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The intrinsic charge-induced surface stress of Ni thin films during electrochemical reactions
with an alkaline electrolyte is measured in situ. Surface stress induced by H
absorption/desorption, a-Ni(OH). formation, capacitive double-layer charging, the a- to f-
Ni(OH). transformation, and S-Ni(OH)2/4-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 with a smooth Ni film. Ni film reversible tensile/compressive surface stresses
correlates 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.
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The measurement of electrode surface stresses induced by electrochemical 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.!?!
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.F!

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 reactions may take place, rather than simply sub-monolayer adsorbates.[*! For
example, the charge-induced reversible strain measured 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.[?] 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 opportunity for the
development of electrochemical microactuators based on low cost transition metals. > 7]

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).1 During electrochemical reactions, 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).
2
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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).
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Figure 1. (a) lllustration 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 5mV s in
1M NaOH (left axis), induced surface stress change Af, and mean biaxial stress change (Ac)
(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 Cgitr against potential at frequencies from 0.01 to 1.00 Hz.

From Stoney’s equation,® the surface stress of the Ni film is given as:

YshZ cosa Ad
12(1-vg)Ln dg

Af = (Ao)hs = 1)
where (Ac) is the change of mean biaxial stress of the film; hs (= 18 nm) and hs (= 200 pm) 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 do; Ad/do is the ratio measured by the MOSS

system; Ys (= 130.2 GPa) and vs (= 0.279) are Young’s modulus and Poisson’s ratio of the Si
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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.*” Further details
were provided in the supporting information (SI).

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
electrode 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).

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
distinguished,** 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 N m* 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/hs reached an overall amplitude of
2.0 GPa. The surface stress-charge coupling coefficient (¢ = df/dg, 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 e.g. Pd (¢=1.4 0.2 Nm C
H1Pd (¢ = 1.2 Nm C*1),™ and Pt (¢ = 1.5 Nm C*).[ Absorbed H typically occupies
octahedral lattice sites to form S-NiH, which has a lattice constant 3.731 A and 5.7% larger
than that of Ni.['®1 Ata 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 SI).

As the scanning was switched to the positive direction from -0.925V, the surface stress in

Figure 1f was partially relieved by H desorption at -0.550V because a Ni — a-Ni(OH). reaction

4
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took place at the same time,*!] as indicated by the corresponding current plateau from -0.716
t0 -0.614 V. a-Ni(OH) formation induced surface expansion and partially compensated for the
H desorption induced contraction. Differential capacitance (Cdgit = Y"/w, Where Y is the
imaginary part of the admittance measured by electrochemical impedance spectroscopy and @
is angular frequency)*”! peaked at -0.725V corresponding to the a-Ni(OH), formation and H
desorption (Figure 1h). The strong frequency dependence of Cqirt in Figure 1h suggested that
Cuirr was made up of both double layer capacitance and absorption capacitance.*”]

The flat current in region B was attributed to the capacitive double-layer behaviour, where
surface stress increased linearly with potential (Figure 1f).2" Cgir was at a minimum of 40 LF
cm2, which was consistent with the double layer capacitance of oxidized Ni (40-60 pF cm2).12€]
In region C, an anodic current peak at 0.165V corresponded to the a-Ni(OH)2 to S-Ni(OH):
transformation and was accompanied by lattice shrinkage and thus an increase in surface
stress.*! In region D, an oxidation peak at 0.672V and a reduction peak at 0.568V were
attributed to the redox reaction #-Ni(OH)2 <> #-NiOOH. The forward reaction leads to a lattice
shrinkage,?” again, with a corresponding increase in surface stress

For comparison, we synthesized 3D millimeter-sized nanoporous Ni samples by dealloying
of Mn from a single phase NizoMnzo solid solution.® Figure 2a and 2b show photos of the
NisoMnzo precursor ingot and the corresponding dealloyed nanoporous Ni, respectively. The
XRD pattern of the dealloyed sample confirmed fcc Ni (Figure 2¢), while the 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 /~-NiOOH — S-Ni(OH). was obtained by integrating the CV of the Ni film in the

region indicated by the slashed lines in Figure 2e. Then, by assuming that the same charge was



WILEY-VCH

transferred per unit area for nanoporous Ni and film Ni at 1 mV s, the electrochemically active

surface area om of nanoporous Ni could be estimated as 9.2 m? g,
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Figure 2. Photograph of (a) NisoMnzo alloy precursor ingot and (b) the corresponding dealloyed
nanoporous Ni; (c) XRD pattern of NizgMnzo and nanoporous 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 s 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.

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.
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The provided a macroscopic strain & = Al/lo, where o is the original length of the sample and
Al is the length change i.e. the MOSS system was used for thin film Ni and dilatometry was
used for bulk nanoporous Ni.

Dilatometry strain ¢ = Al/lo was then converted to an equivalent surface stress Af using the
capillary equation derived by Weissmiller and Cahnl?%;
3Vs(AP)y = 2A(Af)4 (2)
where A is the total wetted surface area, Vs is the total volume of solid, P is the volumetric mean
of the pressure, f denotes surface stress, and the () brackets denote their respective averages and
assuming a linear elastic response, AP = -KAVs/Vs, where K (= 180 GPa) is the bulk modulus
of the solid Ni. The volume change of the solid AV was scaled with the macroscopic length
change of nanoporous structure by AVs/Vs = 34l/lo. Substituting these relations into Equation 2,

we obtain the surface stress-strain relationship for the nanoporous Ni:??

9K
€
2pam

Af = — 3)

where om (= 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 tortuous 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 nanoporous Ni and film Ni the CV
curves relate to the electrode morphology — nanoporous or smooth. The nanoporous electrode
has a high tortuosity and surface area and its effect on the effective ion diffusion coefficient Dest
can be estimated(?®! from Dest = 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

7
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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 SNi(OH), — S-NiOOH reaction (> 0.2V), 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 n = df/dE and is plotted in Figure 2g to show a pair of strong 7 peaks corresponding to the
redox reactions for nanoporous Ni. 77 was larger for the nanoporous Ni because its highly curved,
torturous geometry 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 Figs.
2e and 3a in Ref. [5a] and Fig. 3b in Ref. [6a]. Similar tendencies have been reported by others,
such as Fig. 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 contribute 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 contribution to actuation quickly diminishes.
In the contrast, the charge accumulated in the double-layer is a capacitive process with a time

constant below a millisecond,? and is consequently much less affected by the CV scan rates.
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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 1M NaOH electrolyte within (b) [-0.925, 0.735] V vs. SHE;
and (f) [0.075, 0.735] V vs. SHE. (c, g) Surface stress against potential corresponding to (b, f),
respectively. (d, h) Surface stress (left) and potential (right) against time for cyclic scanning of
the Ni and Au thin films.

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

9
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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 Figures 3d and 3h.

There were no H absorption/desorption current peaks for Au contributing to strain (Figure
3b, red). In contrast, H absorption/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 surface 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 to 0.45V), and (iii) an oxide-region (> 0.45V). The non-
oxide region was attributed to the reversible formation of electrosorbed OH- species,?8l with a
charge transfer of 2.39 C m™ obtained from CV, which corresponded to a monolayer of
adsorbed OH- species on (111) plane (theoretically, 2.23 C m™), consistent with reports that
sputtered Au films on (001)-oriented 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)ag towards Au(OH)s,? with a total charge transfer of 7.58 C m that corresponded to
the production of Au(OH)s.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)s formation (> 0.45V).

In the case of the Ni film, for hexagonal structured S-Ni(OH)2 sheets with a Ni-Ni interatomic
distance of 3.13 A 8 the transferred charge for a monolayer of redox reaction was estimated
at 1.89 C m2. However, there was a transfer charge of 16.88 C m in the redox region here,
approximating to 9 layers of S-Ni(OH).. By assuming (001) oriented S-Ni(OH). at the Ni
surface, the thickness of the oxide passive layer was approximately 4.1 nm, which agrees

reasonably well with prior XPS measurements.*% Therefore, a monolayer of Au was oxidized
10



WILEY-VCH

while 9 layers of p-Ni(OH). were oxidized in the same potential region of Figure 3f, which led
to the 7 times measured difference in charge-induced surface stress in Figure 3g.

In terms of the surface stress-voltage coupling coefficient = df/dE, Figures 3d and 3h 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 7
=5.36 N m? Vv for the Ni film and 7 =-0.66 N m™ V! for the Au film. Thus, during positive
scanning, the Ni film contracted whereas Au film expanded, as illustrated in Figures 3a and 3e.
The difference in signs of 7 originated from the nature of the metal surface i.e. whether it was
covered with oxide (“+” sign) or a “clean” metal surface (“-” sign). At the onset of the oxidation
reaction for the redox pair S-Ni(OH)2/-NiOOH, p-Ni(OH)2 was already present 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
towards in-plane and inner bonds, as a result, the equilibrium interatomic 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 lattice mismatch or lattice volume change) rather than capacitive charge

accumulation or release, as explained for Figure 1f.

11
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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 1M NaOH electrolyte. (b) The variation
of strain in nanoporous Ni (left) as a function of time and the corresponding surface stress (right)
at different 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.

Figure 4a shows the highly reversible electrochemical actuation of a Ni film during cyclic
potential scanning at 1 mV s over 15 hours. Surface stress contributions from different
potential 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 actuation 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, or by nanoporous
noble metal-based actuators due to ligament coarsening.!26

In summary, the charge-induced surface stress of Ni thin films due to electrochemical
processes in an alkaline electrolyte was measured in situ by a MOSS system combined with an
electrochemical cell. A non-linear, positive-signed surface stress-charge coefficient over a wide

potential window comprised the additive effect of different surface stress generation

12
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mechanisms. Compared with the Ni film, bulk nanoporous Ni had higher surface stresses due
to the highly curved tortuous 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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Experimental Procedures
Sample preparation. A 200 pm thick n-doped Si wafer with 100 nm thermal oxide coverage

(CrysTech GmbH, Germany) was cut into 40 mm =<8 mm rectangles. A thin Ti film was first
sputtered on one side of the Si wafer by magnetron sputtering (BESTEC GmbH, Germany) at
100 W for 5 min under 7 SCCM (standard cubic centimeter per minute) Ar flow rate with film
growth rate 2 nm min’* for the purpose of strong mechanical contact between Ni film and the
substrate.l* A Ni film was then sputtered at 100 W for 10 min under 7 SCCM Ar flow rate.
The film growth rate of Ni was ~ 1.83 nm min™ according to the film thickness against
sputtering time relationship (Figure S1) where the film thickness was measured as a function
sputtering time by a spectroscopic ellipsometer (M-2000F Spectroscopic Ellipsometer,
J.A.Woollam Co. Inc.). Ni thin films were typically 18 nm in thickness. On the other side of

the Si wafer, a Au thin film was sputtered at one end (area ~8 mm =15 mm) to act as a mirror
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for laser reflection. After sputtering, the edges of the sample (200 pm side) were slightly
polished by sand paper to guarantee electric isolation which was checked by a multimeter
between the Ni film on one side of the wafer and the Au mirror on the other side. Thus, when
the Ni film was charged in the electrochemical cell, the Au mirror was not charged and did not
contribute to any electrochemical process.

For electrochemical tests of Au films, Au was coated on one side of the Si wafer by
magnetron sputtering at 50 W for 8 min under 7 SCCM Ar flow rate (film growth rate 10 nm
min).[ This Au film acted as both working electrode and laser reflection mirror, while in this
case the other side of the Si wafer had no other coating.

For electrochemical tests of bulk nanoporous Ni, a NizoMnzo alloy ingot was cast in an
induction cold crucible furnace (Arcast) in Ar atmosphere from elemental Ni and Mn feedstock
(>99.99% pure, ChemPUR). The ingot was then annealed at 900 °C for 24 hours under vacuum
and then quenched in water to obtained a single phase solid solution according to the phase
diagram,?! and confirmed by XRD (Figure 2c of the main text, black curve). The ingot was cut
into 3D millimeter sized cuboids by a diamond wire saw. Nanoporous Ni was then synthesized

by free corrosion of the cuboids in 0.2M (NH4)2SO4 at 55°C for 20 to 30 hrs.
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Figure S1. Relationship between Ni film thickness and magnetron sputtering time at 100 W
with 7 SCCM Ar flow rate.

Setup for in-situ surface stress measurement of metal films. The charge-induced surface
stress on the Ni or Au films was measured in situ by a multiple-beam optical stress sensor
(MOSS) system (k-Space Associates Inc., USA)E! during electrochemical processes. As
illustrated in Figure 1a, the MOSS system utilized a solid state laser in conjunction with two
orthogonal etalons to produce 3 x4 arrays of parallel beams. The beams propagated through
the electrolyte and were projected on to the Au mirror on the cantilever. The reflected beams
were monitored by a charge coupled device (CCD) camera, and images transferred to a
computer for measurements of the beam spacing with time. The beam spacing changed due to
bending of the cantilever, induced by any changes of the surface stress.

For electrochemistry and stress measurement of Ni film (Figure 1a), the metal coated Si
wafer with the Au mirror facing upwards was fixed at one end in a homemade electrochemical
cell filled with 1M NaOH electrolyte. The Ni film was connected as the working electrode
(WE) of the potentiostat (Autolab, PGSTAT302N) through a Au wire (0.25 mm in diameter).
A Pt wire acted as a counter electrode (CE), and a home-made Ag/AgCI reference electrode
(0.375 V vs. SHE in 1 M NaOH at room temperature, Figure S2) was inserted into the

electrochemical cell just below the Ni film.
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Figure S2. Illustration of home-made Ag/AgCI reference electrode against various common
reference electrodes in 1M NaOH electrolyte. The home-made Ag/AgCl electrode was made
by anodization of Ag wire (0.5 mm diameter, 99.99% pure) in 1M HCI solution at 0.9V for
120 seconds with another Ag wire as both counter and reference electrodes. The electrode
potential was calibrated against a commercial Ag/AgCl (3M KCI) electrode (Sigma-Aldrich)
in 1M NaOH solution (the same solution for electrolyte in this work). The potential of home-
made electrode was stable at ~0.165 V vs. Ag/AgCl (3M KCI) even after 3 days of working.

Bending curvature determination. During cyclic voltammetry, electrochemical reactions
took place on Ni film leading to a change in the Ni film surface stress change, and due to the
constraint of the substrate, the cantilever then deflected. The change of bending curvature Ax

of the cantilever can be expressed as:[

Ar = 22422 (S1)
2Ln do

where do is the initial beam spacing; 4d is the change of beam spacing; n is the refractive index
of the electrolyte; « is the incident beam angle; L is the distance between the cantilever and the
camera. Ad/do ratio was measured directly from the MOSS system. From Stoney’s equation,
the change of mean biaxial stress of a thin film coated on a much thicker substrate can be

expressed as

20



WILEY-VCH

(S2)

Ysh$
6(1—U5)hf

(Ao) =
where Ys and vsare Young’s modulus and Poisson’s ratio of the substrate, respectively; hs and
hr are the thickness of the substrate and the film, respectively. Here, we use surface stress Af to
represent the stress state of the film.

Af = (Ao)hs (S3)

As presented in the main text, for Ni films, the charge-induced stress can originate at three
different depth positions: (i) at the film surface by adsorbed ions in an electrochemical double-
layer; (ii) in the surface region (e.g. several nm) due to redox relations involving several mono-
layers of nickel hydroxide formation; and (iii) in the film “bulk” by mobile H
absorption/desorption, depending on the film thickness, the hydrogen diffusion coefficient, etc,
and noting that nickel hydride formation may block further H uptake.[®! Although the detailed
film stress distribution may be depth dependent, because the film thickness (18 nm) is much

thinner than the substrate (200 pm) the Af determined by experiment using Equation 1 can be

considered the change of average surface stress.

Setup for in-situ strain measurement of bulk nanoporous metal. The linear charge-induced
strain of bulk nanoporous Ni was measured in situ in an electrochemical cell, combined with a
computer-controlled dilatometer (Linseis, L75 vertical dilatometer) and a potentiostat (Autolab,
PGSTAT302N). A glass push rod was connected to the displacement sensor of the dilatometer
with a small constant compressive pressure (~0.2 MPa) on the top surface of the sample in
order to maintain a close contact. The electrochemical cell was filled with 1M NaOH
electrolyte with the nanoporous Ni as the working electrode, a piece of carbon cloth as the
counter electrode, and a commercial Hg/HgO reference electrode (0.098 V vs. SHE,

Sensortechnik Meinsberg, Germany). All electrode potentials presented were converted to SHE.
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Method to calculate differential capacitance. Cqitt is calculated by the following equation

according to Ref, [l

Y ZIn
Caiff = Guf = Znri@—roy ez (54)

where Y’ is the imaginary part of the electrode admittance, Y (= 1/Z), where Z = 27"+ jZ"’, is
the impedance. Rs is ohmic resistance determined from the high frequency intercept on Z’ axis
inthe Z’ vs. -Z’” diagram. Z was measured by electrochemical impedance spectroscopy with a

potentiostat (Autolab, PGSTAT302N).

a oof———_" -~ = T
-0.5-
-1.0-+
-1.54

-2.0-+

<Ac> (GPa)

2.5

-3.0

(@)

-0.6 +

-0.7 =

-0.8 =

E (V vs. SHE)

-0.9- -

A
0.0 0.1 0.2 0.3 0.4 0.5
H/Ni atomic ratic
Figure S3. (a) H absorption induced change of mean biaxial stress <Ac> in a Ni thin film as a
function of H/Ni atomic ratio, where the H content was calculated from the measured charge
during reduction process in cyclic voltammetry by Faraday’s law. The H absorption was
assumed to start at -0.55V vs. SHE (the left dash line in Figures 1f-h) until the end of the
reduction processes (-0.925V vs. SHE). The horizontal dash line in (a) indicates the
approximate theoretical shear strength of the Ni given by G/30 where G = 76 GPa is the shear

modulus of Ni. (b) Electrode potential as a function of H/Ni atomic ratio.
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Figure S3a shows the H absorption induced mean biaxial stress increased non-linearly
with H uptake into the Ni film. In most of the potential region, under the lowest scan rate of
1mV s, the induced biaxial stress was below the theoretical shear strength of the Ni. As the
H/Ni ratio increased, #-nickel hydride could form, with fcc structure and a lattice constant of
3.731 A representing a 5.7% linear lattice expansion compared with Ni (3.530 A).[®! The
expansion of the film is restricted by the substrate and induced a compressive stress in the film.

The stress was similar to that reported for H absorption into Nb films on a Si substrate.”!
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Experimental Procedures

Sample preparation. A 200 pm thick n-doped Si wafer with 100 nm thermal oxide coverage
(CrysTech GmbH, Germany) was cut into 40 mm ><8 mm rectangles. A thin Ti film was first
sputtered on one side of the Si wafer by magnetron sputtering (BESTEC GmbH, Germany) at
100 W for 5 min under 7 SCCM (standard cubic centimeter per minute) Ar flow rate with film
growth rate 2 nm min‘* for the purpose of strong mechanical contact between Ni film and the
substrate.[*I A Ni film was then sputtered at 100 W for 10 min under 7 SCCM Ar flow rate. The
film growth rate of Ni was ~ 1.83 nm min* according to the film thickness against sputtering
time relationship (Figure S1) where the film thickness was measured as a function sputtering
time by a spectroscopic ellipsometer (M-2000F Spectroscopic Ellipsometer, J.A.Woollam Co.
Inc.). Ni thin films were typically 18 nm in thickness. On the other side of the Si wafer, a Au

thin film was sputtered at one end (area ~8 mm =15 mm) to act as a mirror for laser reflection.
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After sputtering, the edges of the sample (200 pm side) were slightly polished by sand paper to
guarantee electric isolation which was checked by a multimeter between the Ni film on one side
of the wafer and the Au mirror on the other side. Thus, when the Ni film was charged in the
electrochemical cell, the Au mirror was not charged and did not contribute to any
electrochemical process.

For electrochemical tests of Au films, Au was coated on one side of the Si wafer by
magnetron sputtering at 50 W for 8 min under 7 SCCM Ar flow rate (film growth rate 10 nm
min).[ This Au film acted as both working electrode and laser reflection mirror, while in this
case the other side of the Si wafer had no other coating.

For electrochemical tests of bulk nanoporous Ni, a NizMnzo alloy ingot was cast in an
induction cold crucible furnace (Arcast) in Ar atmosphere from elemental Ni and Mn feedstock
(>99.99% pure, ChemPUR). The ingot was then annealed at 900 °C for 24 hours under vacuum
and then quenched in water to obtained a single phase solid solution according to the phase
diagram,?! and confirmed by XRD (Figure 2c of the main text, black curve). The ingot was cut
into 3D millimeter sized cuboids by a diamond wire saw. Nanoporous Ni was then synthesized

by free corrosion of the cuboids in 0.2M (NH4).SO4 at 55°C for 20 to 30 hrs.
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Figure S1. Relationship between Ni film thickness and magnetron sputtering time at 100 W
with 7 SCCM Ar flow rate.

Setup for in-situ surface stress measurement of metal films. The charge-induced surface
stress on the Ni or Au films was measured in situ by a multiple-beam optical stress sensor
(MOSS) system (k-Space Associates Inc., USA)E! during electrochemical processes. As
illustrated in Figure 1a, the MOSS system utilized a solid state laser in conjunction with two
orthogonal etalons to produce 3 x4 arrays of parallel beams. The beams propagated through
the electrolyte and were projected on to the Au mirror on the cantilever. The reflected beams
were monitored by a charge coupled device (CCD) camera, and images transferred to a
computer for measurements of the beam spacing with time. The beam spacing changed due to
bending of the cantilever, induced by any changes of the surface stress.

For electrochemistry and stress measurement of Ni film (Figure 1a), the metal coated Si
wafer with the Au mirror facing upwards was fixed at one end in a homemade electrochemical
cell filled with 1M NaOH electrolyte. The Ni film was connected as the working electrode (WE)
of the potentiostat (Autolab, PGSTAT302N) through a Au wire (0.25 mm in diameter). A Pt
wire acted as a counter electrode (CE), and a home-made Ag/AgCl reference electrode (0.375
V vs. SHE in 1 M NaOH at room temperature, Figure S2) was inserted into the electrochemical

cell just below the Ni film.
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Figure S2. lllustration of home-made Ag/AgCl reference electrode against various common
reference electrodes in 1M NaOH electrolyte. The home-made Ag/AgCI electrode was made
by anodization of Ag wire (0.5 mm diameter, 99.99% pure) in 1M HCI solution at 0.9V for 120
seconds with another Ag wire as both counter and reference electrodes. The electrode potential
was calibrated against a commercial Ag/AgCl (3M KCI) electrode (Sigma-Aldrich) in 1M
NaOH solution (the same solution for electrolyte in this work). The potential of home-made
electrode was stable at ~0.165 V vs. Ag/AgCl (3M KCI) even after 3 days of working.

Bending curvature determination. During cyclic voltammetry, electrochemical reactions
took place on Ni film leading to a change in the Ni film surface stress change, and due to the
constraint of the substrate, the cantilever then deflected. The change of bending curvature Ax

of the cantilever can be expressed as:[

Ar = 22422 (S1)
2Ln do

where do is the initial beam spacing; Ad is the change of beam spacing; n is the refractive index
of the electrolyte; a is the incident beam angle; L is the distance between the cantilever and the
camera. Ad/do ratio was measured directly from the MOSS system. From Stoney’s equation,
the change of mean biaxial stress of a thin film coated on a much thicker substrate can be

expressed as

Yshi

(Ao) = 6(1—v)hy

(S2)
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where Ys and vs are Young’s modulus and Poisson’s ratio of the substrate, respectively; hs and
ht are the thickness of the substrate and the film, respectively. Here, we use surface stress Af to
represent the stress state of the film.

Af = (Ac)hs (S3)

As presented in the main text, for Ni films, the charge-induced stress can originate at three
different depth positions: (i) at the film surface by adsorbed ions in an electrochemical double-
layer; (ii) in the surface region (e.g. several nm) due to redox relations involving several mono-
layers of nickel hydroxide formation; and (iii) in the film “bulk” by mobile H
absorption/desorption, depending on the film thickness, the hydrogen diffusion coefficient, etc,
and noting that nickel hydride formation may block further H uptake.®! Although the detailed
film stress distribution may be depth dependent, because the film thickness (18 nm) is much
thinner than the substrate (200 jum) the Af determined by experiment using Equation 1 can be

considered the change of average surface stress.

Setup for in-situ strain measurement of bulk nanoporous metal. The linear charge-induced
strain of bulk nanoporous Ni was measured in situ in an electrochemical cell, combined with a
computer-controlled dilatometer (Linseis, L75 vertical dilatometer) and a potentiostat (Autolab,
PGSTAT302N). A glass push rod was connected to the displacement sensor of the dilatometer
with a small constant compressive pressure (~0.2 MPa) on the top surface of the sample in order
to maintain a close contact. The electrochemical cell was filled with 1M NaOH electrolyte with
the nanoporous Ni as the working electrode, a piece of carbon cloth as the counter electrode,
and a commercial Hg/HgO reference electrode (0.098 V vs. SHE, Sensortechnik Meinsberg,

Germany). All electrode potentials presented were converted to SHE.
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Method to calculate differential capacitance. Cqit is calculated by the following equation

according to Ref, [l

Corive = 2L — ild
diff = onf T 2mf[(2'—Rg)2+2112]

(S4)

where Y’ is the imaginary part of the electrode admittance, Y (= 1/Z), where Z=Z2"+jZ"’, is
the impedance. Rsis ohmic resistance determined from the high frequency intercept on Z’ axis
in the Z’ vs. -Z’’ diagram. Z was measured by electrochemical impedance spectroscopy with a

potentiostat (Autolab, PGSTAT302N).
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Figure S3. (a) H absorption induced change of mean biaxial stress <Ac> in a Ni thin film as a
function of H/Ni atomic ratio, where the H content was calculated from the measured charge
during reduction process in cyclic voltammetry by Faraday’s law. The H absorption was
assumed to start at -0.55V vs. SHE (the left dash line in Figures 1f-h) until the end of the
reduction processes (-0.925V vs. SHE). The horizontal dash line in (a) indicates the
approximate theoretical shear strength of the Ni given by G/30 where G = 76 GPa is the shear
modulus of Ni. (b) Electrode potential as a function of H/Ni atomic ratio.

Figure S3a shows the H absorption induced mean biaxial stress increased non-linearly

with H uptake into the Ni film. In most of the potential region, under the lowest scan rate of
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1mV s, the induced biaxial stress was below the theoretical shear strength of the Ni. As the
H/Ni ratio increased, S-nickel hydride could form, with fcc structure and a lattice constant of
3.731 A, representing a 5.7% linear lattice expansion compared with Ni (3.530 A).[¥] The
expansion of the film is restricted by the substrate and induced a compressive stress in the film.

The stress was similar to that reported for H absorption into Nb films on a Si substrate.”!
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