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1. Introduction

There is a high demand for energy-storage devices with both
high power and energy densities. Numerous studies have fo-
cused on the design of materials that enable a simultaneous
improvement in both aspects.[1–6] These studies mainly involve
enhancing the power densities of batteries or the energy den-
sities of supercapacitors. Improvements to energy density can
be achieved by improved energy-storage materials and/or in-
creasing the percentage of mass or volume in the system de-
voted to the energy-storage material. Power density, on the
other hand, is limited by the transport of ionic and electronic
species from one electrode to the other, as well as the reaction
kinetics at the electrodes. Multiple factors play vital roles in the
energy-transfer rate. Certain factors, such as the diffusivity and
conductivity of the system components, are determined by
the choice of electrode materials, electrolytes, and operating
conditions of the system. Other factors, however, mainly rely

on geometric design choices such as surface area, porosity,
active material thickness, and interelectrode distance. Improve-
ments in power density require an optimization process that
takes these multiple factors into account.

Ideally, high-power electrochemical devices should possess
large electrode surface area and minimum thickness of the
active material, in order to maintain their high-power capabili-
ties. The maximization of the surface area per unit mass or
volume is important, as it increases the amount of active mate-
rial located at or near the electrode–electrolyte interface. The
active material thickness, on the other hand, sets the diffusion
and conduction path lengths for ions and electrons, respec-
tively. These path lengths determine the internal resistance of
the system during the charge and discharge processes. Hence,
the minimization of these path lengths plays a vital role in the
performance of the device.

Examples of approaches to maximize electrode surface area
include various structures constructed from metal networks,
nanotubes, aerogels, and xerogels.[7–13] These structures offer
complex geometries with extremely high surface area, yet they
are mainly fabricated in a non-deterministic way, which limits
the control over their critical dimensions, as well as over their
uniform reproducibility and scalability.

Herein, we present a method for fabricating and characteriz-
ing well-ordered, scalable, and high-surface-area 3D Cu archi-
tectures suitable for use as current collectors in electrochemi-
cal energy-storage applications. These Cu architectures feature
precisely controlled characteristic lengths that address the
aforementioned critical factors and ultimately determine the
device performance. The method involves robotically assisted
sequential electrodeposition of alternating Cu and Ni layers to
form a multilayer structure of desired thickness. Performing

Well-ordered three-dimensional Cu architectures serving as
low-resistance current collectors for supercapacitor applica-
tions are fabricated by combining microfabrication and electro-
chemical techniques. These techniques enable the realization
of electrodes with precisely controlled characteristic dimen-
sions, including the surface area, thickness of the active materi-
al, and interlayer spacing. Highly laminated Cu structures are
formed by through-mold electrodeposition of alternating Ni
and Cu layers followed by selective electrochemical removal of
Ni layers. Underpotential deposition is utilized to precisely
measure the electrochemically accessible surface area of the

resultant Cu structure. A conformal, thin layer of nickel hydrox-
ide is electrodeposited onto the Cu backbone, forming the su-
percapacitor electrode. The resulting electrodes exhibit a high
specific capacitance value of 733 F g�1. In cycle testing, the
electrodes deliver 94 % of their capacitance after over 1000
cycles. The supercapacitor is also shown to deliver 69 % of its
5 mV s�1 capacity at rates as high as 25 mV s�1. These results il-
lustrate the benefits of using well-ordered metal architectures
as current collectors for advanced electrochemical energy stor-
age applications.

[a] Dr. A. Armutlulu
School of Chemical and Biomolecular Engineering
Georgia Institute of Technology
311 Ferst Drive NW, Atlanta, GA 30332 (USA)
E-mail : aarmutlulu3@gatech.edu

[b] Dr. L. A. Bottomley
School of Chemistry and Biochemistry
Georgia Institute of Technology
901 Atlantic Drive, Atlanta, GA 30332 (USA)

[c] Dr. S. A. Bidstrup Allen
Department of Chemical and Biomolecular Engineering
University of Pennsylvania
220 South 33rd Street, Philadelphia, PA 19104 (USA)

[d] Dr. M. G. Allen
Department of Electrical and Systems Engineering
University of Pennsylvania
200 South 33rd Street, Philadelphia, PA 19104 (USA)

ChemElectroChem 2015, 2, 236 – 245 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim236

ArticlesDOI: 10.1002/celc.201402333



this process under current-controlled conditions enables pre-
cise control over the dimensions of individual layers in the
multilayer structure. Laminated, high-surface-area Cu architec-
tures are obtained by selective electrochemical etching of sac-
rificial Ni layers from the multilayer structures. The surface area
of the resultant Cu architecture was analyzed by using under-
potential deposition (UPD) of thallium (Tl). Upon completion of
the surface area analysis of the laminated Cu structure through
UPD, the conformal electrodeposition of a thin nickel hydrox-
ide [Ni(OH)2] film onto the backbone is carried out to form the
supercapacitor electrode. The electrochemical performance of
the supercapacitor electrode, including its capacitance, power
capability, and cycling stability is evaluated by using cyclic vol-
tammetry (CV), as well as galvanostatic charge and discharge
tests.

2. Results and Discussion

2.1. Fabrication of Multilayer Cu/Ni Structure

The fabrication of a Cu electrode is schematically illustrated in
Figure 1. Initially, a photoresist mold was patterned on a Cu-
sputtered glass substrate. It was followed by electroplating of
the Cu and Ni layers from their respective baths in an alternat-
ing fashion by using an automated robotic process. After the

electrodeposition of 25 Cu/Ni pairs, the initial photoresist mold
was stripped by using acetone. A second photoresist film of
the same type as the first one was then patterned on the mul-
tilayer structure, which served as the mold for the electrodepo-
sition of Cu anchors, as well as the connection pad, onto the
specific regions of the multilayer structure. Upon completion
of the anchor electrodeposition, the second photoresist layer
was removed again through immersion in acetone. Figure 1 E
demonstrates the resulting structure fabricated on a footprint
area of 1 � 1 cm2. Additional details about the fabrication pro-
cess of the multilayer structures can be found in our previous
studies, where the removal of Cu over Ni was performed by
means of selective wet etching to realize Ni-based electrodes
for battery applications.[14, 15]

The electrodeposition of the Cu and Ni layers was performed
under galvanostatic conditions at room temperature. In this
way, for a given exposed surface area, we have precise control
over the thickness of each individual layer simply by adjusting
deposition time and current density. The theoretical surface
area of the resultant structure can be estimated by taking into
account the footprint area of 1 cm2, the number of Cu layers
(25), and by removing the area taken up by the etching holes
to give a calculated area of 40 cm2. The accuracy of the value
will be checked by the UPD technique, as described in the cor-
responding section.

Although the etching holes reduce the electrode surface
area by 20 %, they play a vital role in mass transport during
both the etching and operation steps. In the etching process,
the duration for removal of the sacrificial Ni layers is signifi-
cantly decreased by the incorporation of the etching holes as
they minimize the etching depths. In terms of the electrode
operation, the holes provide reduced diffusion pathways for
the liquid-state ions of the electrolyte, which is essential for
high-power applications. The etching holes, along with the an-
chors supporting the structure, are depicted in Figure 2.

2.2. Selective Electrochemical Dissolution of Ni Layers

Numerous studies concerning the selective electrochemical
dissolution of metals have been reported.[8, 16–18] Most involve

Figure 1. Fabrication sequence of the multilayer electrode: A) photoresist
mold with a pillar array deposited and patterned on Cu-sputtered glass sub-
strate, where the shape of the pillars dictates the geometry of the etching
holes; B) robotically assisted sequential electrodeposition of alternating Cu
and Ni layers followed by stripping of the photoresist mold; C) deposition
and patterning of the second photoresist mold for the anchors and the con-
nection pad; D) electroplating of the Cu anchors and the connection pad
followed by the stripping of the mold and the selective electrochemical re-
moval of the Ni layers,; E) optical image showing the top view of the result-
ing multilayer Cu structure.

Figure 2. Optical images showing the anchors and the etching holes of the
multilayer structure: A) corner of the structure shown in Figure 1 E and B) en-
larged view of one of the anchors with a successful step coverage inside the
etching holes.

ChemElectroChem 2015, 2, 236 – 245 www.chemelectrochem.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim237

Articles

http://www.chemelectrochem.org


dealloying, where the least noble element in a structure, fabri-
cated as a homogeneous solid-phase solution of two or more
metals, is selectively dissolved in an electrolyte, resulting in
highly porous interconnected structures. These structures
render functional nanoporous materials with high surface-to-
volume ratios; yet, they are fabricated in a non-deterministic
fashion, which makes it difficult to maintain control over their
aforementioned critical dimensions. As described earlier, the
focus of the approach presented herein is to develop laminat-
ed structures composed of individual layers with controlled
thicknesses and geometric surface areas, enabling well-ordered
3D structures following the removal of the sacrificial material.

Cu is thermodynamically more stable than Ni. The standard
electrode potential (SEP) for the Ni2 +/Ni couple, relative to the
standard hydrogen electrode (SHE), is reported as �0.25 V,
whereas the SEP of Cu2+/Cu couple is 0.34 V. Hence, Ni layers
are readily and selectively dissolved in acidic solutions when
a potential is applied that lies between the redox potentials of
Ni2+/Ni and Cu2 +/Cu. Ni, however, undergoes passivation in
acidic solutions, complicating the selective dissolution process.
The passivation has been revealed to be less effective in the
presence of sulfur.[19, 20] Hence, sulfuric acid (H2SO4) is the pre-
ferred etching solution in this step.

The optimal potential for the selective etching of the Ni
layers in H2SO4 was determined from the potentiodynamic
curves shown in Figure 3. The curves were generated by

sweeping the potential from a cathodic potential of �1.0 V to
0.4 V in the anodic region at a scan rate of 5 mV s�1. The corro-
sion potentials for Ni and Cu in this medium were �58 and
�18 mV, respectively. To achieve Ni dissolution with infinite se-
lectivity, the applied potential should fall between these two
corrosion potentials. Also, to maximize the selective dissolution
rate of Ni layers without sacrificing any Cu, the applied poten-
tial needs to be just below the corrosion potential of Cu.

Therefore, the optimum potential was found to be �20 mV.
Selective etching of the Ni layers was achieved at this potential
over a 24 h period. Figure 4 illustrates the scanning electron
microscopy (SEM) images of the multilayered Cu structure after
the selective removal of the Ni layers. As can be seen in
Figure 4, the Cu anchors provide a mechanical support to pre-
vent the Cu layers from collapsing on each other upon com-
plete removal of Ni layers. The anchors also enable an interlay-
er electronic conduction path.

2.3. Surface Area Characterization of the Cu Backbone

In energy-storage applications, knowledge of the effective
electrode surface area (i.e. electrochemically active surface
area) is vital to the design and ultimate performance of power
devices. It is also well known that the actual surface area of
electrodeposited films significantly differs from their physically
apparent geometrical surface area, owing to the surface rough-
ness and the morphology of the deposits. Factors such as the
composition and aging of the electroplating bath, plating cur-
rent density, temperature, and choice of substrate to be elec-
troplated can have a substantial effect on the porosity and
grain size of the deposited films.[21–25] For simple geometries
such as single-layer thin films, the surface roughness can easily
be determined through the usual scanned-probe techniques.
However, for our multilayer Cu structure, with a relatively com-
plex 3D architecture, determining the surface roughness can
only be achieved for the topmost layer. Although the Bruna-
uer–Emmett–Teller (BET) method is the most widely used tech-
nique for determining the surface area of various materials, it
has limited utility in complex structures that are composed of
electrodes, connection pads, packaging material, and sub-
strate.[26] Additionally, there are several shortcomings associat-
ed with its operating conditions, including the need for a large
amount of sample, owing to the lack of sensitivity and relative-
ly high temperature treatment exceeding 100 8C for contami-

Figure 4. SEM images of the multilayer structure: A) tilted view showing the
corner of the multilayer Cu structure, B) Cu layers inside the etching hole
supported by the anchor following the selective removal of Ni layers, and
C) close-up view of the individual Cu layers.

Figure 3. Potentiodynamic plots for Ni and Cu in 0.1 m H2SO4 solution:
A) current responses of the Ni and Cu electrodes after sweeping the poten-
tial from �1 to 0.4 V at a scan rate of 5 mV s�1 and B) close-up view of the
corrosion potential region showing the difference between Ni and Cu corro-
sion potentials.
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nant removal, which might cause undesired deformations in
the material.[27] Also, the electrochemically accessible surface
area of a solid electrode that is in contact with a liquid electro-
lyte is generally smaller than the BET surface area.[28] For these
reasons, we preferred UPD over BET as a relatively precise and
rapid characterization tool for the surface-area analysis of the
fabricated Cu structures.

The utility of UPD for determining the surface area of simple
architectures (i.e. thin films) has been demonstrated in the lit-
erature.[27, 29–35] However, to the best of our knowledge, this
method has not been utilized for the surface-area characteriza-
tion of rather complex 3D electrodes in the electrochemical
energy-storage area. Other applications of UPD include the
fabrication of multilayered structures by using electrochemical
atomic layer epitaxy and the formation of catalytic surfaces
with enhanced activity.[36–42]

Being a cost-effective and relatively fast technique, UPD ena-
bles a precise and reproducible surface modification through
the formation of up to a monolayer thickness on the electrode
surface.[43] Deposition of a monolayer through UPD is only pos-
sible when there is a potential difference between the bulk
deposition and the deposition of the first monolayer on the
substrate. For the study reported herein, the deposition of a Tl
monolayer has been selected as a probe of the effective sur-
face area of the 3D Cu structures.[44–46] The potential of the 3D
structure was set at a value slightly greater than the potential
for bulk deposition to form a monolayer of Tl. Following the
monolayer formation, the applied potential was adjusted to
a value anodic of the UPD process to oxidatively strip the Tl
monolayer from the surface as the amount of charge trans-
ferred was being carefully monitored. As the amount of the
charge is proportional to the number of Tl atoms removed
from the electrode surface, the surface area of the electrode
can be easily determined.

To validate our application of UPD in determining the elec-
trochemically active electrode surface area, experiments were
carried out in a solution made up of 0.5 m Na2SO4 and 2.5 mm

Tl2SO4. A polycrystalline 2D Cu electrode with a known surface
area of 0.25 cm2 was prepared by using a lift-off process, in
which Ti and Cu films were sputtered onto a glass substrate
with a patterned photoresist film on the top surface, for which
Ti serves as an adhesion promoting layer between Cu and
glass. After the removal of the photoresist, the electrode was
immersed in the Tl-based electrolyte and a CV scan was con-
ducted in a three-electrode-cell configuration, where Pt and
Ag/AgCl were utilized as the counter and reference electrodes,
respectively. Figure 5 presents a voltammogram of Tl on the
Cu electrode. A reduction peak associated with Tl monolayer
formation can be seen at approximately �0.50 V, which is in
good agreement with the previously reported value of
�0.49 V.[46] The anodic peak at �0.44 V corresponds to the de-
sorption of the Tl from the electrode surface. Bulk deposition,
on the other hand, starts after the second cathodic peak at
�0.7 V, which has the corresponding anodic dissolution peak
at �0.69 V.

Upon completion of the CV tests on the Cu electrode, a Ni
electrode was prepared by electroplating a 500 nm-thick Ni

film on the aforementioned Cu electrode with the same sur-
face area of 0.25 cm2. A voltammogram was obtained on this
Ni electrode by using the same Tl-based electrolyte. As can be
seen in Figure 5, there is no corresponding peak current for
the deposition of the Tl monolayer on Ni in the given potential
range. The significance of this finding is that, if residual Ni is
present in the multilayer 3D structure from incomplete etch-
ing, it will not interfere with our determination of the effective
surface area of Cu. In addition to Cu being nearly four times as
conductive as Ni, and thus being more suitable for high-power
applications, the lack of an appropriate electrolyte to measure
the surface area of Ni through UPD is the other motivation for
us to prefer Cu-based multilayer electrodes over their Ni-based
counterparts.

To confirm that the UPD of Tl on the Cu surface is taking
place at the first cathodic peak, chronoamperometric experi-
ments were performed. The potential of the Cu electrode was
first set to �0.65 V for 30 s and then increased to �0.4 V. The
amount of charge stripped was estimated by integrating the
area under chronoamperometric curve and was found to be
111 mC cm�2. This value is almost identical to the reported
quantity of charge density of 112 mC cm�2 necessary to form
a Tl monolayer on a polycrystalline Cu surface.[46] Increasing
the time for the applied potential of �0.65 V from 30 s to
2 min did not result in any significant change in the stripped
charge quantity, indicating that 30 s is sufficient to form a Tl
monolayer on the polycrystalline Cu surface.

A second validation experiment was sought to determine
the change in the effective surface area of the electrode while
maintaining its geometric area. To accomplish this, the Cu elec-
trode formed by sputtering, as described in the preceding
paragraph, was thickened through electrodeposition of an ad-
ditional Cu layer, which increases the surface roughness. A
1 mm-thick Cu layer was electroplated onto the sputtered Cu
layer under the same conditions as in the fabrication of the
multilayer structures. After repeating the UPD procedure, an
average total charge of 132 mC cm�2 was obtained. Dividing
this value by the theoretical value associated with the Tl mon-

Figure 5. CV profile of Cu and Ni electrodes in Tl solution: A) comparison of
Cu and Ni electrodes and B) enlarged view of the Ni electrode.
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olayer on a polycrystalline Cu surface (112 mC cm�2), a surface
roughness factor of 1.18 was calculated.

To further confirm that the UPD approach can be utilized to
estimate the change in surface area, a calibration plot was pre-
pared, as shown in Figure 6, by employing three more electro-
des with varying surface areas of 0.50, 1.00, and 1.25 cm2.
These electrodes were prepared in the same fashion as the
aforementioned one with the surface area of 0.25 cm2. The
same UPD experiments were conducted with all of the electro-
des, and the amount of the total charge stripped from each
one was plotted with respect to the surface area of the elec-
trodes. This analysis revealed a clear, linear relationship, sup-
porting the utilization of the UPD approach for the surface
area estimation.

Upon carrying out selective dissolution of Ni layers from the
multilayer structures in the H2SO4 electrolyte, UPD experiments
were performed to determine the total surface area of the re-
sulting laminated Cu structure. After three consecutive UPD
runs, an average total charge of 5527 mC was obtained for the
anodic dissolution of the Tl monolayer. To ensure that all of
the sacrificial Ni layers were completely removed, a selective
dissolution potential of �20 mV was applied in the H2SO4 elec-
trolyte for a further 2 h, which was followed by the UPD ex-
periment. No significant increase in the amount of stripped
charge was observed, suggesting that no Ni remained in the
structure.

The effective surface area of 49.3 cm2 was obtained by divid-
ing the total amount of charge required to strip the Tl mono-
layer from the 3D electrode (5527 mC) by the charge density re-
quired to remove a complete Tl monolayer (112 mC cm�2). As
mentioned earlier, by design, the total geometric surface area
of our 25-layer Cu electrode is 40 cm2. If one assumes that the
surface roughness factor of 1.18, obtained on the test electro-
des used for calibrating the UPD method, is a reliable estimate
of the roughness of each layer in our multilayer 3D structure,
then the predicted effective surface area becomes 47.2 cm2. If
this assumption holds, the remaining difference of 2.1 cm2 is
postulated to result from the surface area of the Cu anchors as
well as the sidewalls of each layer.

2.4. Formation of the Supercapacitor Electrode

Supercapacitors are recognized as promising next-generation
energy-storage devices and have been widely utilized in vari-
ous applications ranging from portable electronic devices and
autonomous microsystems to electrical vehicles.[47] In recent
years, considerable effort has been devoted to the develop-
ment of supercapacitors and significant improvements have
been achieved through developing new active materials, alter-
ing the morphology of the existing materials, and implement-
ing high-surface-area structures that serve as current collectors,
utilizing thin films of the existing materials.[47, 48] The approach
reported herein addresses the latter strategy, in which the fab-
ricated Cu structures are to serve as current collectors for su-
percapacitors.

Among numerous electrodepositable transition-metal oxides
and hydroxides featuring pseudocapacitive properties, Ni(OH)2

was selected as a well-studied example of active materials for
supercapacitors to confirm the superior performance enabled
by 3D structures. Factors including its high theoretical specific
capacitance, cost effectiveness, easy synthesis, well-defined
electrochemical redox activity, environmentally benign nature,
and availability in various morphologies have rendered Ni(OH)2

a promising candidate for supercapacitor materials.[7, 49–53]

The final step in the fabrication sequence involves the elec-
trodeposition of the active material onto the 3D Cu backbone.
A very thin Ni layer was first electrodeposited potentiostatically
onto the 3D Cu electrode by using the same bath that was
used to electroplate the sacrificial Ni layers. Pulsed cathodic
potentials were applied to the Cu backbone with a 10 % duty
cycle to ensure conformal coating of the electrode. Next, a con-
formal layer of Ni(OH)2 was electrodeposited in a similar fash-
ion, in which pulsed cathodic potentials were applied to the
electrode in a Ni(NO3)2 bath. Note that prior deposition of
a thin Ni layer provided better adhesion and, thus, better cy-
cling stability for the Ni(OH)2 film compared with the direct
deposition of Ni(OH)2 onto the bare Cu backbone. This thin Ni
coating also prevents Cu from exposure to the alkaline electro-
lyte, inhibiting possible side reactions and electrode degrada-
tion. The electrodeposition processes for both Ni and Ni(OH)2

were carried out in a three-electrode cell with Pt and Ag/AgCl
as the counter and reference electrodes, respectively.

To confirm that the Ni(OH)2 film is formed in a conformal
fashion on the entire surface of the multilayer structure,
a cross section of a layer from the multilayer electrode was ex-
posed following partial immersion of the electrode in concen-
trated nitric acid solution for less than 5 s. Figure 7 presents
the SEM image of the cross-sectional view of a Cu layer with
a thin Ni/Ni(OH)2 film on both sides.

For further electrochemical confirmation of the maximum
and conformal surface coverage after each deposition step, CV
scans were carried out at a rate of 10 mV s�1 in a 1 m KOH solu-
tion, using the same three-electrode-cell configuration as
before. Figure 8 shows the CV profiles of the blank electrode
(Cu only), Ni-coated electrode, and final electrode after Ni(OH)2

deposition. A significant shift in the anodic and cathodic peaks
of the blank Cu electrode following Ni deposition suggests

Figure 6. Total amount of charge transferred during the stripping of the Tl
monolayer from the Cu films with various surface areas from 0.25 to
1.25 cm2.
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a predominant existence of the Ni coating on the Cu surface.
Similarly, Ni(OH)2 deposition yields a unique CV profile, indicat-
ing almost complete surface coverage.

2.5. Performance Characterization of the Electrode

The electrochemical performance of the Ni(OH)2-coated elec-
trode was evaluated by using a three-electrode system in 1 m

KOH solution, in which the Pt and Ag/AgCl electrodes were
utilized as counter and reference electrodes, respectively. To
characterize the capacitive behavior of the electrode, CV analy-
sis was conducted between potentials of 0.0 and 0.6 V at vari-
ous scan rates, ranging from 5 to 25 mV s�1, as shown in Fig-
ure 9 A. The shape of the CV curve indicates a distinguished
pseudocapacitive characteristic from pure double-layer capaci-
tance, which ideally would have a rectangular shape. Two clear
anodic and cathodic peaks are observed in the voltammogram
shown in Figure 9 A, which correspond to the reversible, sur-
face Faradaic reactions of Ni(OH)2 [Eq (1)]:[54]

NiðOHÞ2 þ OH� $ NiOOHþ H2Oþ e� ð1Þ

These peaks exhibit almost perfect symmetry, suggesting an
excellent reversibility of the active material.[53] Increasing the
scan rate from 5 to 25 mV s�1 results in the shift of the oxida-
tion and reduction peaks to more positive and negative poten-
tial values, respectively. This shift is reflective of the internal re-
sistance of the pseudoactive material.[50]

The CV profiles were also used to determine the specific ca-
pacitance, Cs (F g�1), of the electrodes by calculating the area
under the CV curve, according to Equation (2):

Cs ¼ mv Vc � Vað Þ½ ��1

Z
Vc

Va

I Vð ÞdV ð2Þ

where m is the total mass of the active material (g), v is the
scan rate (mV s�1), Vc is the cathodic potential (V), Va is the
anodic potential (V), and I is the response current as a function
of the applied potential (A). The total mass of the deposited
active material was measured to be 1.8 mg, which is in accord-
ance with the theoretical value estimated from the current ap-
plied during the electrochemical deposition of the Ni(OH)2. By
inserting the total mass of the active material into Equation (2),
the specific capacitances of the electrodes were calculated to
be 733, 667, 597, 521, and 503 F g�1 at scan rates of 5, 10, 15,
20, and 25 mV s�1, respectively. The specific capacitance, as
a function of the scan rate, can be seen in Figure 9 B. As the
scan rate was increased to 25 mV s�1, the specific capacitance
dropped to 503 F g�1, which is approximately 69 % of that at
5 mV s�1. This remarkably high capacity retention is an indica-
tion of enhanced high-rate performance when compared to
previously reported values in the literature.[7, 49, 51, 55–57]

In addition to the CV profiles, galvanostatic charge and dis-
charge tests were carried out to calculate the gravimetric ca-
pacitance of the electrodes using Equation (3):

Cs ¼
I

mv
ð3Þ

Figure 9 C demonstrates the charge and discharge curves of
the electrode at various current densities. The corresponding
specific capacitance values at the discharge rates of 5, 10, 15,

Figure 7. Cross-sectional view of an individual layer of the multilayer elec-
trode after deposition of the active material.

Figure 8. CV profiles of the multilayer structures in 1 m KOH at 10 mV s�1:
A) bare multilayer Cu electrode following the selective removal of the Ni
layers, B) Ni-coated multilayer Cu electrode, and C) final electrode after
Ni(OH)2 electrodeposition.
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and 20 A g�1 were determined to
be 540, 420, 390, and 270 F g�1,
respectively. Increasing the cur-
rent density from 5 to 20 A g�1

results in a decrease in the gravi-
metric capacitance of approxi-
mately 50 %.

CV runs were also performed
to investigate the long-term sta-
bility of the electrode in 1 m

KOH electrolyte. Figure 9 D illus-
trates the capacitance retention
of the supercapacitor electrode
measured at a relatively high
scan rate of 20 mV s�1 for over
1000 cycles. The electrode exhib-
ited only around 6 % degrada-
tion in the capacitance after
1000 cycles at relatively high
scan rates. This indicates negligi-
ble degradation and a remark-
able long-term stability of the
electrode, as well as an im-
proved cycle-life performance
when compared to previously
reported values in the litera-
ture.[7, 50, 51, 55, 57–61] A performance
comparison of the Ni(OH)2-based
electrodes reported herein and
in the literature is shown in
Table 1.

As can be seen from Table 1,
the best performance in terms
of the specific capacitance
(3152 F g�1 at 4 A g�1), which is
also the highest reported so far,
was obtained by the direct elec-
trodeposition of Ni(OH)2 onto
a highly porous 3D Ni foam.[7]

Similar to the structures report-
ed herein, Ni foam serves as
a highly conductive backbone
possessing an ultrahigh surface
area; and its porous nature facili-
tates access of the electrolyte to

Figure 9. Performance characterization
of the multilayer Ni(OH)2 electrode:
A) CV profiles of the Ni(OH)2 electrode
at various scan rates, B) specific capaci-
tance of the Ni(OH)2 electrode as a func-
tion of the scan rate based on the CV
profiles, C) galvanostatic charge/dis-
charge curves of the Ni(OH)2 electrode
at various rates, and D) cycle per-
formance of the supercapacitor record-
ed at a scan rate of 20 mV s�1 for 1000
cycles.
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the entire electrode. Interestingly, when the current density
was increased to 16 A g�1, a drastic drop in the specific capaci-
tance was observed (280 F g�1). This corresponding capacitance
retention of approximately 9 % is significantly lower than the
performance reported in this work (50 % at 20 A g�1). Further-
more, the capacitance of foam-based electrodes dropped with
cycling. They were shown to maintain only 52 % of their capac-
itance after 300 cycles; this significant loss was attributed to
the Ni(OH)2 flaking off.[7] In comparison, the electrodes present-
ed herein maintain approximately 94 % of their original capaci-
tance after 1000 cycles (Figure 9 D). Therefore, the deterministi-
cally engineered high-surface-area electrode presented herein
offers substantial improvements in both cycling stability and
power delivery over the Ni foam electrode.

3. Conclusions

The work reported herein involves the design, fabrication, and
characterization of high-performance Ni(OH)2 supercapacitor
electrodes. These electrodes are based on well-ordered and
highly scalable 3D architectures that are composed of laminat-
ed, highly conductive Cu backbone structures with a confor-
mally electrodeposited thin film of Ni(OH)2 as the electrochemi-
cally active material. The fabrication process consists of a series
of microfabrication technologies and electrochemical tech-
niques. Among the electrochemical methods utilized in this
work, UPD was shown to be a simple and reliable tool for pre-
cisely determining the surface area of microfabricated 3D Cu
architectures. The resulting electrodes offered a relatively high
specific capacitance of 733 F g�1 that was determined through
a CV scan at a rate of 5 mV s�1. The device demonstrated a re-
markable power capability by delivering 69 % of its capacitance
at a relatively high scan rate of 25 mV s�1. A similarly high ca-
pacitance delivery was observed when performing galvanostat-
ic charge and discharge experiments at rates as high as
20 A g�1. In excess of 1000 CV runs were carried out at
20 mV s�1, and the device showed an outstanding cycling sta-
bility with a capacitance retention of 94 %. These high energy
and power densities have been attributed to the high surface

area and minimal internal resistance of the electrode, respec-
tively, both of which are highly desirable features for electro-
chemical energy-storage systems. Although similar per-
formance improvements were able to be reportedly achieved
by utilizing various 3D architectures, including metal foams,
nanotubes, and aerogels, these structures generally lack scala-
bility, and the methods to fabricate these structures do not
allow precise control over their critical dimensions and, hence,
they are not as reproducible. An important and unique feature
of the Cu electrodes reported herein, on the other hand, is
their scalability, which opens up the possibility of electrodes
with higher areal energy densities that can be achieved by
simply increasing the number of layers, maintaining the same
footprint and without altering the precisely determined charac-
teristic dimensions, such as diffusion and conduction path
lengths. Thus, as the amount of stored energy is significantly
increased, the high power capability of the electrode is main-
tained. The highly conductive Cu current collector coated with
a thin and conformal active material film minimizes device re-
sistance through its highly conductive backbone and relatively
short diffusion pathways. Another advantage of this batch fab-
rication approach is the ability to fabricate multiple electrodes
on a substrate simultaneously, owing to the automated and ro-
botically assisted sequential deposition technique. One final
unique feature offered by these versatile Cu backbones is the
ability to incorporate other active materials with higher intrin-
sic capacitances (e.g. RuO2), thus furthering the increase in
energy density.

Experimental Section

Preparation of the Photoresist Mold

A negative-tone photoresist (NR21-20000P, Futurrex) was spin-
coated on a Ti/Cu-sputtered glass substrate at 1200 rpm for 10 s,
leading to an approximate film thickness of 100 mm. Next, a soft-
bake process was carried out on hot plates at 80 and 150 8C for 10
and 5 min, respectively. Following the pre-exposure bake, the pho-
toresist film was patterned with a chrome mask under UV exposure
at 365 nm by a total energy of 5 J. Post-exposure bake was per-

Table 1. Performance comparison of various Ni(OH)2-based electrodes.

Specific capacity[a]

[F g�1]
Specific capacity[b]

[F g�1]
Capacitance
retention[a] [%]

Capacitance
retention[b] [%]

Cycle life (cycles)
[%]

Ref.

733 (5 mV s�1) 540 (5 A g�1) �69 (5–25 mV s�1) 50 (5–20 A g�1) �94 (1000) this work
– 3152 (4 A g�1) – �9 (4–16 A g�1) 48 (300) [7]

1735 (1 mV s�1) – 30 (1–50 mV s�1) – – [49]
– 166 (0.5 A g�1) – �67 (0.5–10 A g�1) 65 (1000) [50]

1715 (5 mV s�1) 1874 (4 A g�1) �67 (5–20 mV s�1) – �82 (1000) [51]
– 597.4 (0.3 A g�1) – 64 (0.3–5 A g�1) – [52]

2188 (1 mV s�1) 1868 (20 A g�1) 57 (1–20 mV s�1) 72 (20–70 A g�1) 76 (10 000) [53]
1953.6 (2 mV s�1) – �44 (2–20 mV s�1) – 93.5 (500) [56]

1300 (1 mV s�1) – �68 (1–5 mV s�1) – 95 (200) [57]
771 (5 mV s�1) 1532 (0.2 A g�1) �47 (5–20 mV s�1) �55 (0.2–4 A g�1) 81 (300) [58]

– 578 (0.5 A g�1) – �76 (0.5–2 A g�1) 95.5 (400) [59]
– 1235 (1 A g�1) – �63 (1–20 A g�1) 80 (500) [60]

324 (5 mV s�1) – �10 (5–100 mV s�1) – 78 (500) [61]

[a] Based on CV data. [b] Based on galvanostatic charge/discharge data.
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formed on a hot plate at 80 8C for 10 min, and then the photoresist
was developed in an aqueous tetramethylammonium hydroxide
(TMAH) solution (RD6, Futurrex) until all of the unexposed regions
of the photoresist dissolve.

Formation of Multilayer Structures

Robotically assisted sequential electroplating of Ni and Cu layers
was carried out in their respective plating baths to form multilayer
structures. For the electrodeposition of Cu, a commercial plating
solution (Clean Earth Cu-Mirror, Grobet) was used, in which high-
purity Cu sheets were utilized as counter electrodes. As for the
electrodeposition of Ni layers, an all-sulfate Ni bath was used along
with a high-purity Ni foil as the counter electrode. The Ni plating
bath was prepared by dissolving nickel(II) sulfate hexahydrate
(NiSO4·6 H2O, 400 g), boric acid (H3BO3, 40 g), and saccharin (3 g) in
deionized (DI) water (1 L) with a resistivity of 17.5 MW cm. Prior to
electrodeposition, both the Cu and Ni foils were degreased by
cleaning thoroughly with acetone, methanol, and isopropyl alcohol
(IPA), followed by hydrochloric acid (HCl) treatment to remove the
oxide layer on the surface. All electroplating processes were carried
out at room temperature and at a current density of 10 mA cm�2.
Between the electrodeposition of two consecutive Cu and Ni
layers, the substrate was thoroughly rinsed in two separate DI
baths to avoid cross-contamination of the plating baths.

Synthesis of the Ni(OH)2 Film

Electrodeposition of the active material [i.e. Ni(OH)2] was carried
out in Ni(NO3)2 solution (0.2 m) by using a solvent that consisted of
80:20 volume percent (v/o) water and ethanol. A three-electrode-
cell configuration was prepared, in which a multilayer structure,
a Pt sheet and Ag/AgCl were utilized as the working, counter, and
reference electrodes, respectively. To ensure conformal deposition
of the active material, cathodic potential pulses were applied to
the substrate (0.5–1 V) with the help of a potentiostat (WaveDriver
10, Pine Instruments). A rest time of 9 s was provided for mass
transfer after each pulse of 1 s for 300 cycles.
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