drawn plenty of interest. Wareg al prepared nanostructured nickel silicate-nickelrbyide
composite (NiSi-Ni(OH) with a relatively high charge storage propertyt@6.4 F ¢ at 2 A

gl [21]. Jianget al fabricated 3D porous Ni(OWNi electrode and achieved a specific



capacity of 414 mC crhat 10 mA cri?[22]. Xiong et al reported the formation of ultrathin
Ni(OH). nanosheets on nickel foam (NF), demonstratingreal @apacity of 2160 mC cfrat

2 mA cm?[23]. Zou et al synthesized Ni(OH)nanosheets on electrochemically activated
carbon cloth, exhibiting a specific capacity of & cm? at 2 mA cn?[24]. Shiet al
prepared Ni(OH)}Cu electrode, which delivered 3464 mC trat 1 mA cn¥ [25]. Even
though the electrode materials achieved a goodpeance, the recorded capacity was far
below the theoretical value. Therefore, there isugh room for alternative methods to
improve the properties of Ni-based electrodes.

In this study, we synthesized Ni(OHhrough electrochemical deposition on Cu foam
current collector, owing to its three-dimensior#DJ structure and good conductivity. Before
Ni(OH). electrochemical deposition, CuO was formed on @anf (CuO@Cu) by chemical
oxidation, followed by thermal annealing at 1@for 3 h. The electrodeposition of Ni(OH)
was investigated for various time spans (30, 50,180 and 200 s) to gain some insights on
the effect of deposition time on the electrochemiqgaoperties of the resulting
Ni(OH).@CuO@Cu electrode materials. Among them, Ni(@uO@Cu-150 composite
exhibited the largest active surface area of 5thband areal capacity of ~7063 mC érat
20 mA cn?’. However, in absence of CuO nanostructured |aygOH).@Cu-150 achieved
an areal capacity of 3667.2 mC énat 20 mV &, which is much lower than that of
Ni(OH).@CuO@Cu-150 (7742 mC cmat 20 mV &), indicating the importance of CuO
nanostructured layer to facilitate electron and itansfer to further enhance the
electrochemical performance of the electrodes. Eendi(OH»@CuO@Cu-150 was
investigated as a positive electrode to assembleylaid supercapacitor device, while
N-doped reduced graphene oxide coated on nickeh f@d-rGO/NF) was applied as a
negative electrode. The device displayed a largal @nergy density of 130.4Vh cm? at a
power density of 1.6 mW cf For practical applications, two hybrid supercéoaaevices
were assembled in series to successfully lightea tgd LED for 12 min 39 s. In addition, a
three-digit digital display was powered for 1 mi® 2 using three devices in series. Finally, a
sunlight-powered integration system based on thwithysupercapacitor device, solar cells,
and a homemade windmill device was constructed.hieid supercapacitor was charged by

the solar cell, which further powered the windmdévice and ensured its continuous



operation for 59 s, indicating the successful pcatapplication of the hybrid supercapacitors

based on Ni(OH@CuO@Cu composites as energy storage devices.

2. Experimental section
2.1 Materials and methods

All the reagents were of analytical grade and wsitldlout any further purification. Nickel(ll)
nitrate tetrahydrate [Ni(N§)» 4H.O], sodium hydroxide (NaOH), ammonium persulphate
[(NH4)2$0g], hydrochloric acid (HCI) and acetone were obtdinfeom Sigma-Aldrich
(France).

Copper foam (Cu foam) was purchased from Kunshan@jiayuan new materials Company
(China). Graphene oxide (GO) was purchased fronpl@tene (UK). Nickel foam (NF) was
obtained from Jiayisheng Company (China).

The water used throughout the experiments was i@dritvith a Milli-Q system from

Millipore Co. (resistivity = 18 M .cm)

2.2 Synthesis of N-doped reduced graphene oxide (N-rGO)

N-rGO was prepared by hydrothermal reduction ofpheme oxide (GO) in presence of
hydrazine monohydrate (NNH2H20). Typically, 100 mg of GO were dissolved in 50 wiL
Milli-Q water and sonicated for 2 h to form a horeogous GO suspension (2 mg HL
followed by the addition of 0.5 M hydrazine monohgte. The resulting mixture was poured
into a 100 mL Teflon-lined autoclave and heated & °C for 3 h. After cooling to room
temperature, N-rGO was aged in Milli-Q water fort¥and the water was changed every 24 h.

Finally, the product was collected by the freezilng-method for 72 h.

2.3 Synthesis of Ni(OH>@Cu-150

Ni(OH).@Cu-150 was synthesized through electrochemicadsigpn by applying Cu foam,
platinum foil and Ag/AgCl respectively as the warggj counter, and reference electrodes. The
electrolyte was Ni(N@)2:6H.0 (0.3 M, 40 mL). The potentiostatic deposition wasried out

at -1 Vvs. Ag/AgCI for 150 s. The resulting Ni(OH®Cu-150 sample was rinsed with MQ

water, and dried in ambient air.

2.4 Synthesis of CuO@Cu



CuO@Cu was prepared by chemical oxidation of Cunfcat room temperature (RT),
followed by thermal annealing at 190 °C for 3 h.fGam (I 3 cnf) was washed sequentially
before use with HCI (2 M), acetone and MQ wateraurgbnication for 10 min each. Then, an
agueous solution (40 mL) of 8 mM (NHS0s and 60 mM NaOH was prepared to serve as
thealkaline oxidative etchant solution. The clean ©ani was placed in the above solution
for 20 min to produce Cu(OE®Cu with a blue color. Furthermore, the Cu(a@&LTu

sample was annealed at 1@for 3 h to produce CuO@Cu.

2.5Synthesis of Ni(OH>@CuO@Cu

Ni(OH).@CuO@Cu composite materials were synthesized throfectrochemical
deposition by applying CuO@Cu foam, platinum forldaAg/AgCl respectively as the
working, counter, and reference electrodes. Thetrelgte was Ni(NQ)2-6H.O (0.3 M, 40

mL). The potentiostatic deposition was carriedatutl Vvs.Ag/AgCl for 30, 50, 90, 150 and
200 s to afford respectively Ni(OHPCuO@Cu-30, Ni(OH@CuO@Cu-50,

Ni(OH):@CuO@Cu-90, Ni(OH@CuO@Cu-150 and Ni(OH@®CuO@Cu-200. The

resulting Ni(OH)@CuO@Cu samples were rinsed with MQ water, andidni@embient air.

2.6 Assembly of a hybrid supercapacitor device

A hybrid supercapacitor was assembled using Nig@QuO@Cu-150 (positive electrode),
N-rGO (negative electrode), and a filter paper &sair) immersed into 2 M KOH aqueous
solution overnight. The current collector (nickebam) was coated with N-rGO and

polyvinylidene difluoride (PVDF) in a mass ratio&#P.

2.7 Construction of a sunlight-powered energy storageystem

A sunlight-powered energy storage system was aactetl by combining the as-prepared
hybrid supercapacitor device with two solar cefsC{3012-2A) obtained from abandoned
solar-powered toys. Furthermore, a home-designedimiil device includingan engine
(2.5-9 V) and a windmill was prepared, which wasvered by the hybrid supercapacitor

device.

3. Results and discussion
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Figure 2: SEM images of (a,b) CuO@Cu foam, (c) Ni(G8)CuO@Cu-30, (d)
Ni(OH).@CuO@Cu-90 and (e,f) Ni(OH® CuO@Cu-150. (g) EDS elemental mapping
images and EDS spectrum of Ni(QECuO@Cu-150.

At the same time, the EDS spectraFigure S7 and elemental compositiofdble SJ)
also demonstrated the difference between CuO@CUOHE@CuO@Cu-30 and
Ni(OH).@CuO@Cu-50, revealing 1.2 and 4.3 at.% of Ni elénreNi(OH)>@CuO@Cu-30
and Ni(OH)@CuO@Cu-50, respectively, confirming Ni(QH}uccessful deposition on
CuO@Cu. With increasing the deposition time to 9@&mparent changes appeared on the
sample morphology. Ni(OHEgxists obviously and covers the CuO nanowires paxith the
nanoflowers on the surface much like the muddy @eafFigure 2d). The elemental mapping
results showed the presence of Ni, Cu and O elar{eigure S6). There was an increase of
Ni element content, which accounted for 13.7 atMéreover,Figure 2ef and Figure S8
illustrate the SEM images of Ni(OH®CuO@Cu-150, in which a thick Ni(OH)ilm
consisting of numerous nanopores covers all the Ga@structured layer, forming a “dry
land”-type architecture, paved on the Cu foam sexfaThe thick Ni(OH@CuO film
presents cracks and is partially scratched, whash affer channels for electrolyte diffusion
during electrochemical measurements. Notably, stiric& Ni(OH)>@CuO pieces fall off on
the surface of Cu foam. EDS elemental mapping imagel EDS spectrum irigure 2gh
revealed that the Ni, Cu and O elements are honemgesty distributed on the material and
the Ni content increased to 19.3 at.%. However,atfoeic concentration of Ni element in
Ni(OH).@CuO@Cu-200 (20.2 at.%) did not increase much, asnpared to
Ni(OH).@CuO@Cu-150' % was most likely due to falling off of the thick KiH).@CuO
piece on Cu foam, as seen in the SEM imagEigure S5b and EDS elemental mapping
images inFigure S6d

Fourier transform infrared (FTIR) analysis of Ni(RE@CuO@Cu-150 was conducted in
the 650-4000 crh frequency range. The FTIR spectrum Rigure S9 comprises a few
stretching vibration bands. The peak at ~3410' ésnthe O-H stretching vibration, arising
from interlayer water molecules and metal-hydragrndups, and the band centered at ~1619

cmit is assigned to the bending vibration of water [ZR)e band located at 1322 ¢nis
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two typical peaks corresponding tozpdj> and Npp12at respectively 856.1 and 873.6 eV, and
two satellite peaks at 861.6 and 879.8 eV, sugugstie existence of Rii oxidation state [5].
Furthermore, the core-level spectrum of the @ Ni(OH).@CuO@Cu-150Kigure 3d) can

be curve-fitted with three components at 530.2,63hd 533.1 eV, ascribed to M-O binding,
M-OH binding and physi- and/or chemisorbed molecwater [22, 31], further proving the
successful synthesis of Ni(OHPCuO@Cu-150 composite. In contrast, the core-level
spectrum of the @ of CuO@Cu Figure S109 displays a pair of peaks at ~529.6 and 531.1
eV corresponding to Cu=0 and intrinsic oxygen defen the crystal lattice, respectively
[32].

All samples obtained in this work were investigabgdelectrochemical measurements in
agueous KOH (2 M) electrolyte in a classical 3-&gtete cell Figure 4 and Figure S11J).
Figure 4a andFigure S11depict the CV curves of all the samples in the pidé range of
-0.2 to +0.9 V recorded at 20 mVls The presence of redox active peaks for

Ni(OH)@CuO@Cu foam composites is consistent with thewotg redox process (Eq.4):
# $# !

By varying the deposition time, Ni(OHPCuO@Cu composites exhibited different
electrochemical performances. Among all samplegON)@CuO@Cu-150 attained the

largest current density at 20 mV.sThe areal capacity values were determined byiatang

the area under the CV curves using the followinga¢ign: e + () , whereC

(mC cn?) is the areal capacityy (cm?) is the area of active materialis the scan rate (V,

Vu andV. are the upper and lower voltage limits (V), dnd the current (mA). The results
are summarized iMable S2 which revealed that Ni(OH®CuO@Cu-150 possessed the
largest areal capacity of 7742 mC €nat 20 mV . Notably, in absence of CuO
nanostructured layer on Cu foam, Ni(Q@)Cu-150 displayed a smaller areal capacity of
3667.2 mC cm at 20 mV & (Figure S1J), indicating the importance of CuO layer to
facilitate electron and ion transfer to further ante the electrochemical performance of the
electrodesFigure 4b depicts the CV plots of Ni(OHRCuO@Cu-150 measured at various

scan ratesas the scan rate increases the redox peak pdtehiits positively, suggesting
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of ~7063, 6606, 6259, 5970, 5709, 5443 and 5203cm€at 20, 30, 40, 50, 50, 60, 70 and
80 mA cn?, respectively (se€igure 4e and Table 1), which are larger than those of some
other related worksTable S4 [33-37]. One sees that the areal capacity is depositioa tim
dependent. At the initial stage, the areal capaniseases with increasing the deposition time,
but saturates when the deposition times exceeds208is is might be attributed to partial
removal of the active materials on Cu foaigire S4b). Moreover, compared with
CuO@Cu, all Ni(OH@CuO@Cu composites exhibited improved rate perfooadigure

46).

Table 1. Theareal capacity (mC c®) of as-obtained composites at various current tiessi

Current density

(mA cm?) 20 30 40 50 60 70 80
Composites
CuO@cCu 412.8 360 321.6 300 280.8 2604 240

Ni(OH).@CuO@Cu-30 1792 1699 1632 1572 1519 1478 1430

Ni(OH).@CuO@Cu-50 2770 2664 2578 2502 2441 236 2298

Ni(OH).@CuO@Cu-90 4092 3906 3758 3642 3521 236 2298

Ni(OH).@CuO@Cu-150 | 7063 6606 6259 5970 571( 5443 5203

Ni(OH).@CuO@Cu-200 | 6737 6174 5688 5262 4889 4544 4205

Electrochemical impedance spectroscopy (EIS) aisalgsthe frequency range (100 kHz
to 0.01 Hz) was recorded to gain further insighd ithhe electrochemical processes at different
time constantsHigure 4f). For all the Ni(OH)@CuO@Cu composites, the Nyquist plots
revealed a very small depressed semicircle (higmadium frequency region) related to the
electrochemical reaction process, and a straigbt (low-frequency region) arising from ion
diffusion in the electrode materiakigure S12b illustrates the corresponding equivalent
circuit, whereRs is the internal resistancBg: represents the charge-transfer resistance related
to the depressed semicircle in the curné@ss the pseudocapacitandh is the ion transport

resistance. Among all Ni(OH®CuO@Cu composites, Ni(OHPCuO@Cu-150 displayed



the smallestR; (0.34 ohm crf) (Table S§ and thebiggest slope for the straight line,
suggesting favorable access for the charge traasfktion diffusion. However, for CuO@Cu,
there is no ion diffusion process in the 100 kHz20t01 Hz frequency range. Two charge
transfer processes were observed instead, which fgdce at the CuO/electrolyte and Cu
foam/CuO interfaces. Using the equivalent circuiFigure S123 Rs = 0.94 ohm ¢, Rea =

3.22 ohm crt andRez= 22.05 ohm crdwere determined. These values are larger than those
recorded for Ni(OH)@CuO@Cu compositeSéble S5.

Furthermore, to explore the stability of Ni(G#CuO@Cu-150 composite, 10,000 GCD
cycles were recorded at a current density of 80am&. As is illustrated irFigure S13 the
electrode retained about 78% and 61% of the ofigireal capacity respectively after 2,000
and 10,000 cycles. From SEM imagedrigure S14a,h we can see that there is no obvious
change of the morphology of Ni(OHpCuO@Cu-150 after cycling stability test. The EDS
elemental mapping imageBigure S149 demonstrate the uniform distribution of Cu, Ndan
O elements, consistent with the XPS resufigyre S19 of Ni(OH:»@CuO@Cu-150 after
cycling, indicating a good stability.

Furthermore, to investigate the kinetics during thkectrochemical reaction, the
relationship between log(and logy) for cathodic and anodic peak currents accordinthé
CV curves of Ni(OH)@CuO@Cu-90Kigure S16g9 and Ni(OH}@CuO@Cu-150Kigure
4b) was studied to determine the capacitive contidiuti = av®, wherei stands for the
current,v represents the scan rate. When the varibble the electrochemical reaction is
controlled by a capacitive process, while when Wagiable b=0.5, the electrochemical
reaction is derived from a semi-infinite diffusigmocess (Faradaic mode). As displayed in
Figure S163a theb-values of Ni(OHY@CuO@Cu-90 were calculated as 0.56 and 0.60 from
the anode and cathode peak currents, respectargdyfor Ni(OH>@CuO@ Cu-150Kigure
5a), the b-values were found to be as 0.51 and 0.55 at diftescan rates, signifying the
contribution of both capacitive and Faradaic bgttezhaviors in the charge storage process.
The whole electrochemical process can be repreddmtehe equatiomn = kiv + kv2, and
from the relationship of X7 vs 1/*2, we can determine the sloge)(and the y-axis intercept

(k2), respectively.
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potentials larger than 1.7 V. Hence, 0-1.6V wasdel as the operating potential window to

reduce the damage to the electrode and ensure siadilation of the device.
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% &%a typical capacitive-like behavior of a hybrid stgapacitor device with obvious
deviation from ideal capacitive characteristics][16 (,! GO@ $ # % ! ( %

) I * %! % & ) ** - ) <" equation (S2), and the
corresponding areal capacities of the hybrid swgparcitor device were calculated and
displayed in 4real capacities of 587, 387, 318, 274, 209, 186 &2 mC crif
were obtained respectively at 2, 3, 4, 5, 8, 10 HhahA cn. Accordingly, the Ragone plot
related to energy density and power density, catedlby equations (S5) and (S6), is depicted
in Figure 6f, achieving the largest areal energy density of43Wh cm? at a power density

of 1.6 mW cn?. In comparison, this value is higher than thatieégad by NiCeS4/C (121



Wh cm? at 0.8 mW cn?) [38], MnsO4//Ni(OH)2 (12 Wh cm? at 0.04 mW cm) [39],
Ni-Co LDH//ketjenblack (14.4 Wh cm? at 312.5 W cm?) [40], Ni(OH),-AC-based hybrid
capacitor (33.6 Wh cm? at 0.46 mW cm) [41], YP-80F//NiCoi-OH (125.6 Wh cm? at
62.16 mW cnt) [42] and RGO@CoNi-LDH//RGO@AC (8.89Vh cm? at 0.525 mW crm)
[43] hybrid supercapacitor devicekaple S6.

EIS analysis was further performed in the 100 kbi2.01 Hz frequency range to highlight
the electrochemical processes of the hybrid supawitor device Kigure 6g), showing small
internal resistancd=0.166 ohm cm) and charge-transfer resistanBg<£0.438 ohm cr).

Additionally, the mechanical characteristics arekifhility of the device were assessed by
bending at various angles, as illustrated in theesttic diagram in the middle Bfgure 6h.
We can see that there was no obvious shape chéanige GV plots at various bending angles
(0°, 3, 6, 9 and 150), signifying the good mechanical stability and amted flexibility
of the hybrid supercapacitor device. In additiohge tstability was tested for 10,000
charging-discharging cycles at 2 mA émThe device retained about 92% and 72% of the
original capacity after 2,000 and 10,000 cyclespeetively, suggesting a good cycling
stability.

To explore the potential of the device for pradtiapplications, two as-prepared hybrid
Ni(OH).@CuO@Cu-150//N-rGO/NF supercapacitor devices inesewere connected to
provide energy for a red LED (1.8-2 V), as illusth in Figure 7a Figure 7b reveals the
successful lighting of the red LED powered by tleeides, which can last for 12 min 39 s.
Additionally, we constructed a three-digit digital display (4-8D with three as-prepared
hybrid supercapacitor devices connected in sefiggife 7¢). The three-digit digital display
was successfully lighted up by the supercapacioiogs for 1 min 28 sHgure 7d). All of
these results demonstrate the promising applicaifahe hybrid supercapacitor for flexible

energy storage.
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Furthermore, taking benefit of the cleanest andheabundant solar energy to power a
hybrid supercapacitor device represents an appeadethod. Therefore, solar cells were used
to supply energy to the -/  10.10 - 99+-G9+ ' *%3$)P)! -

I o) 1)*" &) % 1! & %% ) %%I& % $% =
I # %! %! $the hybrid supercapacitor device was charged kgr sells, while in the second
step, the hybrid supercapacitor device was usesupply electricity for a home-designed
windmill device, includingan engine (1.5-9 V) and a windmill. Herein, theasaells acted as
the energy conversion system, the hybrid superdapatevice was employed as taeergy
storage device and home-designed windmill was e@pdis the energy utilization device,

constituting the entire system. The entire openapoocess can be equivalent to jhg !



(@)

(b) (©) (d)

Figure 8. Schematic diagram and equivalent circuit of integglasystem combining solar
cells with the hybrid supercapacitor device forrmapieg a homemade windmill device. (b-c)
Photographs of the solar cells charging of the ilysupercapacitor device. (d) Photograph of

the home-designed windmill device operation.

The test was performed outdootke two solar cells (SC-3012-2A) connected inexeri
were powered by sunlight from 0.638 V to 1.561 Rig(re 8b andc), and then provided
energy for the home-designed windmill devi€gg(re 8d), which was continuously rotated
for 59 s. At the same time, the solar cells weréiokd from the abandoned solar-toy,
realizing waste utilization, in line with the coptef sustainable development. All the results
provided a proof for the combination of solar cedisd a hybrid supercapacitor device,
signifying the promising potential and directionr tbe energy storage devices for the future

applications.

4. Conclusion
In conclusion, Ni(OH@CuO@Cu composites were prepared by electrochemical

deposition at different times (30, 50, 90, 150 200 s) of Ni(OH) on CuO@Cu. Among all



the prepared electrodes, Ni(QE)CuO@Cu-150 achieved the largest areal capacity of
7063.2 mC cnt at 20 mA cnf. Therefore, a hybrid supercapacitor consisting of
Ni(OH).@CuO@Cu-150 positive and N-rGO/NF negative eleesodias assembled. The
energy storage device attained a high areal engeggity of 130.4 Wh cm? at a power
density of 1.6 mW crf, which are higher than many previous works [38-40jo hybrid
supercapacitor devices in series were able to pewved LED for 12 min 39 s and three
devices in series successfully supplied electritctya three-digit digital display for 1 min 28
s. Finally, an integrated system combining soldisagith the hybrid supercapacitor device
for operating a homemade windmill device was careséd. After charging by solar cells, the
hybrid supercapacitor device stored energy anthéapowered a homemade windmill device
for 59 s, achieving energy conversion, storage wiidation. All of the findings suggested
that Ni(OH)@CuO@Cu composites have potential for hybrid swgpacitor devices
application, and the combination of solar cellshwiithe supercapacitor device represents a

promising future fosunlight-powered energy storage device applications
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