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H
uman skeletal muscles are ideal
actuators with large strain ampli-
tudes (>40%), fast strain response

(>50%/s), high energy efficiency (∼40%),
and durability (>109 life cycles).1 Materials
that can mimic the properties of muscles
upon outside electrical/chemical triggering
are known as “artificial muscles”, which may
serve, for instance, as the building blocks of
robots.2�5 Nowadays, piezoceramics, elec-
troactive polymers, and shape memory
alloys have already been commercialized
as actuation materials for artificial muscle
applications.6,7 However, their use is limited
by factors including ultrahigh actuation volt-
ages needed (>1 kV for both piezoceramics
and electroactive polymers), small strain
amplitudes (∼0.1% for piezoceramics), and
low energy efficiency (∼3% for shapemem-
ory alloys).1,8 In the past decade, increasing
attention has been paid to a diverse group
of nanoporous materials for electrochemi-
cal actuations, including nanoporous noble
metals,9�13 carbon nanotubes,1,3,14�20 con-
ducting polymers,1,3 carbon aerogels,16,21 and
graphene films,22�24 to transform electrical
energy into mechanical energy for potential

applications as artificial muscles.25 Due to the
low triggering voltages for the electrochemi-
cal process in the actuationmechanism, these
nanoporousmaterials require voltages on the
order of 1 V to actuate,which is about 3 orders
of magnitude lower than that for conven-
tional actuation materials,6,7 such as piezo-
ceramics, which require high voltages to
realize dipole alignment in the bulk, while
the actuation strain achievable is comparable
to, or even 1 order of magnitude higher than,
these conventional actuation materials.
In spite of the above, many challenges

still need to be overcome before nanostruc-
tured materials can be widely used in prac-
tical actuation applications.1�5,26 Although
polymer-based actuation materials have
large charge-induced reversible strains
(>100%), they suffer from slow response
times21,27 and low stiffness and strengh.9

Metallic-based nanoporous materials are
competitive candidates for electrochemical
actuators in terms of their much better
stiffness and strength. Furthermore, by de-
creasing the ligament size in these nano-
porous metals, not only can the yield
strength and stiffness be enhanced,28�30
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ABSTRACT Current metallic-based electrochemical actuators are limited to nanoporous

gold/platinum with randomly distributed pores, where the charge-induced reversible strain is

mainly due to the nonfaradic charging/discharging processes along the capacitive electro-

chemical double layer. Here, we report an electrochemical actuating property of nanohoney-

comb-structured nickel, with the actuation mechanism mainly due to a pseudocapacitive

behavior by means of reversible faradic redox reactions. By using a dual-template synthesis

method, a bilayered cantilever, comprising a nanohoneycomb layer backed by a solid layer of

the same metal, was fabricated. Reversible bending of the cantilever upon cyclic potential

triggering was observed. The strain of the cantilever increases nonlinearly with both potential

and charge due to redox reactions. The maximum strain that can be achieved under a certain scan rate complies with a linear relationship with the capacity.

Benefiting from the stable Ni(II)/Ni(III) redox couples at the electrode surface, the reversible actuation is very stable in hydroxide solutions.

KEYWORDS: nanohoneycomb nickel . electrochemical actuation . surface-charge-induced strain . reversible redox reactions .
electrochemical double layer
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but the actuation strain can also be increased because
the strain is proportional to the surface-area-to-volume
ratio.12

However, the nanoporous metals that have been
studied to date have certain limitations. First, these
metallic-based electrochemical actuators are restricted
to noble metals, such as Pt,12 Au,5,9 and Au�Pt com-
posites,9 because of their unique properties including
the high redox potentials and small accessible liga-
ment size (<10 nm). Other metals,31�35 such as Ag, Ni,
and Cu, which were made by dealloying,36,37 were
found to exhibit relatively larger ligament size and
contain frequent cracks, which limit their actuation
performance.38 Second, nanoporous noble metals made
bydealloyingmethods have randomlydistributedporous
structures, and as a result, the charge-induced stresses
between neighboring nanoligaments are not efficiently
exploited and may even be partially canceled.39�41

Furthermore, in terms of the electrochemical actua-
tionmechanism, the strain in nanoporous noblemetals
has been demonstrated to be induced by charges.12

However, charges can be stored at the electrode/
electrolyte interface in two ways: one is the nonfaradic
charging along the capacitive electrochemical double
layer, and the other is the faradic redox reactions, the
so-called pseudocapacitive processes.42 The nonfar-
adic process is associated with the potential-dependent
accumulation of charges by means of electrolyte ion
movement, reorientation of solvent dipoles, and ion
adsorption/desorption, while the faradic process is
associated with electrochemical reactions. This differ-
ence in charge storage may result in different mechan-
isms for charge-induced strain at the electrode surface.
For the nonfaradic case, the charge accumulation at
the capacitive double-layer can induce electron redis-
tribution among the surface atoms of the electrode,
resulting in changing of the bond strength and the
equilibrium interatomic distance, and, thus, strain.12,43�45

This type of charge-induced strain has been found in

nanoporous Pt12 and Au,36 in which the strain linearly
increaseswith potential, within a region corresponding
to the purely capacitive double layer.12,36 However, for
the faradic case, charges are not accumulated but
stored within the reaction products along the elec-
trode surface. The reaction products may have differ-
ent lattice structures or volumes compared with the
substrate materials, and as a result, strain may be
induced by lattice mismatch or volume expansion/
contraction. To our knowledge, little attention has
been paid to this possible mechanism for charge-
induced strain, possibly due to the lack of electro-
chemical actuation materials that exhibit obvious
redox reactions upon actuation. This is another sig-
nificant point of this work.
Here, we demonstrate a cantilever-shaped and nick-

el-based electrochemical actuator, which consists of a
highly ordered nanohoneycomb layer backed with a
solid layer. Upon cyclic electric charging, reversible
strain is induced within the nanohoneycomb nickel
layer, mainly due to the reversible redox reactions.
Due to the constraint of the solid nickel layer, reversible
andmacroscopic bending of the cantilever is observed,
and the electrochemical properties are characterized
in situ. The strain increases with potential and charge in
a nonlinear manner, and a very simple linear relation-
ship between electrochemical capacity and strain is
observed. The nanohoneycomb structure in nickel is
duplicated from self-ordered anodic aluminum oxide
(AAO), by a two-template-based method. The present
actuating material system studied is significantly dif-
ferent from the previously studied counterparts of
nanoporous noble metals, in terms of the nanoporous
architecture, synthesis method, and actuation mecha-
nism, and is also low-cost to fabricate.

RESULTS AND DISCUSSION

Fabrication and Microstructure Characterization of Bilayered
Nanohoneycomb/Solid Ni. Figure 1 illustrates the fabrication

Figure 1. Schematic of the fabrication process of an ordered nanohoneycomb Ni layer backed by a solid Ni layer. (a) AAO
template; (b) Au sputtering on the top surface of the AAO template; (c) polymermounting into the AAO template; (d) inverse
polymer template; (e) electrochemical deposition of Ni into the polymer template; (f) 3-D view of the bilayered nanohoney-
comb/solid Ni foil.

A
RTIC

LE



CHENG AND NGAN VOL. 9 ’ NO. 4 ’ 3984–3995 ’ 2015

www.acsnano.org

3986

process of the bilayered nanohoneycomb/solid Ni struc-
ture (seeMethods section). Essentially, such a structure is
produced by electrodeposition of Ni on an inverse
polymer template (Figure 1d), which is in turn fabricated
bymoldingonto a highly orderednanohoneycombAAO
template (Figure 1a). The use of the polymer as an
inverse template, instead of directly electrodepositing
Ni onto the AAO template, enables the resultant Ni
structure to adopt a similar nanohoneycomb structure
to the original AAO template.

By using a recently developed high-acid-concentra-
tion and high-temperature anodization method,46

AAO templates with a highly ordered nanohoneycomb
structure were fabricated by two-step anodization of
aluminum, as shown in Figure 2a. The top view of the
AAO has a quasi-hexagonal pattern with an average

interpore distance of∼96 nm, which is slightly smaller
than that obtained by the conventional mild anodiza-
tionmethod (∼100 nm),47 because of the effects of the
high oxalic acid concentration used.46 The newmethod
has the advantage of fast fabrication of AAO within
about 3 h, compared to typically 2 days in the mild
anodization method, and it yields much better order-
ing quality of the pore channels than themild anodiza-
tion method. Within a voltage range from 30 to 60 V
in oxalic acid, the interpore distance is tunable from
74 to 112 nm.46

From the AAO template in Figure 2a, an inverse
template comprising polymer pillar arrays was fabri-
cated by hot mounting into the channels of the AAO
under 15 kN pressure at 180 �C, as shown in Figure 2b.
After that the AAO template was selectively dissolved,

Figure 2. (a) AAO template formed by high-acid-concentration and high-temperature anodization method (40 V, 0.9 M
H2C2O4, 20 �C, 1st step 3 h, 2nd step 5 min). (b) Polymer inverse template fabricated from the AAO template. (c) Top view of
nanohoneycomb Ni duplicating the structure of the AAO template in (a). (d, e) Cross-sectional views of nanohoneycomb Ni
corresponding to (c). (f) Top-view photo for comparison between nanohoneycomb Ni and solid Ni (without the nanohoney-
comb structures). (g) X-ray diffraction corresponding to nanohoneycomb Ni and solid Ni shown in (f).
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and then Ni was electrodeposited into the spacing
of the inverse polymer template. After selectively dis-
solving the inverse template, a nanohoneycomb Ni
structure that duplicates the quasi-hexagonal pattern
of AAO was obtained, as shown in Figure 2c�e. By
controlling the electrodeposition time, a backing layer
of solid Ni can be deposited outside nanohoneycomb-
structured Ni, and a bilayered nanohoneycomb/solid
structure can be obtained. In Figure 2c�e, the electro-
chemical deposition timewas selected to be 20min, so
that a thin layer (∼0.18 μm) of solid Ni wasmade to just
cover up a much thicker (∼2.0 μm) layer of nano-
honeycomb Ni. The inset in Figure 2d shows energy-
dispersive X-ray spectroscopy results from a cross-
section of a nanohoneycomb Ni layer in Figure 2e,
which confirm that the fabricated material consists
mainly of nickel.

This dual-template-based, nonlithographic method
is capable of fabricating large-scaled nanohoneycomb
metal foils (e.g., Figure 2f) not just for Ni but other
metals that can be electrodeposited onto an electrode.
At present, dealloying methods are widely used to
fabricate nanoporous noblemetals for electrochemical
actuation,4,9,12 but such methods result in random
nanoporous structures. As a result, the charge-induced
stresses between neighboring nanoligaments may not
be efficiently utilized to produce large actuations, and
also the randomly porous structuremay restrict the ion
diffusion into the pore channels. On the contrary, the
template-based nonlithographic method here can re-
sult in highly ordered nanohoneycomb arrangements
of the pore channels. In addition, the pore size and
interpore distance of the porous structure can be
controlled in a wide range, by fine-tuning the anodiza-
tion conditions in the fabricationof theAAO template.46,48

Figure S1 shows the scanning electron microscopy
(SEM) image of another fabricated bilayered Ni sample
with a much thicker (∼1 μm) solid backing layer. This
sample was cut into two pieces, which are shown in
Figure 2f; the left one has the nanohoneycomb layer
facing up, while the right one has the solid Ni layer
facing up. The nanohoneycomb Ni layer appears golden
in color, in contrast with the usual silvery color of the
solid Ni layer. The golden color of the nanohoneycomb
Ni may be an intrinsic property due to the ordered
metallic structure, such as that in photonic crystals,
which can prohibit the propagation of light of a certain
frequency range within the photonic band gap.49,50 It
should also be noted that no obvious content of
elements that have a golden color can be detected in
nanoporous Ni from the energy-dispersive X-ray spec-
troscopy results (see Figure 2d). X-ray diffraction was
performed on the nanohoneycomb Ni layer as well as
on the solid Ni backing layer, and as shown in Figure 2f,
the result confirms that the nanohoneycomb layer had
an fcc crystalline Ni structure almost identical to that of
the solid layer of Ni. Compared with solid Ni, however,

the nanohoneycomb Ni had slight right shifts of the
diffraction peaks, indicating a reduction in lattice con-
stant in the nanohoneycomb Ni. From Bragg's law, the
lattice constant of the nanoporous Ni was calculated
to be 3.5182 Å, which is about 0.105% smaller than that
of bulk Ni (3.5219 Å); see Table S1. Therefore, in the
absence of excess electric charges, contraction strain
already exists within the nanoporous Ni. This is in
accordance with Ibach's model, in which the surface
electrons redistribute into the regions between the
surface atoms, resulting in an increase of the bond
strength and a reduction of the equilibrium intera-
tomic distance.43,44

Electrochemical Actuation in Bilayered Nanohoneycomb/
Solid Ni. For electrochemical characterization of the
bilayered nanohoneycomb/solid Ni foils, as shown in
Figures 3 and S2, an in situ setup was constructed. One
end of the Ni foil was fixed at the wall of the electro-
chemical cell, while the other end could move freely.
During charging, any slight movement of the foil's free
end was directly observed and magnified by the
optical microscope, captured by a CCD camera, and
then recorded as videos by a computer. The displace-
ment of the free end was measured from the videos.
The images observed by the optical microscope corre-
spond to the cross-section of the bilayered Ni as shown
in the top part of Figure 3, and the real situation is
shown in Figure S2. At the same time, the electroche-
mical properties of the sample were measured by the
potentiostat in order to understand the actuation
mechanism.

Figure 4 shows typical relationships of the free-end
displacement of a bilayered Ni foil against time under
cyclic potential actuations, while the corresponding
current during the potential scanning is shown in

Figure 3. Schematic of an experimental setup for the
measurement of the reversible bending of the cantilever-
shaped and bilayered Ni upon cyclic charging. During
bending of the cantilever, electrochemical properties of
the sample are measured by the potentiostat. The top part
of the figure illustrates a cross-section view of the sample,
which is facing the lens of the optical microscope. The real
setup and the sample fixed at the electrochemical cell are
shown in Figure S2.
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Figure 5a. Twenty repeating potential loops were
applied at each scan rate of 25, 50, 100, and 200 mV/s
as shown in Figure 4a�d, respectively. For the same
sample, more measurements under different scan rates
ranging from75 to 500mV/s are shown in Figure S3. For
all of the cases in Figures 4 and S3, highly reversible
displacements were clearly observed under the cyclic
potential actuation (dash lines at the top part of the
subfigures). At different scan rates, the displacement
against time curves are very similar in shape, and the
varying tendency is in accordance with the correspond-
ing potentials, except the magnitude of the displace-
ment, which is scan-rate dependent (discussed later in
Figure 7). Thus, the actuation of the bilayered Ni can be
well controlledby thescan rate andpotential. In Figure4,
during positive potential scanning, the bilayered canti-
lever bends toward the solid Ni layer, which indicates
expansion straining taking place in the nanoporous
layer. On the contrary, the strain tends to be contraction
in the nanoporous layer during negative potential scan.
As shown in the Figure 5a, during the repeating cyclic
actuations of the cantilever, the corresponding cyclic
voltammograms are highly overlapping, in accordance
with the high reversibility of the displacements shown
in Figures 4 and S3.

Figure 4. Displacement of the free end of a bilayeredNi foil in
1 M NaOH electrolyte during the measurement of cyclic
voltammetry shown in Figure 5a. The potential scan rates
are (a) 25 mV/s, (b) 50 mV/s, (c) 100 mV/s, and (d) 200 mV/s,
respectively. The corresponding videos for Figures 4c and d
are provided in the Supporting Information. The potential
against time relationships are represented by dash lines in the
top part of the figures.Moremeasurements at scan rates from
75 to 500mV/s are shown in Figure S3. Sample size: 10mm�
3mm� 3.0μm(porous layer 2.0μmþ solid layer 1.0μmthick).

Figure 5. (a) Cyclic voltammograms of the bilayeredNi foilmeasured between�0.1 to 0.5 V (vs SCE), at the scan rates of 25, 50, 100,
and 200 mV/s, respectively. Twenty loops are applied under each scan rate, which correspond to the 20 displacement cycles in
Figure 4. The inset figure shows linear relationships between the anodic/cathodic current peaks against the square root of the scan
rate v. (b) Charge against potential relationships under different scan rates, which are integrated from the cyclic voltammograms.
(c, d) Free-enddisplacement (left axis) andstrain (rightaxis) againstpotential andcharge, respectively. Thegrayband in (c) represents
a linear trend between strain and potential. The strain and charge at �0.1 V are used as the reference points (zero points).
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In Figure 5a, the anodic and cathodic current peaks
of cyclic voltammograms indicate a pseudocapacitive
behavior, indicating faradaic charge transfer bymeans of
reversible redox reactions.42 The electrochemical capa-
citance at the electrode/electrolyte interface is mainly
contributed from thepseudocapacitance rather than the
electrostatic capacitance of the double layer. From the
literature,51�53 the anodic and cathodic currents peak in
the vicinity of 0.4 and 0.1 V, respectively, which can be
attributed to the oxidation and reduction of the redox
couple of Ni(II)/Ni(III). Ni(II) comes from the passive film
along the surfaceof theNi electrode, possibly in the form
of bilayered NiO/Ni(OH)2,

54�56 while the Ni(III) is in the
form of NiOOH.51 Thus, the possible redox reactions are

NiOþOH�TNiOOHþ e� (1)

Ni(OH)2 þOH�TNiOOHþH2Oþ e� (2)

With increasing scan rate, the anodic and cathodic peaks
shift toward positive and negative potential directions,

respectively, because of the limitation of the OH� diffu-
sion rate inorder to satisfy electronic neutralizationduring
the redox reactions.57 Fromthe inset in Figure5a, both the
anodic and cathodic current peaks exhibit linear relation-
ships with the square root of the scan rate, which satisfies
the Cottrell equation,52,58 i = nFAC

√
D/(πt)1/2 = av1/2,

where n is the number of electrons transferred during
redox reactions, F is the Faradaic constant, A is the
effective area of the electrode, C is the concentration
of the electrolyte, D is the diffusion coefficient, t is the
time,a is a collection constant, and v is the scan rate. This
indicates that the charge transfer due to faradic reac-
tions at the electrode surface is faster than the ion
diffusion to the electrode surface, and the current is
limited by the latter process.

As shown in Figure 5b, by regarding the amount of
charges at the �0.1 V as a reference point (zero
charge), the charges under different potentials are
obtained by integrating the cyclic voltammograms in
Figure 5a. From the free-end displacement in Figure 4,
the displacement against potential and charge rela-
tionships are shown in Figure 5c and d, respectively.
Note that slight fluctuations in displacement shown in
Figure 5c and d are vibrations due to the slight environ-
mental noise.

As illustrated in Figure 6a and b, upon charging, the
charge-induced stress within the porous layer results in

a biaxial strain εp there. Due to the constraint by the

underlying solid layer, bending of the bilayered foil

takesplace, as shown in Figure 6c. Here, εp is the intrinsic

strain of the porous layer due to charging; it arises from

the charging of the actuating porous layer, although in

the current experimental setup, it is measured by the
bending of the bilayered foil. This situation is similar to

the thermal-induced bending of bi- or multilayered

films due to differences in thermal expansivities.59 Here,

the charge-induced strain εp is calculated analytically

based on a method developed from Hsueh60 (see the

Supporting Information for detailed derivation):

εq ¼ 1
R

E2ph
4
p(1 � νs)

2 þ E2s h
4
s (1 � νp)

2 þ 2EpEshphs(2h2p þ 2h2s þ 3hphs)(1 � νp)(1 � νs)

6EpEshphs(hp þ hs)(1 � νp)(1 � νs)
(3)

where the subscripts “p” and “s” indicate parameters
for the porous and solid layers, respectively; E is
Young's modulus; ν is Poisson's ratio, h is the layer
thickness, and R is the radius of curvature of the bent
bilayer. Here, the porous layer is regarded as transver-
sely isotropic with an effective in-plane Young's mod-
ulus Ep, according to Gibson and Ashby:61

Ep � EsC
Fp
Fs

� �2

(4)

where Es = 205 GPa is the Young's modulus of the
electroplated solid Ni,62,63 C is a constant related to

theporousgeometry, andFp andFs are thedensitiesof the
porous and solidNi, respectively. Details of the parameters
used can be found in the Supporting Information. From
eq 3, the charge-induced strain εp is linearly proportional
to the curvature of the bent bilayer by a factor related to
the mechanical and geometrical properties of the bilayer.
Due to the large difference between the length L and
thickness (hsþ hp) of the present bilayer, the radius of the
curvature is given by R ≈ L2/(2δ) from the cantilever
geometry, where δ is the free-end displacement of the
bilayered cantilevermeasured in Figure 4. The values of εq
are also plotted as the right axis of Figure 5c and d.

Figure 6. (a) Schematic of the bilayered Ni foil without
electric charging, with porous layer thickness hp and solid
layer thickness hs. (b) Upon charging q, charge-induced
intrinsic strain εq is produced within the porous layer. (c)
Due to the constraint by the solid layer, the bilayered foil
bends upon charging, with radius of curvature R.
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As the potential increases from �0.1 V to 0.15 V,
the free-end displacement (or strain) linearly in-
creases from 0 μm to ∼10 μm (Figure 5c), which
corresponds to the linear increase of charges in
Figure 5b. Within this lower potential regime, the
strain is induced by the accumulated charges at the
capacitive electrochemical double layer, within which
the charges linearly depend on the potential. How-
ever, the linear tendency, as noticed by the gray
region in Figure 5c, was not maintained at higher
potentials from 0.15 to 0.5 V, within which the major-
ity increase of the displacement takes place from
∼10 to ∼60 μm. Accordingly, the charges increase
much faster with potential in Figure 5b. The relatively
higher potential regime corresponds to the redox
reactions, as indicated by the current peaks in
Figure 5a. From Figure 5c, within the whole potential
region, the majority of the strain (∼67%) is contrib-
uted from the faradic redox reactions, while the rest
(∼33%) is due to the charge accumulation at the
capacitive double layer.

During the positive scan, the expansion strain may
arise from volume expansion due to the oxidation of
NiO into NiOOH according to eq 1 or due to the lattice
mismatching between Ni(II) and Ni(III). For instance, on
oxidation from NiO to NiOOH, the volume expan-
sion ratio (the Pilling�Bedworth ratio64) is about
1.69 = [(58.69þ 2� 15.99þ 1) g/4.84 g cm�3]/[(58.69þ
15.99) g/6.67 g cm�3], which corresponds to 69%
increase of the volume. At a certain scan rate, in
Figure 5c and d, the curves between positive and
negative scans do not overlap with each other due to
the faradic redox reactions, and this behavior is re-
markably different from the nonfaradic process in the
capacitive electrochemical double layers, in which the
strain increases almost linearly with potential (as well
as charges) along the same line for both positive and
negative scans; see, for example, Figure 2e of ref 36 and
Figure 2c of ref 12. In addition, from Figure 5c and d,
the strain depends more sensitively on the scan rate
at the higher potential regime above 0.15 V, where
redox reactions take place, compared with the lower

potential regime, where purely capacitive charging
takes place.

Figure 7a shows that the maximum strain obtained
at a certain scan rate decreases exponentially with the
scan rate. At the lowest scan rate of 25 mV/s in the
present tests, the maximum strain is about 2.5 � 10�6

and the corresponding strain energy (work density) is
Wq = 0.5Epεq

2 ≈ 0.3 J/m3. Due to the small strain, the
work density is much less than that of the previous
nanoporous noblemetals, e.g., 90 kJ/m3 for Pt reported
by Weissmüller et al.12 The reason for the small strain
may include the following: (i) the porosity of our nano-
porous Ni is ∼23%, while the porosity of Pt is ∼90%,12

and as a result, the presentmaterial has amuch smaller
surface-area-to-volume ratio, which can lead to a sig-
nificant decrease of the strain amplitude and increase
of the effective bulkmodulus;12 (ii) the lowest potential
scan rate among our tests is about 25 times faster than
that in thework ofWeissmüller et al.12 (e.g.,∼1mV/s),12

so that in the present experiments the strain amplitude
may not be fully developed. However, also due to the
lower porosity of the nanoporous Ni, it has a much
higher Young's modulus (∼108 GPa; see Supporting
Information) than the nanoporous noble metals (e.g.,
∼9GPa for Pt12 and∼11GPa for Au),65meaning amore
rigid structure. In addition, under the highest potential
scan rate used in our tests (500 mV/s), it only takes
about 1.2 s to reach a strain of ∼1.3 � 10�6 (with a
strain rate∼10�6/s), while for the existing nanoporous
noble metals, such as nanoporous Pt, actuated within
the capacitive double-layer region (Figure 2 of ref 12),
the strain rate was ∼10�7/s under the potential scan
rate ∼1 mV/s.

From Figure 7a, the electrochemical capacity de-
creases with the scan rate along a trend similar to the
displacement. Here, the electrochemical capacity was
calculated as52,53

C ¼ 1
vΔV

Z Vc

Va

i(V) dV (5)

whereΔV = Va� Vc is the applied potential window, Va
is the end of the anodic potential, Vc is the end of the

Figure 7. (a) Maximum values of the free-end displacement and strain against potential scan rates. In the same figure, the
electrochemical capacity is calculatedby eq 5 from the cyclic voltammograms shown in Figures 5a and S3. (b)Maximumstrain
against capacity relationship.
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cathodic potential, ν is the potential scan rate, and i is
the current obtained from the cyclic voltammograms
in Figures 5 and S3. Because the current is ion-diffusion-
controlled (see inset of Figure 5a), a faster scan rate
limits the ion diffusion into the nanoporous structures,
which restricts the rate of redox reactions. As a result,
the capacity, which is related to the amount of charges
that can be stored at the interface, decreases with the
scan rate.

Note that if C in eq 5 is divided by the mass of the
sample, it becomes the specific capacitance with re-
gard to supercapacitors.52,53,57 The decreasing rela-
tionship between the specific capacitance and the
potential scan rate has been reported in Ni(OH)2/
graphene- or NiO-based supercapacitors.52,53,57 Also,
on the topic of electrochemical actuators, the decreas-
ing tendency between strain and scan rate has been
reported innanoporousplatinum66andgold/polyaniline
actuators.67 Here, we have demonstrated that the
maximum strain, which can be reached under a certain
potential scan rate, increases linearly with the electro-
chemical capacity, with a slope of dεmax/dC = 4.5 �
10�5 F�1, as shown in Figure 7b. Linear extrapolation
of the graph indicates a considerable strain (εmax,C=0 ≈
9.1 � 10�7) at zero capacity. Note that the strain used
here refers to the strain at�0.1 V (i.e., εref), as shown in
Figure 5c and d. Thus, εmax = εref þ εreal, where εreal
means the real strain of the material by referring to its
strain-free condition. At zero capacity, the real stain
should also be zero, i.e., εreal,C=0 = 0. Thus, εref = εmax,C=0,
which indicates that at�0.1 V potential the real strain is
about 9.1� 10�7. This linear relationship also indicates
that electrochemical capacitors (supercapacitors) with
a higher capacity can lead to a larger magnitude of
the charge-induced deformation during charging/
discharging processes. Although nanoporous materi-
als with larger electrochemical capacity are preferable
for both electrochemical actuator and supercapacitor

applications, they can also result in a larger extent of
degradation due to the corresponding larger strain.
The linear relationship between the maximum strain
and the electrochemical capacity may be equally sig-
nificant in thematerial design for both electrochemical
actuators and supercapacitors.

Electrochemical impedance spectroscopy was per-
formed in order to further understand the electroche-
mical processes that take place at the bilayered Ni
electrode/electrolyte interface upon triggering by dif-
ferent potentials from�0.05 to 0.5 V (vs SCE). The Bode
plot in Figure 8a shows that, within the low-frequency
(<10 Hz) regime, the magnitude of the impedance
gradually decreases with potential increasing from
�0.05 V to 0.4 V, but decreases much more quickly
with potential increasing from 0.4 V to 0.5 V. The first
decreasing trend is likely attributed to the enhanced
ion diffusion under higher potentials, while the latter,
faster decreasing trend is attributed to the faradic
reactions that take place once the electric field at the
interface is high enough to overcome the potential
barriers.68 Accordingly, in the low-frequency regime,
the Nyquist plot in Figure 8b clearly shows a character-
istic semicircle under 0.45 V, which indicates that the
impedance is dominated by charge transfer resistance
of the faradic reactions, which is the diameter of the
semicircle. The potential around 0.45 V corresponds to
a region where the anodic current peaks appear in the
cyclic voltammograms in Figure 5a. Thus, the impe-
dance spectroscopy confirms that the anodic peak
originates from faradic reactions. On the contrary,
under lower potentials, such as �0.05, 0, and 0.1 V,
linear relationships between Z0 and Z00 were observed
in theNyquist plot. This indicates that the impedance is
dominated by ion diffusion, namely, the so-called
Warburg impedance.69 In particular, the Z0 vs Z00 plots are
close to vertical lines, which correspond to the impedance
diagram of the purely capacitive electrochemical double

Figure 8. Electrochemical impedance spectroscopy for the bilayered nanohoneycomb/solid Ni in 1 M NaOH electrolyte. (a)
Bode plot showing the frequency dependence of the impedance magnitude |Z|. (b) Nyquist plot showing the relationship
between the real part (Z0) and imaginary part (Z00) of the impedance. Each curve corresponds to different potentials (vs SCE) as
noticed in (b). Inset figures show enlarged plot at the high-frequency regions. Sample size: 10 mm� 2 mm� 3.0 μm (porous
layer 2.0 μm þ solid layer 1.0 μm thick).
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layer. Thus, the impedance spectroscopy confirms that
the nonfaradic charging at the double layer is the
dominating process within the lower potential region.
FromFigure 5c, the nonfaradic process, which results in
the linear increase of the strain with increasing poten-
tial, contributes only about 33% of themaximum strain
at the positive potential end. Thus, it is the faradic
redox reactions that contribute to the majority part of
the strain.

In order to check the reliability of the bilayered
nanohoneycomb/solid Ni, the sample is characterized
before and after a series of electrochemical actuation
tests, including more than 500 cyclic actuation loops
within the potential range of [�0.1, 0.5] V, at different
scan rates varying from 25 to 500 mV/s. By comparing
the SEM top views shown in Figure 9a and d, the
nanohoneycomb architecture within the porous Ni is
well maintained after the actuation tests. The average
pore diameters before and after the tests are all about
50 nm. By comparing the cross-sectional views of the
bilayered Ni shown in Figure 9b and e, the pore
channels remain hollow and straight after the actua-
tion tests, without any sign of blocking of the channels
by possible reaction products or without collapse of
the channels due to possible reduction of the very thin
pore walls (∼46 nm). Specifically, from the magnified
cross-sectional views shown in Figure 9g and h, the

roughness of the pore channels increases slightly
after the actuation tests, compared with the relatively
smooth condition before the tests (see also Figure 2e).
Actually, this type of rough surface was also noted in
Ni nanowires by only immersing into 1 M NaOH with-
out any electric actuation, as shown in Figure S4. The Ni
nanowires were synthesized by the same electroche-
mical deposition condition, and the roughness seen in
Figure S4 was formed immediately after immersion in
NaOH and remained as such even after immersion in
NaOH for several days. The rough surface here is likely
the passive film of Ni(II), the thickness of which in-
creases with electric potential, in the range from 1 to
4 nm according to XPS analysis,54 ellipsometry,55 and
coulometry.56 This is also supported by EDX results,
which show a slight increase of the oxygen con-
tent within the cross-section of the bilayered Ni, from
∼2.6 wt % to ∼4.1 wt % after the actuation tests, as
shown in Figure 9c and f. However, the XRD results
exhibit only characteristic peaks of face-centered-cubic
Ni, which are very similar to those of the nanoporous
Ni before the electrochemical actuation tests, as shown
in Figure 2g. Thus, both the nanohoneycomb architec-
ture and the crystal structure are mechanically and
chemically stable after a series of electrochemical
actuation tests, which in turn guarantees the stable
and reversible displacements of the sample during

Figure 9. Bilayered nanohoneycomb/solid Ni with a 2 μm thick porous layer and a 1 μm thick solid layer. (a�c) As synthesized
before electrochemical tests; (d�i) after the series of electrochemical actuation tests in Figures 4 and S3. (a, b, d, e, g, h) SEM
images of the sample: top view (a, d), cross-sectional view (b, e), and (g, h)magnified cross-sectional views for (e). (c, f) Energy-
dispersive X-ray spectroscopy showing the oxygen content increasing from∼2.1 wt% to∼4.1 wt% after the electrochemical
tests. (i) XRDof the sample after electrochemical tests showing that the sample is still crystallineNi, and anypossible oxidation
products are too little to be detected.
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cyclic actuations, as shown in Figures 4 and S3. This
reversibility originates from the reversible Ni(II)/Ni(III)
redox couple at the surface of the nickel electrode,
while the nickel underneath the surface oxide provides
an efficient conductive background for the redox
reactions. During the charging/discharging processes,
the high reliability and charge capacity of the Ni(II)/
Ni(III) redox couple have been widely appreciated in
the area of supercapacitors,52,57,70 and here, we have
demonstrated that such properties are beneficial for
the application as electrochemical actuators with a
nanohoneycomb structure.

CONCLUSIONS

This work has shown that nickel-based electroche-
mical actuators, in the form of bilayered nanohoney-
comb/solid cantilevers, exhibit reversible and stable

strain upon cyclic potential triggering by less than 0.5 V.
The reversible strain is mainly due to the pseudocapaci-
tive processes by means of reversible redox reactions.
The nanohoneycomb structure in nickel was fabricated
from self-ordered anodic aluminum oxide by a two-
template-based method. This method should also be
applicable to fabricate ordered nanoporous structures of
other metals for electrochemical actuator applications in
a cost-effective way. Electrochemical properties of the Ni
bilayered nanohoneycomb/solid cantilevers were char-
acterized in situ during their actuation. Their actuation
strain varies nonlinearly with the applied potential and
charge due to the redox reactions, while the strain ex-
ponentially decreases with potential scan rate due to
the ion diffusion. The maximum strain, which can be
achieved at a certain scan rate within a potential range,
increases linearly with the electrochemical capacity.

METHODS

Fabrication Methods. Aluminum foils (99.99%, 0.5 mm in thick-
ness and 1 in. in diameter) were annealed under vacuum
(∼10�5 Torr) at 500 �C for 48 h, then mechanically polished
with 1200, 2400, and 4000 grit SiC sandpapers and 6 μm, 1 μm
diamond pastes in succession, and finally electropolished in a
solution mixture of HClO4 (60 wt %) and C2H5OH in 1:4 ratio by
volume under 20 V at about �10 �C for 2 min.

To produce the anodic aluminum oxide (AAO) templates,
the Al foils were anodized by a high-acid-concentration and
high-temperature anodization condition that we previously
have established.46 Such an HHA condition can shorten the
anodization time from the conventional 2 days to only 2 to 3 h,
while the formed porous structures have much better ordering
quality as well as mechanical stability with high aspect ratios
of the pore channels.46 The Al foils were anodized under the
condition of 0.9 M H2C2O4, 40 V, 20 �C, and 3 h, and then the
formed AAO was selectively removed from the Al substrate by
a solution of H2CrO4, H3PO4, and H2O in a ratio of 1.8:6:92.2 by
weight at 60 �C. Then, a second anodization stepwas conducted
under the same conditions as in the first step for 5 min. After
that, the pores of AAO were further opened up in 5 wt % H3PO4

for 30 min under room temperature.
The top surface of AAOwas then sputteredwith a nanoscale

layer of Au. Polymer powder (resin, SepciFast, Struers Inc.) was
thermally molded into the channels of the AAO nanohoney-
comb structure by a hot-mount machine (Struers Inc.). The
molding condition was 180 �C for 5 min under 15 kN load,
followed by water cooling for 9 min. The Al substrate was then
selectively dissolved by a solution of CuCl2 and HCl (100 mL of
38% HClþ 100 mL of H2Oþ 3.4 g of CuCl2 3 2H2O), and then the
alumina existing between the polymer pillars was selectively
dissolved by saturated NaOH solution under low temperatures
(∼�2 �C) in order to avoid the tangling together of the polymer
pillars. Electrodeposition of Ni was performed under a constant
current density of �10 mA/cm2, with an electrolyte of 0.15 M
NiSO4 þ 0.6 M HBO3 at room temperature. Afterward, the
inverse polymer template was electively dissolved by acetone
for about 2 days.

Characterization Methods. Scanning electron microscopy ex-
amination was carried out in a Hitachi S-4800 field-emission
microscope and a LEO 1530 field-emission microscope. Energy-
dispersive X-ray spectroscopy was carried out also in the LEO
1530 field-emissionmicroscope. The crystalline structure of Ni was
analyzed by X-ray diffraction in a Bruker D8 diffractometer (Cu KR).

To measure the electrochemical actuation of the bilayered
nanohoneycomb/solid Ni cantilever, an electrochemical cell
was placed on the sample stage of an optical microscope

(Olympus Co.). The work electrode was bilayered Ni, which
had one end fixed on the wall of the electrochemical cell, while
the other end couldmove freely. The sample was immersed just
underneath 1MNaOH electrolyte, with its free end observed by
optical microscope. Potentiostat measurements were made
under a three-electrode mode by a potentiostat (LK2006A,
LANLIKE Co.), with a Pt wire as the counter electrode and SCE
(saturated calomel electrode) as the reference electrode. A CCD
camera (CCD-IRIS, Color Video Camera, Sony Co.) was con-
nected to the optical microscope by a microscope attachment
(WV-9005, Matsushita Comm. Industrial Co. Ltd.) in order to
capture themagnifiedmovement of the free end of the sample.
The signal from the camera was channeled to a camera adapter
(model CMA-D7CE, Sony Co.) and was recorded as a movie by
computer. By using this setup, any significant movement of the
free end of the sample, which was located at the focal point of
the objective lens, can be enlarged and recorded in real time.

Electrochemical impedance spectroscopy (EIS) measure-
ment was also conducted on an electrochemical workstation
(660D, CH Instruments Inc., USA), with SCE as the reference
electrode and Pt as the counter electrode, in 1MNaOH solution.
EISwas performed at different dc polarizations (vs SCE) under an
ac perturbation (5 mV sin wave), over a frequency range from
105 Hz down to 10�2 Hz.
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