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A facile and scalable onestep anodization method has been developed to fabricate three-dimensional (3-D) Cu(OH),

nanoporous nanorods on the copper foil substrate, a product that can be used directly as a binder-free electrode for

www.rsc.org/

supercapacitors. The unique morphology of the nanorods provides a large amount of active sites for redox reactions,

which can be easily accessed by electrolyte ions. Benefiting from that, a high capacitance of 213 mF cm™ is obtained, and

superior rate capability (62.3% capacitance retention when the scan rate is increased to 10 times) and excellent cyclability

(92.0% capacitance retention after 5000 cycles) are achieved. In addition, a flexible and foldable solid state asymmetric

supercapacitor is assembled using the Cu(OH), and activated carbon as the positive and negative electrodes, respectively.

The devices deliver a high energy density of 3.68 mWh cm? and a high power density of 5314 mW cm, demonstratinga

great potential for next-generation high-rate energystorage systems.

Introduction

Currently there are technological demands for

supercapadtors, which store and release energy very rapidly with
excellent long-term cydability, and are therefore ideal for high-

increasing

power applications such as hybrid electrical wehides, portable
electronic devices, cranes and forklifts.’ Supercapadtors can be
classifiedinto non-Faradaic electrical double layer capacitors (EDLGs)
and Faradaic pseudocapacitors based on their charge storage
mechanisms. EDLGs primarily make use of carbon materials (e.g.,
activated carbon,’ graphenea"') as the active material and store
energy by accumulating charges in the electrostatic double layer.
Although EDLGs are able to operate at much higher rates than
batteries, their energy densities are considerably lower. An
effective approach to enhance their energy densities is to expand
the working potential window, since the potential window has a
quadratic relationship with the energy density.5 As a result, organic
and ionicliquid electrolytes have been explored to replace aqueous
electrolytes, owing to their much wider potential windows (> 2.5 V).
However, the use of these nonaqueous electrolytes increases the
costs of supercapaditors and is less environmentally friendly.z'6 An
altemative strategy to enhance the energy densityis to construct
asymmetric supercapactors (ASGs) operated in aqueous or gel
electrolytes. Usually in such systems, one of the carbon electrodes
is replaced by a pseudocapacitive electrode, which can store more
charges than carbon electrodes via fast and reversible surface/
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near-surface redox reactions. Thus higher energy density can be
realized owing to the increased capadtance and widened potential
window (~1.6 V vs. ~1.0 Vin aqueous EDLGs).

Recently, transition metal oxides (e.g., MnO,, NiCo,0,,
Fe20315), hydroxides (e.g., Ni(OH)2,17'19 layered double
hydro><ideszo'21), sulfides (e.g., NiCozs4,22'25 Ni35226),and conducting
polymersn'29 have been explored as potential pseudocapaditive
materials. Since their pseudocapacitive activities rely on redox

7-11 12-15

reactions, charge (electron or electrolyte ion) transport within the
bulk of these materials is crudal to their performances, espedally
when their partide sizes are not too low. Unfortunately, most of
them suffer from insuffident charge transport, which limits the
utilization effidency of these materials. As a result, the high
theoretically predicted pseudocapacitances are seldom obtained in
practical experiments. Various approaches have been explored to
address this challenge, such as (1) engineering the size, morphology
and porosity of the active material, (2) implementing core-shell
structures where a nano-conductive core is wrapped with a
pseudocapaditive material,and (3) modifying the contact between
the active material and current collector. Despite the reported
enhancement in the charge storage property, most of these
strategies are complexand expensive, making them difficultto scale
up for commerdalization.

In this work, we focus on Cu(OH),, a well-known low-cost,
abundant, and non-toxic materal, yet rarely explored for
superca pacitorapplications.30 We hawe developed a fadle, scalable
and cost-effective one-step process to anodically grow three-
dimensional (3-D) Cu(OH), nanoporous nanorods on the Cu foil.
Such product can be directly assembled in a supercapacitor
configuration and delivers superior pseudocapacitive performances
in both three-electrode and two-electrode measurements. An ASC
was fabricated using the Cu(OH), and activated carbon (AC) as the
positive and negative electrodes, respectively. The device delivers a
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high energy density of 3.68 mWh em®ata high power density of
1253 mW cm?, demonstrating a great potential for commerdal
applications.

Experimental section
Fabrication of 3-D Cu(OH),

Copper foils were purchased from Shenzhen Bright Copper Co., Ltd.
and used before immersion in diluted HA solution. The Cu foil was
cutinto 2x3 am?slices with one side covered by the insulation tape.
3-D Cu(OH), was fabricated by an anodization process in 1 M NaOH
aqueous solution at room temperature. A constant current of 1.5
mA cm? was applied for 1800 s in a two electrode setup, using the
2x3 cm? Cu slice as the working electrode anda 0.5x0.5 cm? Pt plate
as the reference electrode. During the anodization, about 2x2 cm?
area of the Cu slice was immersed in the solution as the deposition
zone. After the anodization, the as-obtained Cu slice with
nanostructured Cu(OH), was used directly as the binder-free
electrode for electrochemical measurements. No additional
washing step is required. The mass loading of Cu(OH), on the Cu
slice was determined by the weight difference of the Cu(OH),/Cu
slice before and afterimmersionin diluted HQA solution.

Characterization and electrochemical measurements

The XRD patterns were collected using a Rigaku (RU300)
diffractometer with Cu Ka radiation source (A = 0.1540598 nm). The
chemical composition was investigated using X-ray photoelectron

spectroscopy (XPS, Physical Electronics PHI  5600). N,
adsorption/desomption measurement was caried out by
Micromeritics ASAP 2010 instrument. The morphology and

microstructure of the electrode materials were characterized by a
field emission scanning electron microscope (FE-SEM, Quanta F400)
and a transmission ele ctron microscope (TEM, Tecnai F20).

The as-obtained 2x3 am’ Cu slice was cut in half with each Cu
slice (1x3 cmz) possessing a 1x2 em? zone of Cu(OH),. Three-
electrode measurements were performed using the Cu(OH),/Cu
slice, 0.5x0.5 cm? Pt plate, saturated calomel electrode (SCE)and 1
M NaOH aqueous solution as the working electrode, counter
electrode, reference electrode and electrolyte, respectively. Cyclic
voltammetry (CV) and galvanostatic charging/discharging (GCD)
tests were conducted at different scan rates and current densities
(based on the mass of Cu(OH),) on a CHI 660E electrochemical
workstation on 1x3 and 2x3 cm’ Cu(OH),/Cu slices, respectively. For
the two-electrode measurements, a solid-state ASC device was
assembled by using the 1x3 cm? Cu(OH),/Cu slice, 1x3 cm?activated
carbon (AC) electrode and polyvinyl alcohol (PVA)/KOH gel as the
positive electrode, negative electrode and electrolyte/separator,
respectively. The mass ratio between CQu(OH), and AC was
estimated according to the charge balance: q, = g-. The AC
electrode was prepared by mixing AC with polyinylidene difluoride
(PVDF) and Super P (conductive carbon black) ata weight ratio of 8:
1: 1 and then pasting the slurry onto 1x3 em? Cu foils (the pasted
zone is 1x2 cm?), followed by vacuum drying at 100°C for 12 h. The
PVA/KOH gel electrolyte was prepared by adding 2 g PVA power
and 1.12 g KOH to 20 mL deionized waterand heating this mixture
to 85°C under vigorous stirring until the solution became dear. The
obtained \iscous solution was dropped onto Cu(OH), and AC
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electrodes (both 1x3 cmz), and then these two electrodes were
assembled together. After the electrolyte solidified to a gel, the two
electrodes were further pressed to form a 1x4 cm? device with the
effective area being around 2 cm®. GCD tests were carried out at
different current densities based on the total mass of Cu(OH),and
AC.

Results and discussion

One-step electrochemicl anodization was performed to grow 3-D
Cu(OH),, as shownin Fig. 1. The anodization was carried outon a Cu
foil in 1 M NaOH aqueous solution under a constant current for
1800 s. During the anodization, Cu atoms on the surface of the Cu
foil are oxidized to Cu®', which subsequently react with OH™ and
grow into 3-D Cu(OH), onto the surface of the Cu foil. As shown by
photographs, the surface colour of the Cu foil turned from red-
orange into blue-green after the anodization, suggesting the
conwversion of Cu to Cu(OH), on the foil surface. The growth of
Cu(OH), is also evidenced by X-ray diffraction (XRD), which reweals
the formation of orthorhombic Cu(OH), (JCPDS 13-0420, space
group Cmam) after anodization. No XRD features are observed for
other oxidation states of Cu, demonstrating a relatively high purity
of the Cu(OH), phase. Itis worth noting that our fabrication process
utilizes low-cost raw materials and requires no pre- or post-
treatments for the anodization growth step. Such a fadle and cost-
effective fabrication process renders our product realistic and
competitive for practical applications.

Cu foil after anodization
Pristine Cu foil

Cu
Cu(OH)2

Intensity (a.u.)

30 40 50 60 70 80
20 (deg.)

10 20

Fig. 1 lllustration of the fabrication process of 3-D Cu(OH),. The
inset shows photographs and XRD patterns of the Cu foil before and
after the anodization.
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Fig. 2 (a) High-resolution core level Cu 2p XPS spectrum and (b) N,
adsorption and desormption isotherm of 3-D Cu(OH),. The inset
shows corresponding BJH pore-size distribution.
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The chemical compositionand purity of 3-D Cu(OH), were further
investigated by X-ray photoelectron spectroscopy (XPS). As shown
in Fig. 2a, the high-resolution XPS spectrum for the Cu 2p core lewel
shows two distinct peaks at 953.5and 933.7 eV, corresponding to a
spin-orbit couple of Cu 2p,;, and Cu 2p;/,. These two peaks together
with their shake-up satellites at 961.5, 942.8 and 941.1 eV are
characteristic of d° Cu(ll) compounds.®® In addition, surey XPS
spectrum of 3-D Cu(OH), is depicted in Fig. S1, confiming high
purity of this product. Fig. 2b shows N, adsomtion/desormption
isotherm of 3-D Cu(OH),, displaying a type IV (IUPAC classification)
isotherm with a large H3-type (IUPAC classification) hysteresis loop.
These characteristics are indicative of suffident nanopores, which
can also be confirmed by the Barrett-Joyner-Halenda (BJH) pore-
size distributionin theinset of Fig. 2b. Brunauer-Emmett-Teller (BET)
spedific surface area of 3-D Cu(OH), is calculated to be 94.7 m? g'1
based on this isotherm.

Fig. 3 shows electron micros copicimages of the anodically grown
Cu(OH),. It can be seen that the Cu(OH), nanorods hawve a diameter
of ~200 nm. These nanorods are not perpendicular to the substrate,
butslant andomly, demonstrating a 3-D structure. Itis also found
from Fig. 3b that the cross-section of the Cu(OH), nanorods is
neither drcularnor hexagonal, butadopts a concave polygon shape
with comers extended outwards, benefidal for maximizing the
contact area between Cu(OH), and the electrolyte. In addition,
these anodically fabricated Cu(OH), nanorods grow uniformly on
the Cu slice, as shown by the low-magnification SEMimages in Fig.
S2. The thickness of Cu(OH), grown on the Cu coil is estimated to be
6.3-8.1 um based on the cross-section image in Fig. 3c. The TEM
images (Fig. 3d,e and Fig. S3) of Cu(OH), reweal a nanoporous
structure of the nanorods, which may help to reduce the electrode
impedance and enhance the pseudocapacitance by fadlitatingionic
diffusion to the redoxactive sites.””*>® The inset of Fig. 3e shows a

high-resolution TEM image of Cu(OH),, which exhibits fringes with a
lattice spacding of 0.265nm, in good agreement with the (040) plane
of Qu(OH),.

. Ce——

Fig. 3 (a-c) SEMimages and (d,e) TEMimages of 3-D Cu(OH),.
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Fig. 4 (a) Areal and (b) gravimetric capacitances of 3-D Cu(OH), with
respect to the different anodization time, plotted vs. the scan rate.

Besides 1800s, we have applied various anodization time to the
growth of 3-D Cu(OH),. The mass loadings of Cu(OH), on the Cu
slice under different anodization time are plotted in Fig. S4 and
fitted. According to the fitting result, the mass loadings are 0.0454,
0.8177 and 1.6354 mg/cm2 when the anodization time is 100, 1800
and 3600 s, respectively. SEM images of the Cu(OH), obtained
under different anodization time are exhibited in Fig.S5. When the
anodization time is 100 s, Cu(OH), shows a morphology of short
nanorods (the background humps are from the Cu substrate). When
the time is 1800s, these nanorods become much longer and much
denser. When the time isincreased to 3600s, the diameter of these
(cv)
measurements were conducted in a three-electrode configuration
to explore the
performance of the Cu(OH),. Fig. 4 summarizes the scan rate-

nanorods becomes much larger. Cyclic voltammetry

influence of the anodization time on the

dependent areal and gravimetric apadtances (G, and C, see the
caleulation in Supporting Information) of Cu(OH),
anodization time varying from 100 to 3600 s. When the anodization
time is 100, 1800and 3600s, C,are 0.036, 0.213 and 0.314F cm?at
5mVstand0.020,0.132and 0.178 Fcm™at 50 mVs ™, respectively,
while C;are 802, 260and 192F g at 5mVs™and 447, 162 and 109
F gt at50 mVs™, respectively. It can be seen that (1) when the

with a

anodization time is decreased, C, drops down while C, goes up;and
(2) when the scan rate is increased, both C,and C; decrease. The
former point indicates that the performance of Cu(OH), is greatly
influenced by the anodization time, which corresponds to the mass
loading of Cu(OH), onto the Cu foil. The longer anodization time
increases the mass loading and leads to larger C,. Howewer, the
higher mass loading also induces an increase in the diameter and
length of the Qu(OH), nanorods. This leads to a lower C, since only
the surface/nearsurface layer of Cu(OH), that is dose to the Cu
substrate is electrochemically active. The latter point reveals a
phenomenon of electrochemical polarization. At low scan rates,
electrolyte ions and electrons are provided with sufficdent time to
access the interior reaction sites of Cu(OH),. Whereas at high scan
rates, the movements of charges within Cu(OH), cannot be
synchronized with the rapid transfer of electrons in the extemal
circuit. Hence the capacitance decreases with the increase of the
scan rate.

Given that 1800s anodization time gives a balanced performance
between C, and C,, hereafter we focus on the 1800 s Cu(OH),,
whose CV curves are shown in Fig. 5a. These CV profiles are quite
different from the ideal rectangular shape of EDLGs, implying that
charging/discharging of Cu(OH),is dominated bya Faradaicprocess:
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Fig. 5 Electrochemical performances of 3-D Cu(OH), (1800 s)
evaluated in a three electrode setup. (a) CV curves atdifferentscan
rates. (b) GCD profiles at different current densities. (c) Voltage
drops during GO tests, plotted vs. the current density. (d) Cycling

performances under CVand GCD tests.

2Cu(OH), + 2e¢™ & 2CuOH+20H™ & Cu,0+H,0 + 20H™
The anodic peaks are not distinct, while broad cathodic peaks move
from 0.51 to 0.50, 0.47 and 0.41 Vas the scan rate isincreased from
5 to 10, 20 and 50 mV s~ respectively. These profiles are very
similar to those of previously reported @O0.>** In order to find why
anodic peaks are not distinct, we investigated CV curves of the
Cu(OH), under different potential cutoffs, as shown in Fig. S6. It is
found that: (1) water splitting is negligible under 0.6 V cutoff, since
the current response of the neat Cu slice under this cutoff is very
low; (2) typical behaviour of water splitting is observed when the
potential cutoff is higher than 0.6 V; (3) the cathodic peak current
rises when the potential cutoffis increased, and the largest rises are
observed when the potential cutoff is increased from 0.6 to 0.7 V
and from 0.7 to 0.8 V. These results indicate the anodic peak arising
from Cu(l) to Cu(ll) maylocate at around 0.7 V that overaps with
the potential where water splits, and as a result, the anodic peaks
are not distinct due to the incomplete conversion between Cu(l)
and Cu(ll) and the influence of water splitting. In case of the broad
nature of cathodic peaks, this phenomenon is caused by (1)
incomplete conversion between Cu(l) and Cu(ll) and (2) high scan
rates used here.

Galvanostatic charging/discharging (GCD) curves of the Cu(OH),
atdifferent current densities are presented in Fig. 5b. These curves
are observed to deviate from the typical triangular shape of EDLGs,
reflecting again the dominant pseudocapactitive characteristic of
Cu(OH),. In addition, these GCD curwes show nearsymmetric
characteristic, revealing great redox reversibility. When the current
density reaches 10 A g'l, the Cu(OH), still maintains a large
discharging capaditance of 133.3 F g'1 or 123.7 mF cm'z, manifesting
excellent rate capability thatis suitable for high-power applications.
Normally, abrupt voltage drops are observed at the beginning of
the discharging curves, due to the equivalent series resistance (Rgsg)
of the testing system, which consists of the intrinsic resistance of

4 | J. Name., 2015, 00, 1-3

the active materal, the contact resistance of the active material
and current collector and the ionic resistance from the electrolyte.
Herein the average Rgszis alculated to be merely 0.284 Q cm?
through all current densities (Fig. 5c). Such a low Rgggis attributed to
the following two factors. Firstly, since Cu(OH), grows directly from
Cu, an excellent contact is formed between the two materals.
Secondly, the conductivity of the Cu substrate, which serves as the
current collector, is very high. The 3-D Cu(OH), was further tested
at50mVsTtand 10 Ag’1 for cydability, as shown in Fig. 5d. Itis seen
that it maintains 90.1% and 92.0% of its initial capacitance even
after 5000 cycles under CVand G(D tests, respectively. Interestingly,
the morphology of Cu(OH), keeps unchanged after these cydes (see
Fig. S7), implying great structural stability of 3-D Cu(OH),. In
addition to such electrochemical stability, the
performance of our product 3-D Cu(OH), surpasses many recently

excellent

reported pseudocapaditive materials (see the comparison in Table
1), such as MoS, nanoporous film (14.5 mF cm'z),36 Ni(OH), thin-film
(70.6 mF cm™?),"” MnO,/CNT film (100 mF cm?),” MnMo0,/CoMo0,
nanowires (134.7 F g'l),37 O-defident Fe,0; nanorods (89 F g'l),38
and various Cu-based materals. The superior electrochemical
properties of 3-D Cu(OH), can be ascribed to the following two
reasons: (1) the unique morphology and porous structure of 3-D
Cu(OH), provide a large contacting area with the electrolyte and
therefore maximize the number of active sites for surface redox
reaction; (2) the direct growth of Cu(OH), on the Cu slice (the
current collector) reduces the interfadal contact resistance and
enhances charge transport. It should also be noted that the
substrate for the anodization is not limited to the Cu foil. Other
substrates such as metal wires, carbon doths, and polymer films
can also be used for the anodic formation of 3-D Cu(OH),, as long as
a pre-treatment such as electroless-plating of Cu is performed.

Table 1 Comparison of 3-D Cu(OH), (1800 s) with recently reported
pseudocapadtive materials.

Active material Electrolyte Capacitance Ref.
213 mF cm*, 260 Fg*at5 mvVs™
3-D Cu(OH), in this work 1 M NaOH 168 mF cm? at 20 mv's™
1475Fg*at5 Ag™
TiO, nanotube film 1 MKCI 0911 mFcm?atl mvVs? 43
AUPd@MnO, nanopillars 1MNa,SO, 6.13 mF cm?at5 mVs™ 9
Fe;0.@ SnO, nanorod film 1 M Na,SO; 7.0 mF cm? at 02 mA cm? a4
Ni@NiO inverseopal 1 M KOH 11 mFcm?at 02 mA cm? 45
MoS;, nanoporous film 0.5 MH,S0, 145 mF cm? at 1 mA cm 36
WO,.,@Au@ MnO, nanowires 0.1MN&SO, 294 mFcm?at 10 mvs™ 46
Cu(OH);, thin film 1 M NaOH 34 mF cm? at 10 Vs 30
Sn0O,@ MnO, nanowires 1 M Na, SO, 5096 mF cm?at 2 mVs™ 47
Ni(OH). thin film 6 M KOH 706 mF cm?at 2 mv's™ 7
MnO,-CN T film 0.5 MK,S0, 100 mF cmi?at 10 mV s 7
C nanopartides/MnO, nanorods 0.1 MNa,SO, 109 mFcm?at5 mVs™ 8
Hydrogenated ZnO@ MnO, 0.5MNa,SO, 139 mFcm?at 1 mA cm? 48
CuO filmon ITO-coated glass 1 M Na,SO, 27Fgta20mvs? 49
CuO nanoribbons 6 M KOH 89Fgla4Ag! 50
O-deficient Fe,0;nanorods 3MLid 89 Fg’a05mA cm? 38
RGO/Cu,0 composite film 1 M KOH 985Fgatl1 Ag™ 51
Mesoporous WO;_/C composite 2 M H,S0, 103Fg'almvs? 52
MnMoO/CoMoO, nanowires 2 M NaOH 134.7Fg*at 3Ag™ 37
Porous MnO, 0.65 MK,SO, 135Fgla2mVs® 10
CuO nanosheetsy SWCNT 6 M KOH 137.6Fg*at2 mvs™ 34
Ppy-MnO, 1 M Na,SO, 1416 Fg* at2 mA cm?® 53
CuO nanoparticles 1 M Na,S0, 158 Fgla5mVs™ 54
CuO nanosheetsyRGO film 6 M KOH 163.7Fg*at2 mvs™ 35
MnO2/CNTs 1 M Na,S0, 201Fg'alAg? 55
RGO/Fe,0; nanotubes 1 M Na,S0, 215Fgta25mvs? 56

This journal is © The Royal Society of Chemistry 2015
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Recently, solid-state flexible power sources are attracting much
attention because of their potential applications in roll-up displays,
artifidal electronic skin, wearable electronics, etc. To further
evaluate 3-D Cu(OH),, we assembled solid-state ASCby using 1800 s
Cu(OH), as the positive electrode, activated carbon (AC) pasted on
the Cu foil as the negative electrode and PVA/KOH as the gel
electrolyte, as illustrated in Fig. 6a, which also demonstrates high
flexibility of the device. Fig. 6b shows CV profiles of this solid-state
ASC bended to different states, i.e., normal state, one fold, and
three folds. The photographs and demonstrations of these bending
states are shown in the inset of Fig. 6a and Fig. S8. No noticeable
change could be observed even when the ASC device is bended to
three folds, indicating the great robustness of this device.

Fig. 7a shows GCD curwves of this ASC under a potential cutoff of
0-1.6 V atdifferent current densities on the basis of the total mass
of both positive and negative active materials. The capacditances at 4,
10and 20 A g'1 are 26.4,19.4and 13.7 F g'l, respectively. Itis seen
that the redox characteristics of this ASCare notas evident as those
of Cu(OH),, which results from the synergistic integration of
pseudocapacitive Cu(OH), and EDLC AC. Remarkably, this ASC
exhibits great reversibility and very high columbiceffidendes (> 97%
through all current densities) from these GCD curves. The cyding
stability of this ASC was also tested (Fig. S9). We find that this ASC
can achiewe a capadtance retention of neary 90% after 5000 cycles,
implying excellent stability. Ragone plots of Cu(OH),//ACsolid-state
ASCare displayed in Fig. 7b.Itis noted that the volumes of two Cu
foil current collectors and the gel electrolyte are taken count into
the total wlume of the ASC. Under a high power density of 1253
mW cm?, this ASCdelivers a high energy density of 3.68 mWh an’,
When the power density is increased to 5314 mW cm™ with the
discharging time being ~0.5 s, the energy density still remains at
0.73 mWh cm?. Such performances are much better than other
state-of-art ASGs3** (e.g., 0.41 mWh em® at 50 mW cm?® for
MnO,//Fe,0; ASC*® 1.9 mwWh cm® at 40 mW cm?® for
MoS,/RGO//RGO ASC42) and L thin-film battery,1 as compared in
Fig. 7b. To werify the scalability and application of our product, we
also assembled 4x6 cm? solidstate ASCs by anodizing 4x5 em?Cu
slices. The photograph of this ASC is shown in Fig. S10, in
comparison with a 1x4 cm? device studied in the previous section.
Two of these large ASC devices were connected in series to
compose a tandem device. Up to 26light-emitting diodes (LEDs) can
be lighted up by the tandem device (see the supplementary video),
demonstrating the potential of this device in practical high-power
energystorage applications.

This joumnal is © The Royal Society of Chemistry 2015
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Fig. 7 (a) GCD profiles of Cu(OH),//AC solid-state ASC at different
current densities. (b) Ragone plots of energy density vs. power
density for our ASCin comparison with other state-of-art ASGs and
Li thin-film battery.

Conclusions

In summary, we have deweloped a fadle and scalable one-step
process to anodically grow 3-D Cu(OH), nanoporous nanorods on
the Cu foil,and demonstrated that the Cu(OH),/Cu foil can be used
directly as a binder-free electrode for supercapacitors. The unique
mormhology of the nanoporous nanorods provides suffident active
sites for redox reactions and transport routes for electrolyte ions.
The Cu(OH), delivers a high capadtance of 213 mF em?or260F g’l,
together with superior rate capability and excellent long-term
cyclability. Solid-state asymmetric supercapacitors are assembled
using the Cu(OH), as the positive electrode and activated carbon as
the negative electrode, exhibiting high energy and power densities
as well as high flexibility, good foldability and excellent cycing
stability. These results suggest that the Cu(OH), electrode may
provide a low-cost and effective solution for future high
performance supercapadtors.
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3-D Cu(OH), nanoporous nanorods are fabricated by a facile and scalable one-step anodization

method for high-performance binder-free solid-state supercapacitors.



