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Abstract
High-surface area, three-dimensional (3D) microstructures are designed and fabricated by the
sequential electroplating of sacrificial and structural layers in a photoresist mold. A conformal
coating of electrochemically deposited nickel hydroxide (Ni(OH)2) films on these
MEMS-enabled multilayer structures enabled the formation of functional electrodes for
electrochemical energy storage devices. The characterization of the electrodes is performed
galvanostatically at various charge and discharge rates. Electrodes with a varying number of
laminations are shown to yield areal capacities from 0.1 to 5.2 mAh cm–2. Power
characteristics of the electrodes are determined by applying ultra-high charge rates of up to
120 C. At this high charge rate, the electrode is able to deliver 90% of its capacity.
(Some figures may appear in colour only in the online journal)

1. Introduction

coating sandwiched between rapid ion (i.e. electrolyte) and
electron (i.e. current collector) transport routes [1]. 3D
micro- and nanostructured materials with a similar concept
and various architectures including pillar arrays, metal
networks and nanofoams have also been fabricated via MEMS
technologies [2–4]. When utilized as battery electrodes, they
have exhibited superior performance to their 2D thin-film
counterparts in terms of both energy and power densities
[5, 6]. Yet they generally fall short of providing significant
improvement simultaneously in both their energy and power
capabilities.
In the study reported herein, the design and fabrication of
a high-surface area, 3D electrode, composed of a well-ordered
current collector with multiple layers of metal structures
and conformal coating of electrochemically active material,
has been demonstrated. Due to its relatively easier synthesis
process and safer operating conditions compared to Li-ion
systems, nickel oxyhydroxide (NiOOH) is selected as the
active material. Two separate fabrication routes are proposed
for the fabrication of low- and high-capacity applications. The
fabricated electrodes are tested and characterized in alkaline
electrolytes under galvanostatic conditions.

Over the past two decades, the widespread miniaturization of
portable electronic equipment from smart phones to numerous
multimedia tools has led to the need for similarly scaled
energy storage devices, i.e. batteries that possess high energy
densities. In addition, the rate of energy transport, i.e. power
density, has become a crucial aspect for these devices, which
require rapid charge and discharge capabilities. Conventional
batteries have relatively high energy densities providing the
systems with prolonged energy supply, yet usually lack
similarly high power densities, which limit the rate of energy
transfer. Capacitors, and more recently supercapacitors, on the
other hand, possess extremely high power densities; however,
the amount of energy they can store is rather limited compared
to batteries. To narrow the application gap between these two
energy storage mechanisms, batteries with rapid charge and
discharge capabilities are required.
A significant improvement in the charge and discharge
capabilities of Ni- and Li-based secondary batteries has
been recently reported where the high-power performance
relies on the high-surface-area three-dimensional (3D)
bicontinuous electrodes hosting a conformal active layer
0960-1317/13/114008+07$33.00

1

© 2013 IOP Publishing Ltd

Printed in the UK & the USA

J. Micromech. Microeng. 23 (2013) 114008

A Armutlulu et al

2. NiOOH/Ni(OH)2 chemistry

(i)

Although Li-ion is the most popular battery chemistry for
portable electronic systems, the NiOOH/Ni(OH)2 chemistry
is not only more easily integrated with MEMS processes (e.g.,
aqueous electrodeposition), but it is also a component of the
popular NiMH battery chemistry. It exhibits a reversible charge
storage redox chemistry comprising the diffusion of protons
through the solid-state lattices of β-NiOOH and β-Ni(OH)2 as
shown in the following reactions:
Ni(OH)2 + OH− → NiOOH + H2 O + e−

(1)

NiOOH + H2 O + e → Ni(OH)2 + OH

(2)

−

−

where the former and latter reactions are associated with
charging and discharging of the electrode, respectively
[7]. Various methods exist in the literature to synthesize
Ni(OH)2. Nano-sized Ni(OH)2 structures possessing various
morphologies in the form of nanosheets, nanorods,
nanoribbons, nanotubes and nanowires have been synthesized
to obtain improved specific capacity [8–13]. Yet they are
mainly in powder form, which makes their deposition on the
current collector difficult. Binders with conductive additives
need to be utilized in order to attach these particles to the
current collectors. The inclusion of organic binder compounds
results in poorer contact between the active material particles
and the highly conductive metal backbone, or current collector,
which negatively contributes to the internal resistance of
the electrode and thus, leads to a reduced performance.
Additionally, the existence of these organic materials adds
to the mass and the volume of the electrode and hence,
decreases its specific capacity. Moreover, when the current
collector comprises meso- or even microporous material (e.g.
Ni nanofoams) it is quite likely that the applied active material
particles are unevenly disseminated in the highly porous
structure, clogging the outer pores and generating dead spaces
within the structure leading to inefficient utilization of the
electrode during the charge and discharge processes. These
particles may even damage the current collector, particularly
if the structure lacks sufficient mechanical robustness as in the
case of some microscale electrodes [3].
Considering all of these aspects, an attractive approach
to combining the current collector with the active material is
either through the electrodeposition of the active material onto
the current collector or through the growth of active material
directly on the current collector. The latter approach can be
investigated by using either electrochemical growth or the
spontaneous growth of the active material.
Electrochemical growth involves direct anodic oxidation
of the Ni structures in alkaline solutions. This method,
however, yields a relatively thin Ni(OH)2 layer consisting of
no more than two–three monolayers due to the self-limiting
nature of hydroxide layer growth [14–16]. This amount of
active material is not sufficient for energy storage applications.
To overcome this issue, techniques involving high-frequency
potential cycling conditions have been introduced where
the macroscopic growth of relatively thick Ni(OH)2 layers
is achieved by applying periodic square-wave potentials at
frequencies exceeding 1 kHz [17]. Yet the amount of active

(ii)

(iii)

(iv)

(v)

(vi)

Figure 1. Fabrication schematic of the current collector
demonstrating six major steps: (i) photoresist mold deposition and
patterning, (ii) electroplating of alternating Ni and Cu layers,
(iii) second photoresist mold patterning, (iv) electroplating of Ni
anchor, (v) removal of photoresist, (vi) selective and complete
etching of sacrificial Cu layers.

material obtained using this method is still much less than
can be obtained via electrodeposition. A mechanism involving
template-free growth of Ni(OH)2 nanosheets on a Ni substrate
in the absence of potentiometric conditions has been proposed
[18]. This method enables the growth of significant amounts
of active material for a given footprint area. However, in order
to have exact control over the amount of active material to be
synthesized, the reaction rates need to be well defined.
Electrodeposition can further be investigated under two
main branches: anodic and cathodic deposition. There are
numerous studies comprising both deposition techniques
[19–34]. Our study is focused on cathodic deposition since
a high-efficiency method has been developed for the active
material deposition at room temperature, as well as a formula
that accurately predicts the mass of the deposited active
material [25, 34]. The active material has been reported to
undergo a two-step reaction mechanism [25]. An equilibrium
reaction takes place as shown in the following equation:
4Ni2+ + 4OH− ↔ Ni4 (OH)4+
4 .

(3)

−
Ni4 (OH)4+
4 + 4OH → 4Ni(OH)2 ↓ .

(4)

This reaction is then followed by the deposition reaction of
Ni(OH)2 as given in the following equation:

3. Development of the 3D electrodes
3.1. Fabrication of the current collector
Figure 1 illustrates the fabrication process of the current
collector that involves the electroplating of alternating Ni and
Cu layers followed by the removal of the sacrificial Cu layers
resulting in a well ordered and highly laminated Ni structure.
This process can be classified into two types: (i) fabrication
2
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(b)

Figure 2. Optical and SEM images of the multilayer Ni backbone: (a) optical image illustrating the top view of the electrode where the
vertical and horizontal lines represent the anchors and multilayer backbones, respectively, (ii) SEM image demonstrating the multilayer Ni
backbone after complete removal of the selective Cu layers.

of current collectors with a total thickness of up to 100 µm
for low-capacity applications and (ii) fabrication of current
collectors with a total thickness of 300 µm and above for
high-capacity applications. Both structures are fabricated on
a 1 cm2 footprint area. However, the differentiating factor
is the choice of photoresist that serves as the mold in the
electroplating process as detailed in the upcoming section. For
high-capacity applications, highly laminated structures with
up to 100 pairs of Ni/Cu layers are required in order to be
able to deposit the required amount of active material on
the structures. To achieve structures with that many layers,
an ultra-thick, removable photoresist needs to be utilized
as a mold. This ultra-thick photoresist can also be used
for low-capacity applications. However, the long processing
times required for various steps including soft-baking, UV
lithography and stripping make it an unfavorable choice for
low-capacity applications.

pairs in a well-controlled fashion [5]. In order to avoid crosscontamination of the electroplating solutions, the substrate is
rinsed in two separate deionized (DI) water baths between
the electroplating of subsequent Ni and Cu layers. For highly
laminated structures, the plating process might take up to
48 h. In such circumstances, the water in the rinsing baths
is refreshed every 8 h.
Once the electroplating is completed, the photoresist mold
is stripped with acetone. After rinsing thoroughly with DI
water, the sample is immersed in a selective Cu etching
solution for 1–2 min which enables a slight etching of Cu
layers to a depth of 1–2 µm. This permits the anchor, which
is electroplated in the subsequent step, to provide better
mechanical support for the structural Ni layers. Following this
brief etching step, a second spinning and patterning process
is carried out using the same photoresist as before. This time,
the photoresist serves as the mold for the electrodeposition
of thick Ni anchors on specific regions of the sidewalls of
the multilayer structures. These anchors not only maintain a
mechanical support for the Ni layers to prevent them from
collapsing following the complete etching of the sacrificial
Cu layers, but also provide electrical connection between
individual Ni layers. Upon completion of the anchor plating,
the photoresist mold is again stripped via acetone. The last step
for the fabrication process of the current collector involves the
complete and selective removal of the sacrificial Cu layers. The
sample is placed in the selective Cu etchant for approximately
10 h to ensure the complete removal of the sacrificial layers.
Next, the sample is rinsed carefully in DI water and then
immersed in isopropyl alcohol immediately before full drying
in the oven. Exposing the sample to liquids with descending
capillary forces minimizes the risk of potential deformations
in the multilayer structure, particularly for the cases involving
thin Ni layers [35]. Drying the sample in the oven at 65 ◦ C for
1 h concludes the fabrication process for the current collector.
Figure 2 shows optical and SEM images of a 25-layer current
collector after complete removal of the sacrificial Cu layers.
In certain cases, where the channels on the sidewalls of the Ni
backbone are partially clogged, an additional electropolishing
step is performed by applying anodic pulse currents to the
substrate in a Ni plating bath for 30 min.

3.1.1. Fabrication of the low-capacity current collector.
Ti/Cu/Ti layers are dc sputtered onto a glass substrate.
Next, the substrate is spin-coated with a negative tone
photoresist, NR21-20000P (Futurrex), that forms a film with
an approximate thickness of 100 µm. This photoresist layer is
then patterned via UV exposure (365 nm) and developed in an
aqueous tetramethylammonium hydroxide (TMAH) solution
(RD6, Futurrex) to serve as the mold during the electroplating
process. Upon preparation of the mold, the topmost Ti layer is
etched by diluted hydrofluoric acid so that the underlying Cu
layer is exposed and utilized as a seed layer for the subsequent
electroplating process. The electroplating of the alternating Ni
and Cu layers is carried out in their respective electroplating
baths where Ni and Cu serve as structural and sacrificial
layers, respectively. For Ni deposition, an all-sulfate bath
consisting of nickel sulfate (NiSO4), boric acid (H3BO3) and
saccharin is prepared, whereas a commercial electroplating
solution is used for Cu deposition. The current density is set
to 10 mA cm–2 for the deposition of both metals. A robotic
plating setup, as described in our previous study, is used to
perform repetitive alternating electroplating of tens of Ni/Cu
3
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be taken when performing soft baking because the amount
of solvent in the resist should remain within a given range
to ensure the necessary mechanical properties for further
processing [37]. To estimate the amount of the remaining
liquid, the weight of the sample is measured periodically. The
optimum baking time at 105 ◦ C has been found to be 14 h for
this thickness of resist. After the soft baking process, the resist
is cooled for 2 h at room temperature, which is followed by the
UV exposure. For photoresist films with thicknesses exceeding
hundreds of microns, prolonged exposure times are required
which depend on the film thickness and feature size of the
patterns. To ensure that necessary exposure has been applied,
the energy dose is adjusted to 60 J cm–2. Adhesion of the resist
to the chrome mask during the long exposure process can
be an issue since a significant amount of solvent still persists
within the resist. To avoid this adhesion problem, a low-density
polyethylene-based plastic film with a thickness of 12.5 µm
is placed between the sample and the chrome mask. This thin
plastic film has been estimated to cause the transmission of the
UV light to diminish by approximately 10% which is taken
into account when calculating the required time to apply the
given amount of energy to the photoresist. Upon completion
of the exposure, an ultrasonic-assisted development is carried
out in a TMAH-based developer (AZ 300 MIF, AZ Electronic
Materials) for about 30 min. The mold is then thoroughly
rinsed and dried. Figure 3 shows the SEM images of the
high aspect ratio photoresist mold. Immediately before the
electroplating process, O2 plasma treatment is performed to
improve the wettability of the resist, which has been observed
to affect the electroplating quality significantly, particularly for
applications involving ultra-thick photoresist layers where the
diffusion of the aqueous plating solution might be a limiting
factor for the deposit quality.
Upon completion of the electroplating process, the
photoresist is stripped. The bulk resist surrounding the
multilayer structures can be easily removed via acetone.
The pillars, however, need to be first treated with dimethyl
sulfoxide solution at 80 ◦ C for 30 min followed by
ultrasonication in DI water for another 30 min. Optical images
in figure 4 show the photoresist mold before and after the
electrodeposition of the multilayer structure. The fabrication
of the electrodes with 75 and 90 laminations was realized with
this photoresist.
As opposed to high lateral aspect ratio structures used for
the low-capacity applications where the photoresist mold has

Figure 3. SEM images of the high aspect ratio mold before the
electroplating process.

3.1.2. Fabrication of the high-capacity current collector. In
order to improve the capacity of the electrode while keeping
the electrode dimensions constant, a larger number of Cu/Ni
electroplated layers are needed, which requires a thicker mold
for the electroplating process. SU-8 has been known as a
good candidate for the fabrication of such thick, high aspect
ratio structures [36]. Once cross-linked, however, it becomes
difficult to remove due to its rather high chemical resistance.
Recently, an acrylic photoresist (AZ 125 nXT) has been shown
to yield high aspect ratio (20:1) structures as thick as 1 mm
and above [37]. The ability to remove this photoresist through
wet stripping without the need for a plasma-assisted process
has made it an attractive choice for our studies. With the
exception of the mold preparation and stripping steps, the
same processes as before are followed for the fabrication of
the current collector. Hence, only the processing details of the
photoresist are discussed here.
First, the photoresist with an approximate thickness of
1 mm is uniformly poured on the Ti/Cu/Ti coated glass
substrate using a syringe. A very low spinning rate of
100 rpm is applied for 1 min to ensure further uniformity
of the photoresist on the substrate. For these thick photoresist
structures, a long pre-exposure bake is required. Care should

(a)

(b)

(c)

Figure 4. Optical images showing the ultra-thick mold: (a) top view of the array of high aspect ratio pillars before electroplating,
(b) electroplated multilayer structure before the removal of the mold, (c) multilayer structure with etching holes exposed after the stripping
of the mold.
4
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Figure 6. Performance of the electrodes with varying number of
layers.

4. Charge and discharge characteristics of the
NiOOH electrodes
To examine the charge and discharge characteristics of the
fabricated electrodes, a two-electrode system is prepared in a
6M KOH electrolyte utilizing a large Zn sheet as the counter
electrode, which forms a secondary Ni/Zn battery chemistry.
Electrodes with varying number of laminations (15, 25, 75,
and 90) are galvanostatically tested at room temperature. The
electrodes are charged at various charging rates ranging from
2 to 120 C and then discharged at a constant rate of 2 C, where
the x-C rate equals the rate at which the electrode is completely
charged or discharged in 1/x hours. During these charge
and discharge cycles, the potential between the multilayer
Ni electrode and the Zn sheet is continuously recorded via a
potentiostat (PowerLab 2/20, ADInstruments). The discharge
process is terminated once the potential reduces to a cutoff
value of 1.3 V. The limiting potential for charging is set to
2 V. From the discharge data, the capacity of the electrode is
calculated by multiplying the discharge current by the time it
takes for the potential to drop to the cutoff value. This value is
then divided by the footprint area of 1 cm2 for each electrode.
Discharge profiles of four electrodes with different
number of laminations can be seen in figure 6. These profiles
are in good agreement with the previously reported Ni/Zn
batteries [38–40]. An interesting point to note is that the
15-layer structure exhibits an areal capacity of 0.1 mAh cm–2,
whereas a capacity of 5.2 mAh cm–2 is achieved with the
90-layer electrode. Therefore, a 6-fold increase in the number
of layers resulted in more than 50-fold increase in the areal
capacity. The underlying reason for the deviation from linearity
is a result of the dimensions of the individual layers and active
material films. In the latter case, the gap between two Ni
layers, or in other words, the thickness of the sacrificial Cu
layer before etching is approximately 4 µm, which allows
more space to be occupied by the active material. However,
having space for more active material is not always beneficial,
particularly if the aim is enhanced power density. The thicker
the active material on each Ni layer becomes, the longer is
the path to diffuse for the solid-state ions which is likely to
limit the charge and discharge rate of the electrode. Therefore,
an optimum active material thickness needs to be determined

(b)

Figure 5. SEM images of the sidewall of the multilayer structure:
(a) before and (b) after active material deposition.

a length and width of 10 mm and 0.1 mm, respectively, the
mold should be patterned as laterally smaller size structures
with pillar-shaped architectures as shown in figure 3 due to the
stress-related limitations of AZ 125 nXT. The openings within
the multilayer structures that arise after the removal of these
pillars will serve as the etching holes during the selective Cu
etching process.
3.2. Deposition of the active material
To demonstrate the improvement provided by these multilayer
Ni structures to the battery performance, Ni(OH)2 is deposited
on these structures and used as the active material. The
deposition of the active material onto the highly laminated
Ni backbone is carried out galvanostatically in a 0.2 M nickel
nitrate (Ni(NO3)2) solution. A two-electrode cell is prepared,
using a Pt mesh as the counter electrode. Cathodic currents
are applied to the substrate in pulses (1 s on/9 s off) in
order to ensure the conformal coating of the Ni backbone.
A microscale is used to weigh the sample before and after
the electrodeposition process, and the amount of deposited
active material is observed to be in good agreement with
the theoretical value. SEM images of the 25-layer structure
are shown in figure 5 where the sidewall of the multilayer
backbone can be seen before and after Ni(OH)2 deposition.
It can be seen that the gaps between the layers are
smaller in figure 5(b) than those in figure 5(a), confirming
conformal deposition of the active material on the multilayer
structure.
5
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applied to commercially more attractive systems, such as Liion batteries, where a similar enhancement is expected in the
charge and discharge performance of the system.
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