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Surface-driven actuation: Sign reversal under load and surface load-memory effect
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Motivated by suggestions that hybrid nanomaterials from nanoporous metal and aqueous electrolyte can
be used as actuators, we study the impact of an external load on the actuation behavior of nanoporous gold
impregnated with aqueous electrolyte. At no load, we observe the well-documented trend for a more positive
electrode potential prompting elongation of the nanoporous body. For purely capacitive electrode processes we
confirm that the elastic response to external load is simply superimposed on the potential-induced elongation,
so that the strain per electric charge is invariant with the load. The observations so far are consistent with
the expectation for surface-stress driven actuation in a linear elastic materials system. Surprisingly, however,
actuation in the regime of oxygen electrosorption responds strongly to loading: as the load is increased, the
strain per charge gradually drops to zero and even inverts its direction. In other words, the actuator moves
backward when asked to do work against a substantial external load. Furthermore, we demonstrate that the
length change in response to lifting the oxygen adsorbate layer depends on the load that was present at the
instant of oxysorption. This “load memory effect” has analogies to shape-memory behavior in massive alloys.
Yet, contrary to shape-memory alloys, the microscopic origin is here a surface phase transition. We argue that
the observation is a signature of the reorientation of local surface domains with anisotropic surface stress, and
that the required atomic transport process acts only while mobile adatoms are supplied during the deposition or

lifting of the oxygen adsorbate layer.
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Nanoporous metals are distinguished by their large specific
surface area, which can form the basis of materials design
strategies providing novel functional behavior [1-4]. As one
example, electrochemically driven actuation with nanoporous
metals has been thoroughly studied [1,5-8]. Here the pore
space is impregnated with electrolyte, and an electric potential
bias between the ionic conduction channel in the electrolyte
and the electronic channel in the metal excites space-charge
or adsorbate layers at the pore surfaces that change a capillary
force, the surface stress. The compensating stresses in the bulk
of the porous solid result in a macroscopic strain that can
reach magnitudes up to about 1% [5], a significant value for
a stiff actuator. The phenomenon is well understood in terms
of known concepts of the mechanics of porous solids [1,9]
and of the coupling between surface stress and superficial
charge density [10]. So far, the relevant work focuses on
actuation in the absence of external load. Here we explore
more practical scenarios where the porous solid does work
against load. Using nanoporous gold as the actuator mate-
rial, we find that the impact of the load depends on the
electrode process. During capacitive processes the actuation
amplitude is invariant with the load, consistent with the expec-
tation for linear elasticity. Yet for electrosorption of oxygen
species our observations have no straightforward explanation
in terms of the established concepts of nanoporous metal
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actuation. Instead, the findings suggest that electric potential
cycles induce cyclic atomic reordering at the surface that
couples strongly and in an unexpected way to the loading
state.

Actuation with nanoporous metal rests on the variation of
the surface stress f at the pore surfaces with the superficial
charge density ¢ through § f = ¢8q. The electrocapillary cou-
pling coefficient ¢ is characteristic of the underlying elec-
trode process, capacitive charging or pseudocapacitive elec-
trosorption of various anions [11,12]. Mechanical equilibrium
requires compensating stresses in the bulk. Hooke’s law in
turn requires strain, and the effective macroscopic average é¢
of the strain variation, projected on the load axis, makes up
the actuation. If there is no external load, then §¢ = ca (v —
DY ~'6f [9] with «, v, and Y the area of surface per solid
volume, Poisson’s number, and Young’s modulus of the solid
phase, respectively. The dimensionless constant ¢ depends on
the geometry of the porous microstructure [9,13,14].

The elastic reaction of a macroscopic body of porous
solid to uniaxial external load (per cross-sectional area) o
is quantified by the effective Young’s modulus Y. so that
& = 0 /Y. In porous materials, Yo can be drastically lower
than for massive solids. For nanoporous gold (NPG), Y. can
be varied substantially by plastically deforming the porous
material to various degrees [17-20]. Besides modulating f,
cycling the electrode potential in an actuation experiment at
constant load also prompts significant cyclic changes in Y
[21]. At constant load, and to first order in the variations of f
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FIG. 1. Experimental setup for the in situ dynamic mechanical
analysis (DMA). (a) Schematic [15] and (b) a photo [16] of the
in situ DMA setup equipped with an electrochemical cell. WE:
working electrode; RE: reference electrode; CE: counter electrode.
(c) A photo of a bulk nanoporous gold sample used in this study.
Dimensions: 1.2 x 1.2 x 2 mm?.

and Y., the strain along the load axis then varies as

Thus, the net actuation strain combines a first contribution
that depends on the variation of the surface stress and is
independent of the applied stress, plus a second contribution
that arises from the variation of stiffness and that scales
linearly with the applied stress. Note the sign conventions,
negative-valued o and ¢ in response to compressive load.

The samples of our study, NPG prepared by electrochem-
ical dealloying [22], feature a bicontinuous microstructure
with interconnected networks of pores and solid “ligaments”
and can be made in millimeter dimensions [23,24]. This
study was performed on cuboid samples with dimensions of
1.2 x 1.2 x 2 mm?, as displayed in Fig. 1(c). The scanning
electron micrograph in Fig. 2(a) shows the microstructure of
as-prepared NPG. The image was taken from the cleavage
surface of a bulk NPG specimen; it is representative of the
structure in the sample interior. The feature size in the image
suggests a mean ligament diameter of 40 nm, which means the
diameter of ligament cross sections. And this was determined
by averaging on more than 100 ligaments measured manually
in SEM images.

Figure 2(b) shows a cyclic voltammogram of NPG, in-
dicating capacitive polarization of the clean gold surface at
more negative values of the electrode potential £ and oxygen
species electrosorption peaks at more positive E. Electrosorp-
tion of OH™ is known to involve up to one molecular mono-
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FIG. 2. Microstructure, cyclic voltammetry, and actuation behavior under load for nanoporous gold. (a) Scanning electron micrograph
showing cleavage surface of as-prepared sample with average ligament diameter 40 nm. The ligament in NPG is represented by a cylinder,
as depicted by the superimposed geometrics in yellow. (b) Cyclic voltammogram of current / versus electrode potential E at scan rate of 5
mV /s. Arrows: Scan direction. Five successive cycles are shown; traces superimpose. (c)—(e) Effective Young’s modulus Y. and macroscopic
relative length change Al/I versus time ¢ during cyclic potential jumps at various constant applied compressive stress values o as indicated in

each subfigure.
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and 0.9 V versus pseudo Ag/AgCl, representative of the clean
and the oxygen-covered surface, respectively.

Electrochemical actuation was characterized by a dynamic
mechanical analyzer (DMA) equipped with a custom-built in
situ electrochemical cell, as presented in Fig. 1 [16]. An NPG
sample was placed in a glass cell on a gold plate, and loaded
on top by a quartz pushrod for a DMA test. The NPG sample is
the working electrode; we used a pseudo Ag/AgCl reference
electrode and a wrapped carbon cloth as counter electrode.
Gold wires were used for all connections in electrolyte. The
master alloy sample was carefully pressed and cut to ensure
flat and parallel surfaces on top and bottom; they were then
dealloyed. Preloading before compression also improves the
contact between the pushrod and the sample.

Compressive loads were superimposed during elastic strain
cycles, and macroscopic relative length change ¢ and the real
part Y of the effective Young’s modulus recorded versus
time. The strain frequency in our experiments was 1 Hz, un-
less otherwise stated. Measurements of Y for NPG by DMA
have been reported previously and validated by comparison to
conventional compression tests [19-22,26].

Prior to exploring actuation in the DMA, the samples were
predeformed by loading in sifu at 0 = —6 MPa [22], which is
within the extended elastic-plastic transition regime of NPG
[17,18]. This served to minimize creep during the actuation
under load. Samples were then subjected to lesser loads and
immediately underwent repeated jumps of E between 0.3 and
0.9 V. Figures 2(c)-2(e) show representative traces of Y. and
& during that procedure. The graphs are distinguished by the
applied compressive load o, which is constant in each figure
but increases in magnitude from 1.6 to 3.9 MPa between
Figs. 2(c)-2(e).

The graphs of Y.¢ in Figs. 2(c)-2(e) show that the cyclic
potential variation prompts a cyclic variation of the sample
stiffness, with 3%—5% stiffening during adsorption of oxygen
species. This is consistent with previous observations of elec-
trochemically induced modulation of the stiffness of NPG, a
consequence of the variation of the surface excess elastic pa-
rameters at the pore walls during oxygen electrosorption [21].
Besides the 1 Hz strain cycles of Fig. 2 we have also explored
the frequency regime from 20 Hz down to 20 mHz and con-
sistently found stiffening upon oxygen adsorption [22]. The
variation of the apparent absolute values of Y. in Figs. 2(c)—
2(e) with o may arise from mechanical contact problems at
low load. Yet, the measurements of relative change in stiffness
and of length change should not be affected, and indeed the
relative variation of Y. emerges sensibly independent of the
load.

Figures 2(c)-2(e) also show that, contrary to the stiffness,
the actuation strain depends strongly ono. Atc = —1.6 MPa,
oxygen electrosorption brings expansion and the strain am-
plitude is ¢ ~ 0.02%. This is similar to reported actuation
amplitudes of NPG measured by dilatometry at very small
load and under otherwise comparable conditions [13]. When
the load is increased to o = —2.5 MPa, J¢ is significantly
diminished. Furthermore, the strain transients for the adsorp-
tion events now develop a small overshoot. When the load is
raised further to o = —3.9 MPa, the overshoot becomes more
pronounced and, most remarkably, the net strain has changed
sign and now exhibits contraction during adsorption. In other
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FIG. 3. Dependence of the actuation strain on the loading con-
dition. (a) Actuation strain §¢ during potential jumps (0.3 <> 0.9 V)
versus applied stress o for samples predeformed by different (es-
sentially plastic) strains as indicated by labels. Error bars: Standard
deviation from a series of successive jumps. Half-empty symbols:
Values measured in dilatometer at low load. (b)—(d) Actuation strain
plotted versus —o /Y., the stress normalized to Young’s modulus.
(b) Net actuation strain, as in (a). Note that all data are now following
the identical trendline. (c) Contribution of §Y., i.e., second term in
Eq. (1), to d¢. (d) Subtracting the data in (c) from that in (b) yields
the contribution from § f, i.e., first term in Eq. (1) to §e.

words, the data show that the actuator will move backward
when asked to do work against a substantial applied load.
Superimposed on the reversible strain of actuation,
Figs. 2(c)-2(e) show a slow irreversible expansion. This is
readily explained as a viscoelastic response when NPG is
relieved from the larger compressive stress of the predeforma-
tion that preceded this experiment. A small irreversible varia-
tion of Y. appears as well. We speculate that this effect may
arise from local deformation at the loaded surfaces, which im-
proves the contact. The magnitude of this change in stiffness
is negligible compared with the cyclic variation of Y.¢ upon
potential jumps and so does not affect our observations.
Figure 3(a) plots the actuation strain in response to the
0.3 = 0.9 V potential jump versus o. The plot compiles
data from samples which were plastically predeformed [22]
so as to produce different solid fractions and, consequently,
different Y. The samples were also examined in sifu in
a dilatometer under the smaller load of —0.14 MPa, and
this data are included in the figure. The graphs for different
predeformation differ substantially, yet Fig. 3(b) shows that all
results coincide on a single straight line when plotted versus
o /Yegr. Since o /Yegr is simply the static strain induced by the
applied load, the result suggests that the load dependence of
the actuation behavior is inherently linked to the elastic strain.
We have used the experimental data for §Y. from ex-
periments such as Figs. 2(c)-2(e) along with the second
term on the right-hand side of Eq. (1) for estimating the
contribution of §Y.s to the net actuation strain §e. The result,
Fig. 3(c), confirms that the stiffening during oxygen species
electrosorption contributes an expansion to the net actuation
strain. Subtracting that contribution from the net ¢ yields
the contribution from §f to the actuation strain, that is, the
first term on the right-hand side of Eq. (1). Figure 3(d)
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FIG. 4. Actuation during cyclic potential sweeps including ca-
pacitive and oxygen electrosorption processes. (a) Right ordinate and
lines: Cyclic voltammogram of current / versus potential E at scan
rate 10 mV/s (red arrow denotes scan direction; red graph: anodic
branch). Left ordinate and symbols: Strain ¢ versus E in the anodic
scan at various loads. No systematic changes are resolved between
CV under different loads. (b) Transferred volumetric charge density
gv versus E. Anodic part is shown in red. (c) Plot of ¢ versus gv
at various loads, using symbols as in (a). (d) Effective strain-charge
coefficient de /d gy during oxygen electrosorption versus the applied
stress o. Closed symbols: Net value. Open symbols: Contribution
from surface stress variation, after subtraction of contribution from
Young’s modulus variation, as in Fig. 3. Dashed lines: Linear regres-
sion. Sample was predeformed to compressive strain of 5%.

shows that this contribution changes sign at comparatively
low external strain (~0.5%), and that the strain contribution
from §f becomes large and negative with increasing load.
The net actuation strain is then a subtle balance between two
contributions of opposite sign, expansion due to stiffening and
contraction due to surface stress change.

Besides the potential jumps, we found it instructive to
also study strain during cyclic potential sweeps under various
loads. In these studies we also included potential variations in
the capacitive regime, at more negative values of E. As can
be seen in Fig. 4(a), the strain here varies linearly with the
potential, with different slopes for capacitive versus oxygen
electrosorption processes. Furthermore, the slope during oxy-
gen adsorption confirms the trend discussed above, with pro-
gressively lessening expansion and finally contraction during
positive-going potential as the compressive load is increased.

Remarkably, Fig. 4(a) shows that the load has no effect
on the potential-strain response during capacitive cycles. This
observation suggests that in the capacitive regime (i) the
stiffness is sensibly independent of the potential and (ii)
the surface stress is sensibly independent of the load. The
observation on stiffness is indeed consistent with previous
results [21]. Clearly the load sensitivity of the actuation is
linked specifically to oxygen adsorption.

Since surface stress changes are inherently linked to the
superficial charge density (as opposed to its energy-conjugate
variable, the electrode potential), we have also integrated
the current to obtain the charge transferred to the porous

body [Fig. 4(b)], and we display strain versus charge at the
various loads in Fig. 4(c). This representation emphasizes the
actuation in the regime of oxygen adsorption, where most of
the charge is transferred. The graphs are essentially linear in
that regime, with a noticeable but small curvature. We have
extracted their slope—in other words, the load-dependent
strain-charge coefficients in the oxysorption regime—by lin-
ear regression. The closed symbols in Fig. 4(d) display the
results; they are seen to agree with the trends discussed so
far. No significant changes were resolved between cyclic
voltammograms recorded in different loading states [22]. In
other words, the superficial charge density and the amount of
adsorption are sensibly independent of the load.

Our discussion of the data in Fig. 3(b) suggests that the
load dependence of the actuation strain is linked to the elastic
strain in the porous body. In view of Eq. (1) we are then
led to conclude that the sign of the electrocapillary coupling
coefficient ¢ during oxygen adsorption on gold is sensitive to
the local strain at the surface. Next, we inspect two possible
hypotheses for the origin of this strain dependence.

Our first hypothesis is that strain prompts a transformation
between two distinct surface phases, each with isotropic sur-
face stress but with different magnitudes of f and ¢. This
hypothesis appears dissatisfactory because a discontinuous
transformation between distinct phases is poorly compatible
with (i) the gradual variation of ¢ with strain, and (ii) the
constant values of stiffness and electrosorption charge (recall
that the cyclic voltammetry resolves no change in superficial
charge density between the various loading states), indepen-
dent of the strain.

The second hypothesis, which rests on observations of
low symmetry surface reconstructions on many solid surfaces
and specifically on gold, adopts the notion of reorientation
of surface domains of one and the same phase but with an
anisotropic surface stress tensor.

The pairing row reconstruction of the Si(100) surface is
an example for a low-symmetry surface reconstruction with
anisotropic surface stress. Its surface stress components par-
allel and perpendicular to the so-called dimer bands are of
opposite sign [27,28]. When a uniaxial strain is imposed in
the surface plane, the coverage of the surface by domains
aligned parallel or perpendicular to the strain axis varies
linearly with the strain magnitude [27]. As illustrated in Fig. 5,
domains tend to align their axis of more positive surface
stress (tensile stress state in the surface) with the direction
of more compressive applied strain. Since the macroscopic
mean stress and strain in the bulk are governed by averages
over the surface stress tensors [29], the reorientation reduces
the magnitude of the net bulk stress in the compressive strain
direction. This implies an enhanced compliance, along with a
strain-dependent mean projected surface stress. Our observa-
tions are consistent with a process of this type. We emphasize
that the local elastic deformation of the ligaments in NPG
under a compressive stress is mostly bending [17]. In other
words, when the surface on one side of a ligament is under
compression, with a raised surface stress in the reconstruction,
its opposite side is stretched, with a reduced surface stress.
These effects cooperate to amplify the bending strain.

Bulk-terminated or reconstructed (110) surface of metals
provides further examples of anisotropic surface stress [30].
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FIG. 5. Schematics for surface reconstruction induced by oxy-
gen adsorption on surfaces of NPG with or without external load.
Dashed-outline squares represent a local ligament surface region in
NPG. Circles and ellipses in green indicate isotropy or anisotropy,
respectively, of surface stress in regions of different stress state.
Closed arrows: Direction of the applied external load. Open arrows:
Direction of actuation strain; the size denotes the relative magnitude.

Terraces of clean Au(111) can undergo a herringbone recon-
struction by compression along the (110) direction [31,32],
providing yet another low-symmetry surface with anisotropic
surface stress. Investigations of the surface stress during elec-
trochemical potential cycles indicate that clean Au surfaces
are bulk terminated under the conditions of our experiment
[33]. Yet, upon oxygen adsorption Au(111) can reconstruct
to a “striped phase” of twofold symmetry [34,35]. These
observations at least rule in structures with anisotropic surface
stress on oxygen-covered surfaces of our samples.

The roughness and curvature of the pore surfaces of NPG
may prevent systematic, long-range ordered reconstruction.
Yet, curvature requires step edges, which are again the source
of anisotropic surface stress. It is well known that stress
dipoles are associated with steps, mediating their mutual elas-
tic interaction [28,36,37]. While these dipoles do not induce
net long-range stress or strain, it was recently demonstrated
that step edges also exhibit line stresses that do contribute
to the mean surface stress [38]. These stresses again have
twofold in-plane symmetry. It is therefore conceivable that
oxygen adsorption brings a decoration of step edges with oxy-
gen, changing their stress state, along with a reorganization of
the surface step population that acts similarly as the domain
reorganization in strained reconstructed surfaces. A drastic
reorganization is indeed well documented in the context of
CO oxidation catalysis at metal surfaces, including those of
nanoporous gold, where high-resolution transmission electron
microscopy reveals cyclic transitions between faceted (few
step edges) and rough (many step edges), depending on which
species dominantly covers the surface [39,40].

The reorientation of low symmetry surface configurations
brings enhanced elastic compliance. How is this compatible
with our observation of stiffening upon oxygen adsorption?
We note that the stiffening is observed at all strain frequencies
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FIG. 6. Demonstration for a “load memory” effect. (a) Relative
length change versus time during two independent successive load
and potential jumps. Upward and downward arrows denote increase
and decrease of the parameters (E and o), respectively. (b) The strain
variation of the two states versus time around the last potential jump
in (a), i.e., from 0.9 to 0.3 V at 0 = —5 MPa. The dashed line
indicates the potential jump. Colors of the curves agree with those
in (a).

in the DMA, down to 0.02 Hz [22]—it shows no sign of
enhanced compliance even when there is ample time for re-
arrangement. This suggests that the mechanism which brings
the enhanced compliance acts only during the short intervals
when the oxygen coverage is changed. This notion is indeed
supported by the well-known phenomenon that oxygen ad- or
desorption on gold sets free small mobile clusters or single
adatoms of gold which bring a transient enhancement of
the kinetics of structural rearrangement [34,35,41-43]. Time-
dependent studies of surface stress variation after oxygen
adsorption on gold have confirmed that a transient restructur-
ing after the adsorption is relevant for surface stress [12,44].
Details of the time dependence, ¢ < 0 for fast and ¢ > 0
for slower processes, in those studies are consistent with
the initial overshoot of the strain after oxygen adsorption in
Figs. 2(d) and 2(e).

We have suggested a picture where a static applied load
and the structural rearrangement in response to oxygen elec-
trosorption provide the kinetics for reordering that allows
local surface stress states of low symmetry to align with the
direction of the load. As a consequence of this picture one
would expect that adsorbing oxygen at no load and applying
the static external load after the adsorption process—that is,
when the short period of enhanced mobility is already over—
would prevent the reordering. Figure 6 demonstrates that this
is indeed born out by experiment.

Figure 6(a) shows strain versus time for two load/potential
histories, starting with the clean surface at low load and then
either applying first the load and then the oxidizing potential
jump (state 1, red graph) or first the potential and then the load
(state 2, blue graph). Both samples are then in nominally the
same condition, at load and oxidized. Yet, when the potential
jumps to the negative direction, reducing the surface oxide
[Fig. 6(b)], the two samples react in a drastically different
manner: the “state 1” sample undergoes a small expansion,
consistent with the lifting of a stress-aligned domain structure,
whereas the “state 2” sample contracts by a much larger
amount. The behavior of state 2 is compatible with the
scenario of standard actuation strain under no load being
superimposed by the strain due to stiffness change at load.
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Clearly the loaded and oxygen-covered state has a memory of
the loading condition at the instant of oxidation. This “load
memory” effect has analogies to the shape memory effect
of certain alloys and polymers, where temperature changes
initiate a (martensitic) phase transformation in the bulk and,
along with it, a strain recovery that memorizes shape before
the transformation [45].

Our actuation experiments on nanoporous gold confirm
that the surface-induced strain in response to double-layer
charging on clean surfaces remains invariant when an external
load is applied, consistent with expectations based on linear
elasticity. Surprisingly, however, the actuation strain in re-
sponse to oxygen adsorption drops to zero and even inverts
its direction as more and more external load is applied. From a
technological point of view, this is bad news for actuation with
NPG since an actuator that cannot work against load is of little
practical use. Yet, from a more fundamental point of view, our

observations reveal an intriguing surface phenomenon, where
the state of the surface can depend on the load that was present
at the instant of oxidation—in other words, a surface-load
memory effect. We find the observations consistent with the
presence of anisotropic surface stress states and with the
notion that surface domains reorient according to the local
stress or strain direction that is imposed by the external load.
The kinetics of the reorientation is provided by and dependent
on the transient extra atomic mobility that accompanies the
reaction of the gold surface with oxygen, explaining why the
load at the instant of oxidation is decisive.
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