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Electrochemical Mechanics of Metal Thin Films:
Charge-Induced Reversible Surface Stress for Actuation

Chuan Cheng,* Patrick S. Grant, and Lukas Liihrs

The intrinsic charge-induced surface stress of Ni thin films during electro-
chemical reactions with an alkaline electrolyte is measured in situ. Surface
stresses induced by H absorption/desorption, a-Ni(OH), formation, capacitive
double-layer charging, the o~ to B-Ni(OH), transformation, and B-Ni(OH),/p-
NiOOH redox reactions are identified, and each provided additive contributions
to the overall stress state. Surface stresses are magnified in high-surface-area
nanoporous Ni because local stress-relaxation mechanisms are restricted when
compared to a smooth Ni film. Ni film reversible tensile/compressive surface
stresses correlate with anodic/cathodic potential scanning but with an opposite
trend to that of a less reactive Au film. Surface stresses in the Ni films are up to
40 times that of Au films and suggest the possibility of using controlled surface-

stress generation for electrochemical actuation.

The measurement of electrode surface stresses induced by electro-
chemical processes at an electrode/electrolyte interface provides a
method to probe the underlining atomistic processes and chemical
changes related to charge transfer.!l These surface stresses are also
of critical importance in the thermodynamics of electrode surfaces,
including aspects of surface reconstruction, self-organization,
electrocatalysis, and electrochemical actuation.?l Investigations
of electrode surface stress have mainly concerned noble metals
where the surface stress is induced by sub-monolayer adsorbates
in an electrochemical double layer, which changes the electron
distribution of surface atoms and induces reversible elastic strain,
with reversible surface stresses of the order of 1 N m™, for Au, Pt
Pd, Ag, and Ir noble metals in various electrolytes.!
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Investigation of surfaces stress in more
chemically active transition metals, such as
Ni, Co, Mn, are by comparison rare. The
electrode/electrolyte interfaces of transition
metals are intrinsically different from noble
metals because more complex, higher
strain and stress pseudocapacitive reac-
tions may take place, rather than simply
sub-monolayer adsorbates.! For example,
the charge-induced reversible strain meas-
ured in nanoporous Ni has been shown to
be one order of magnitude larger than that
of a similar nanoporous noble metal®! with
resulting surface distortions observable
with the naked eye.[’l As we show below, in
situ measurement of surface stress, even in
complex cases, can resolve sufficient detail
that specific reactions can be deconvoluted and isolated. We also
demonstrate that these surface stress effects can be enhanced by
a nanoporous surface morphology, which may provide an oppor-
tunity for the development of electrochemical microactuators
based on low cost transition metals.*>”!

The charge-induced surface stress of a Ni film sputtered
onto a Si wafer substrate was measured in situ by a multiple-
beam optical stress sensor (MOSS) system combined with an
electrochemical cell (Figure 1a).®] During electrochemical reac-
tions, if the interatomic distance of the film tends to contract
but is restricted by the substrate, a tensile stress is developed
in the film and the system is bowed into a concave shape on
the Ni side (Figure 1b). If the film tends to expand but is again
restricted by the substrate, a compressive stress is developed in
the film and the system bows on the convex side (Figure 1c).

From Stoney’s equation,/”] the surface stress of the Ni film is
given as

Y.hicosa Ad

Af ={ac)hy T12(1-v)ln dy

(1)

where (Ao) is the change of mean biaxial stress of the film; h¢
(=18 nm) and hg (=200 um) are the thickness of the film and
the substrate, respectively; Ad is the change of the reflected
beam spacing with respect to the initial beam spacing dy; Ad/d,
is the ratio measured by the MOSS system; Y, (=130.2 GPa) and
vy (=0.279) are Young’s modulus and Poisson’s ratio of the Si
substrate, respectively; n (=1.33) is the refractive index of the
electrolyte; & (=3°) is the incident beam angle; and L (=105 cm)
is the distance between the cantilever and the CCD camera.
In Equation (1), Af with units of N m™}, is typically referred to
as the “surface stress” in the literature but is more strictly the
mean film stress x film thickness product.l'] Further details are
provided in the Supporting Information.
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Figure 1. a) Illustration of the experimental set-up for the in situ measurement of surface stress of a Ni thin film. Geometric changes of the cantilever
when the Ni film is under b) tensile and c) compressive stresses. d) Scanning tunneling microscope image of the sputtered Ni film and e) the associated
surface roughness profile. f) Cyclic voltammetry of a Ni film at 5 mV s™ in 1 m NaOH (left axis), induced surface stress change Af, and mean biaxial
stress change (Ao) (right axis). g) Charge density integrated for a reduction process (blue region in f)), and the corresponding surface stress—charge
coefficient ¢ (right axis) against potential E. h) Differential capacitance Cyg against potential at frequencies from 0.01 to 1.00 Hz.

Scanning tunneling microscopy (STM) investigations of the
as-sputtered Ni film showed a comparatively smooth surface
with a mean height variation of = 2 nm (Figures 1d,e) and elec-
trode surface area of 3.2 cm? used in subsequent current areal
density determination. The film thickness was approximately
18 nm measured by a spectroscopic ellipsometer (Figure S1,
Supporting Information).

Over six successive cyclic voltammetry (CV) cycles in
Figure 1f, both current and induced Af were highly reversible
and four different electrochemical processes could be distin-
guished,") which provided additive contributions to the overall
surface stress. During negative potential scanning starting from
—0.550 to —0.925 V in region A of Figure 1f, H absorption!!? led
to a sharp drop in surface stress from 5.4 N m~to-23.3 Nm™!
and contributed ~80% of the overall surface stress of 35.9 N m™..
The right-hand side of Figure 1f also shows the mean biaxial
stress of the film obtained from (Ac) = Af/h; reached an overall
amplitude of 2.0 GPa. The surface stress—charge coupling coef-
ficient (¢ = df]/dq, where q is the charge density), on the right-
hand side of Figure 1g, reached a maximum of ¢=1.07 Nm C™!
at —0.858 V during H adsorption, and similar to H absorption
in other metals, for example, Pd (¢= 1.4 + 0.2 Nm C™),[3] Pd
(=12 Nm C),™ and Pt (¢ = 1.5 Nm C!)."l Absorbed H
typically occupies octahedral lattice sites to form B-NiH, which
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has a lattice constant 3.731 A and 5.7% larger than that of Ni.['°]
At a scan rate of 1 mV s, the atomic ratio of H/Ni can reach
~0.5 and induce a compressive biaxial stress =2.6 GPa in the Ni
film (see Supporting Information).

As the scanning was switched to the positive direction from
—0.925 V, the surface stress in Figure 1f was partially relieved
by H desorption at —0.550 V because a Ni — o-Ni(OH), reac-
tion took place at the same time,' as indicated by the corre-
sponding current plateau from —0.716 to —0.614 V. o-Ni(OH),
formation induced surface expansion and partially compen-
sated for the H desorption induced contraction. Differential
capacitance (Cgg = Y’/, where Y” is the imaginary part of
the admittance measured by electrochemical impedance spec-
troscopy and @ is angular frequency)!'”! peaked at —0.725 V
corresponding to the «-Ni(OH), formation and H desorp-
tion (Figure 1h). The strong frequency dependence of Cyy in
Figure 1h suggested that Cyg was made up of both double layer
capacitance and absorption capacitance.l'”]

The flat current in region B was attributed to the capaci-
tive double-layer behaviour, where surface stress increased
linearly with potential (Figure 1f).’" Cy¢ was at a minimum
of 40 uF cm™, which was consistent with the double layer
capacitance of oxidized Ni (40-60 uF cm2)."8 In region C, an
anodic current peak at 0.165 V corresponded to the a-Ni(OH),

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Photograph of a) NizgMnjq alloy precursor ingot and b) the corresponding dealloyed nanoporous Ni; ¢) XRD pattern of NizoMn;y and nano-
porous Ni compared with a reference Ni pattern (PDF# 04-0850). d) TEM image of the dealloyed nanoporous Ni. e) cyclic voltammetry of a Ni film
(black) and nanoporous Ni (red) at 1 mV s7' in 1 m NaOH electrolyte; f) Charge-induced surface stress of the Ni film was measured by the MOSS
system and Equation (1). The nanoporous Ni surface stress determined from the dilatometry strain measurement and Equation (3). g) Derivative of
surface stress with respect to potential, in which the derivative of the cathodic scan was multiplied by —1 (dotted curve) to clearly separate the forward

and backward scan data.

to B-Ni(OH), transformation and was accompanied by lattice
shrinkage and thus an increase in surface stress.'! In region
D, an oxidation peak at 0.672 V and a reduction peak at 0.568 V
were attributed to the redox reaction B-Ni(OH), <> B-NiOOH.
The forward reaction leads to a lattice shrinkage,?% again, with
a corresponding increase in surface stress.

For comparison, we synthesized 3D millimeter-sized nano-
porous Ni samples by dealloying of Mn from a single phase
NizoMny, solid solution.”® Figures 2a and 2b show photos of
the NijyMny, precursor ingot and the corresponding deal-
loyed nanoporous Ni, respectively. The X-ray diffraction (XRD)
pattern of the dealloyed sample confirmed fcc Ni (Figure 2¢),
while the transmission electron microscopy (TEM) image in
Figure 2d confirmed a nanoporous structure with Ni ligament
sizes of 13 £ 3 nm between pores.

The electrochemically active surface area of the nanoporous
Ni was determined using the behaviour of the much smoother
Ni film as follows. First, the charge transferred during the
reduction of B-NiOOH — B-Ni(OH), was obtained by inte-
grating the CV of the Ni film in the region indicated by the
slashed lines in Figure 2e. Then, by assuming that the same
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charge was transferred per unit area for nanoporous Ni and
film Ni at 1 mV s7!, the electrochemically active surface area oy,
of nanoporous Ni could be estimated as 9.2 m? g%,

Because the dealloyed Ni was bulk rather than a film, charge-
induced dimensional change during CV at the same scan rate
as applied to the films was measured instead by dilatometry.
The provided a macroscopic strain € = Al/ly, where I, is the orig-
inal length of the sample and Al is the length change, that is,
the MOSS system was used for thin film Ni and dilatometry
was used for bulk nanoporous Ni.

Dilatometry strain € = Al/l, was then converted to an equiv-
alent surface stress Af using the capillary equation derived by
Weissmiiller and Cahn:[2!]
3V, (AP), =24 (Af), @)
where A is the total wetted surface area, V, is the total volume
of solid, P is the volumetric mean of the pressure, f denotes
surface stress, and the () brackets denote their respective aver-
ages and assuming a linear elastic response, AP = —KAV,/V,
where K (=180 GPa) is the bulk modulus of the solid Ni. The
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volume change of the solid AV was scaled with the macroscopic
length change of nanoporous structure by AV,/V; = 3Al/l,. Sub-
stituting these relations into Equation (2), we obtain the surface

stress—strain relationship for the nanoporous Ni:[?

9K
- e
2004,

Af = G)

where o, (=A/m) is the specific surface area of the nanoporous
Ni, m is the solid mass, and p is the density of solid Ni.

The current peaks for nanoporous Ni were comparatively
broad due to relatively sluggish ion transport within the tor-
tuous nanoporous structure (Figure 2e) compared with the film
Ni; accordingly, the surface stress in nanoporous Ni had a larger
positive/negative scan hysteresis (Figure 2f). The magnitude of
charge-induced surface stress in nanoporous Ni (66.6 N m™)
was 48% larger than that of film Ni (44.9 N m?), indicating an
amplification of surface stress.

In Figure 2e, the significant differences between the nano-
porous Ni and film Ni the CV curves relate to the electrode
morphology—nanoporous or smooth. The nanoporous elec-
trode has a high tortuosity and surface area and its effect on
the effective ion diffusion coefficient D can be estimated(?3]
from D = D/7%, where D is the diffusion coefficient in the
bulk electrolyte and 7 is the electrode tortuosity. Evidently, the
effective ion diffusion coefficient for the nanoporous electrode
must be lower than that of the smooth electrode. This reduced
ion diffusion coefficient then decreased the peak current of CV
curves and increased the peak width, as previously described by
Equations (6.4.6) and (6.4.7) in ref. [24]. In addition, the more
sluggish ion diffusion within the nanoporous Ni may restrict
the H lattice absorption compared with the Ni film at the same
scan rate, which had more obvious H absorption /desorption
peaks at the negative potential end.

During the -Ni(OH), — B-NiOOH reaction (>0.2 V), surface
stress in the nanoporous Ni increased sharply to 34.7 N m™
and contributed 52% of the overall stress, which was more than
three times that of film Ni (16%). The surface stress—voltage
coupling coefficient was defined as 1 = df/dE and is plotted
in Figure 2g to show a pair of strong n peaks corresponding
to the redox reactions for nanoporous Ni. 1 was larger for the
nanoporous Ni because its highly curved, torturous geom-
etry restricted local strain relaxation whereas strain was more
readily relaxed in the smooth Ni film.

In addition, the scan rate of the CV will affect the strain
and stress amplitude of Ni-based electrochemical actuators,
which has been reported in our pervious publications, such as
Figures 2e and 3a in ref. [Sa] and Figure 3b in ref. [6a]. Similar
tendencies have been reported by others, such as Figure 2g
in ref. [5b]. These papers showed that the strain amplitude
decreased quickly with increasing scan rates. However, the
signs of the strain did not change, only the amplitude. The
origin of this scan rate dependence is because the actuation
of the Ni-based material arises from both pseudocapacitive
charging and double-layer capacitive charging. The former
process has faradic reactions that store more charge, and con-
tribute most of the actuation strain/stress at low CV scan rates.
However, the pseudocapacitive process becomes restricted
by mass-transport with increasing scan rate and its relative
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contribution to actuation quickly diminishes. In the contrast,
the charge accumulated in the double-layer is a capacitive pro-
cess with a time constant below a millisecond,?” and is conse-
quently much less affected by the CV scan rates.

As Au has been used widely as a model material for charge
induced stress/strain investigations,??! the intrinsic charge-
stress coupling of Ni film was compared with a similar Au
film (Figure 3). The current densities produced by the Au film
were much smaller than Ni in both the electrochemical stability
potential region (Figure 3b) and the redox region (Figure 3f),
which reflected the lower capacitance of Au. As a result, surface
stress for Ni was approximately 40 times and 7 times that of Au
in the corresponding surface stress plots in Figures 3c and 3g,
respectively. These differences were reproducible during
repeated cycles, as shown in Figure 3d,h.

There were no H absorption/desorption current peaks for Au
contributing to strain (Figure 3b, red). In contrast, H absorp-
tion/desorption for Ni contributed approximately 80% of the
resulting surface stress (Figure 3c, black). Even when surface
processes only were considered, Au had a much smaller sur-
face stress response than Ni (Figure 3g). The CV response of
the Au film in Figure 3f can be separated into three regions?’:
i) a capacitive double layer region (<0.1 V); ii) a non-oxide
region (0.1-0.45 V), and iii) an oxide-region (>0.45 V). The non-
oxide region was attributed to the reversible formation of elec-
trosorbed OH- species,?® with a charge transfer of 2.39 C m2
obtained from CV, which corresponded to a monolayer of
adsorbed OH- species on (111) plane (theoretically, 2.23 C m™2),
consistent with reports that sputtered Au films on (001)-ori-
ented Si wafers typically have a (111)-oriented surface.®! With
potential increasing to the oxide-region, a broad anodic peak
was associated with oxidation of Au(OH),q toward Au(OH);,2*
with a total charge transfer of 7.58 C m™ that corresponded to
the production of Au(OH);4 However, considering possible
roughness of the Au film, which was neglected in the charge
density evaluation, the reaction product may be close to a
monolayer of Au(OH); formation (>0.45 V).

In the case of the Ni film, for hexagonal structured -Ni(OH),
sheets with a Ni-Ni interatomic distance of 3.13 A,18 the
transferred charge for a monolayer of redox reaction was esti-
mated at 1.89 C m~2 However, there was a transfer charge of
16.88 C m~2 in the redox region here, approximating to nine
layers of -Ni(OH),. By assuming (001) oriented B-Ni(OH),
at the Ni surface, the thickness of the oxide passive layer was
approximately 4.1 nm, which agrees reasonably well with prior
X-ray photoelectron spectroscopy measurements.3% Therefore,
a monolayer of Au was oxidized while nine layers of 3-Ni(OH),
were oxidized in the same potential region of Figure 3f, which
led to the seven times measured difference in charge-induced
surface stress in Figure 3g.

In terms of the surface stress—voltage coupling coefficient
N = df/dE, Figure 3d,h show that Af for Ni was in-phase with
potential (df/dE > 0) while Af for Au was out-of-phase with
potential (df/dE < 0). From Figure 3g, a linear best-fit of the
surface stress to potential gave 11 = 5.36 N m~! V! for the Ni
film and 1 = -0.66 N m™* V! for the Au film. Thus, during
positive scanning, the Ni film contracted whereas Au film
expanded, as illustrated in Figure 3a,e. The difference in signs
of 1 originated from the nature of the metal surface, that is,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of the charge-induced surface stresses in Ni and Au thin films during cyclic voltammetry. a,e) Illustration of the cantilever
bending during positive potential scanning with Ni and Au thin films as working electrodes, respectively. Cyclic voltammetry of Ni and Au thin films
at 5 mV s™ in T m NaOH electrolyte within b) [-0.925, 0.735] V versus SHE; and f) [0.075, 0.735] V versus SHE. c,g) Surface stress against potential
corresponding to (b) and (f), respectively. d,h) Surface stress (left) and potential (right) against time for cyclic scanning of the Ni and Au thin films.

whether it was covered with oxide (“+” sign) or a “clean” metal
surface (“~” sign). At the onset of the oxidation reaction for the
redox pair -Ni(OH),/B-NiOOH, B-Ni(OH), was already pre-
sent on the Ni surface while Au was not yet oxidized. Here,
“clean” metal surface means a surface without (anodic) oxide
coverage. Before charging of a clean Au surface, the bonding
strength between surface atoms is stronger compared with
the bulk due to the redistribution of surface electrons toward
in-plane and inner bonds, as a result, the equilibrium intera-
tomic distance of surface atoms is reduced compared with the
bulk atoms (surface contraction).?!! Upon positive charging,
the excess positive charge reduces surface electron density, and
the interatomic distance is increased, which results in localized
surface expansion. This actuation mechanism is different from
the case of Ni with a surface oxide. The surface stress of Ni is
mainly attributed to pseudocapacitive processes with reactants
consumption and products formation on the surface (leading to
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lattice mismatch or lattice volume change) rather than capaci-
tive charge accumulation or release, as explained for Figure 1f.

Figure 4a shows the highly reversible electrochemical actua-
tion of a Ni film during cyclic potential scanning at 1 mV s
over 15 h. Surface stress contributions from different poten-
tial regions could again be easily separated and reproduced in
successive cycles. Figure 4b demonstrates that as the potential
applied to the Ni film jumped step-wise, the induced strain in
nanoporous Ni stabilized after approximately 2 min. This actua-
tion stability is critical for actuator applications that require
fixed strain without drift overtime and typically suffered by
polymer-based low-voltage actuators such as ionic electroactive
polymers,?2l or by nanoporous noble metal-based actuators due
to ligament coarsening. /262

In summary, the charge-induced surface stress of Ni thin
films due to electrochemical processes in an alkaline electro-
lyte was measured in situ by a MOSS system combined with

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) The variation of surface stress with time for a Ni film under
cyclic potential scanning for different potential windows at 1 mV s in
1 m NaOH electrolyte. b) The variation of strain in nanoporous Ni (left)
as a function of time and the corresponding surface stress (right) at dif-
ferent potential steps. Please note that the red curve plots both strain
and stress, which are linearly related by Equation (3), with the resulting
different scales and units given on the left- and right-hand side vertical
axes, respectively.

an electrochemical cell. A non-linear, positive-signed surface
stress—charge coefficient over a wide potential window com-
prised the additive effect of different surface stress generation
mechanisms. Compared with the Ni film, bulk nanoporous
Ni had higher surface stresses due to the highly curved tor-
tuous geometry of the electrolyte/Ni interface that restricted
local stress relaxation. Compared with Au thin films measured
under the same conditions, the induced surface stresses in Ni
film were =40 times of Au film within the accessible potential
region, and =7 times of Au film within the redox region. These
significant differences highlighted the advantage of Ni over
noble metals for large surface stress generation for possible
electrochemical actuation applications.
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