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ABSTRACT

The observation of reversible strengthening and stiffening of nanoporous gold (NPG) under electrochemical potential has opened
opportunities to exploit this material for multifunctional applications. Yet the complex structural geometry and length-scales involved make
a definitive understanding of structural correlations to the behaviors difficult at best. Achievement of coupled electro-chemo-mechanical
testing at the micrometer scale is a key step toward this goal. Here, we introduce an experimental approach to investigate the elastic and plas-
tic behaviors of NPG under electrochemical potential at the microscale using a modified nanoindentation setup and multiple load function.
The in situ experiments in electrolyte show a significant increase by 32% in strength of pillars in a positive potential regime where oxygen
adsorption occurred. This response was found to be reversible, which agrees with macroscopic results, while the elastic modulus was shown
to be insensitive to the applied potential—an observation inconsistent with recent bulk dynamic mechanical analysis results.

VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5128049

Nanoporous gold (NPG), with high specific surface area due to
its bicontinuous network of nanometer-sized metallic ligaments and
pores, serves as an excellent model system to investigate the influence
of surface properties on effective material parameters. For example,
the osmotic pressure caused by a charged surface induces larger defor-
mation in the case of a plasma membrane via enhancing the adhesion
of Au nanoparticles to the membrane.1 In continuous metal networks
like NPG, the coupling of electric potentials with mechanical stress at
the surface results in actuation and sensing capabilities of this class of
materials.2–4 This means the application of an electric potential to
NPG will induce a macroscopic strain,5,6 while the straining of NPG
can induce a measurable voltage or current.4 These functions are
inherently mechanically coupled; the amount of actuation for a given
potential applied or the strength of the signal sensed for a given
applied stress is dependent on the elastic stiffness of the structure. Any
possible application of these features requires an appropriate material’s
strength, and there is a considerable influence of the actuation capabil-
ity if stress is applied to such an actuator, i.e., if it really has to do
work.7 Therefore, besides the academic interest, the ability to accu-
rately measure mechanical properties and correlate their response to

structural characteristics has gained considerable interest in the past
10 years.7–10

While the high specific surface is clearly key to the actuation and
sensoric functions, it also leads to other effects on mechanical perfor-
mance not commonly found in conventional bulk systems. When
NPG is infiltrated by electrolyte, a certain range of applied potential is
able to change the surface state of Au from double-layer capacitance to
OH� adsorption. Such a potential-induced formation of an oxidation
monolayer on ligament surface has been found to lead to a twofold
increase in strength during the compression of NPG under cycled
potential,11 a reversible response. Sun and Sieradzki observed that this
adsorption would not only influence the strength but could also accel-
erate crack propagation of NPG during dynamic fracture.12 An
improvement of strength and hardness of NPG up to 50% caused by
surface modification with self-assembled monolayers was also recently
observed.13,14 It was found that surface tension (i.e., specific surface
excess energy) dictates the variation in flow stress under potential
control in the capacitive region rather than surface stress.15 And
most interestingly, the extent of the increase in flow stress in all of
these cases is dependent on the ligament size,16 allowing isothermal
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annealing of NPG to serve as a tuning parameter for the strength and
stiffness coupling for actuation and sensing applications. Yet much
debate remains regarding the mechanisms that couple plasticity and
electrochemical oxidation adsorption on NPG.

While most investigations of mechanical behavior of NPG are
carried out in ambient environments, the few existing electro-chemo-
mechanical coupling studies have been carried out on macroscopic
samples. Yet a better understanding of the underlying mechanisms
controlling the coupled electro-chemo-mechanical response is best
achieved via micromechanical testing in an electrochemical cell. Such
an approach allows the testing of submicrometer scale volumes, with
the possibility to test individual ligaments or load-bearing structural
units under electrode potential. By simultaneously changing the sur-
face state of structural elements with their individual surface areas,
curvatures, and length-scales, under simultaneous mechanical load,
correlations between structure, chemical states, and mechanical
response can be investigated. This could provide critical insights
needed for the optimization of bicontinuous, nanoporous systems for
multifunctional applications. Here, we present such an experimental
setup, which allows the mechanical testing of NPG at the microscale
in an electrochemical environment.

Nanoindentation, one of the most employed techniques for small
scale mechanics, allows us to conduct micromechanical testing under
different conditions. A few studies using an AFM-based nanoindenta-
tion approach to sharp tip nanoindentation in an electrochemical
environment exist. Corcoran et al.17 studied the effect of controlled
and reversible oxide or metal monolayer formation on the elastic-
plastic transition on planar Au surfaces. The influence of hydrogen on
dislocation nucleation during Berkovich indentation was investigated
by Barnoush et al.,18 where planar Ni samples were covered by a liquid
electrolyte. However, in order to study the stress-strain response of
materials undergoing electrochemical driven actuation, the necessary
experimental setup is much more challenging.

The appropriate preparation of viable samples for such experi-
ments is itself nontrivial. In typical microcompression experiments,19

the elastic deformation of the underlying substrate, i.e., the bulk sam-
ple from which the micropillar is fabricated, can be readily subtracted
from the total measurement using a Sneddon correction.20 However,
in the case of potential-induced actuation experiments, the displace-
ment of the bulk sample induced by the potential cannot be readily
subtracted from the measured response. This dictates a need to keep
the total bulk sample as thin as possible in order to minimize the bulk
displacement or requires a modified loading protocol to circumvent
the actuation displacement in the measurement.

Here, disk-shaped NPG samples, manufactured by electrochemi-
cal dealloying from Au25A75 alloy, with outer dimensions of 2.3mm
diameter and approximately 300 lm thickness, were used for micro-
pillar fabrication. The synthesis process is identical to the correspond-
ing process as described in Ref. 21, and the details can be found in the
supplementary material. The average ligament size of our as-dealloyed
NPG is around 35nm, which is quite small compared to the pillar
diameter. Thus, no size effects were expected.

After synthesis, the sample was mounted on a SEM stub made of
stainless steel. Micropillars with a diameter of 8lm [see Fig. 1(b)]
were milled out of NPG disks by means of focused ion beam (FIB)
installed on a FEI Nanolab 200 SEM. The aspect ratio of pillar diame-
ter to height is around 1:3. Axial compression testing of the pillars was

done at a constant strain rate (0:001 s�1) in 0.5 M-NaF on a TI 980
Triboindenter. A conical indenter with a circular flat punch and a
nominal diameter of 15lm fabricated from sapphire was used. As sap-
phire is an electrical insulator at room temperature, it is highly inert
and resistant to chemical attack in most electrochemical environ-
ments. A schematic diagram of the electrochemical in situ setup is
shown in Fig. 1(a). The NPG disk with the milled pillars is placed
within an electrochemical cell in a three-electrode setup. NPG serves
as working electrode, while a commercially available Ag/AgCl elec-
trode (Driref-2, World Precision Instruments) which is calibrated by
a commercial calomel electrode (XR110, Radiometer Analytical)
before testing and a platinum wire are used as a reference electrode
(RE) and counter electrode (CE), respectively. The three electrodes
are connected to a high-performance potentiostat (PG-STAT 302N,
Metrohm AUTOLAB) through which the electrode potential applied
on the NPG sample is controlled.

Prior to carrying out the microcompression tests under electro-
chemical control, a cyclic voltammogram is measured to verify a suffi-
cient electrochemical performance of the setup. While most of the
macroscopic tests are carried out in HClO4 solution, NaF was prefera-
bly used here as to minimize potential damage to the indentation sys-
tem; NaF has been shown to serve equivalently for actuation of
NPG.22 Only a minimal amount of HF is present in the solution
because NaF is a weak base in aqueous solution and tends to remain
as F�, rather than generating a substantial amount of HF. The CV
curve presented in Fig. 1(c) was measured at 5mV/s scan rate in the
0.5 M-NaF electrolyte solution. All electrode potentials in this paper

FIG. 1. (a) Schematic diagram of the in situ setup for compression tests on micro-
pillars of NPG in the electrolyte where the potential is controlled by a potentiostat.
WE: working electrode (NPG); RE: reference electrode (Ag/AgCl); CE: counter
electrode (Pt). (b) A SEM image of a 8-micrometer-diameter micropillar with a
nominal ligament diameter of 35 nm. (c) Cyclic voltammogram of NPG in 0.5 M-NaF
at a scanning rate of 5mV/s, scan direction as indicated by arrows.
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are specified vs standard hydrogen electrode (SHE). The maximum
and minimum potential for the CV scan are 1.4V and�0:2V, respec-
tively. The most prominent features of the CV curve are the OH�

adsorption peak associated with the formation of an OH� monolayer
at positive potential and the desorption peak, i.e., the stripping of that
monolayer at negative potential. Basing on that, the potential window
of adsorption and desorption is recorded, through which we are able
to change the surface states by selecting appropriate potentials. From
these results, the two potentials, 1.4V and �0:2V, which we denote
by “on” and “off,” respectively, for concision, were then chosen for the
in situ microcompression experiments, indicating OH� covered and
clean surface, respectively.

Initially a set of pillars were compressed in air as well as in the
electrolyte with the constant potential �0:2V (off) and 1.4V (on).
The results, as exhibited in Fig. 2(a), revealed that engineering stress-
strain curves calculated from load-displacement curves measured in
air and at �0:2V using the diameter of the corresponding pillar and
correcting for underlying substrate deformation20,23 are the same,
which implies no influence from the infiltration of liquid. The average
yield strength, represented by the strength at 2% strain, from 5
micropillars is around 14:786 1:47MPa in air and 14:876 0:36MPa
at �0:2V, indicating high reproducibility of the mechanical setup.
Multiple partial unloading steps were imposed during the test in order
to calculate the elastic modulus at different stages of deformation.
There, any given load-unload segment was carried out at a single
potential state, i.e., either on or off. In some cases, the entire stress
strain curve was measured while the potential was off, others with the
potential on, while other set of tests were carried out with intermittent
changes in the potential. This allowed the influence of actuation on
the displacement and the strength to be decoupled what serves as a
major advantage over the previous experiments, where the loading is
continuous during potential variation. The flow stress obtained with
potential “off” (referring to clean) and “on” (referring to formation of
OH� monolayer) constantly through the whole deformation process
is presented in Fig. 2(a) which shows significant differences in behav-
ior under the two kinds of surface states of the nanoscale Au liga-
ments. The strength increased by 32% when OH� is adsorbed on the
surface, compared to the strength of an identical pillar with a clean
surface. This agrees well with the macrocompression results of similar
samples in Ref. 11. Multiple partial unloading steps were imposed dur-
ing the test in order to calculate the elastic modulus at different stages

of deformation. There, any given load-unload segment was carried out
at a single potential state, i.e., either on or off. Interestingly, the width
of the hysteresis loop during the unloading steps increases with
increasing strain. The variation of elastic modulus E as calculated from
the slope of the initial 20% of data of each unloading curve is illus-
trated in Fig. 2(b). It is apparent that E increases significantly (from
0:516 0:009GPa to 3:66 0:017GPa) during compression largely
due to the densification of the sample.21 Yet an effect of surface
adsorption on E is not observed in this experiment; the modulus as a
function of strain is identical for both cases of applied potential. The
standard deviation of the determined elastic modulus measured from
three micropillars at each surface state is less than 2% at all stages of
deformation. The precision of the measurement is high enough that a
change of the Young’s modulus of 8% or more, as reported in Ref. 21,
should be clearly discernible. This discrepancy between micro- and
macroscale experiments may indicate a history dependence of the
mechanism of stiffening, in which the surface state and its possible
change with the applied potential depends on its strain path and
applied load. It should be noted that the white particles observed on
the pillar surface shown in Fig. 2(c) are residual NaF in the crystalline
form originating from the electrolyte after drying in air before transfer-
ring them into the SEM; it is not related to deformation of the pillar.

The microcompression behavior under potential jumps was also
measured in the present study, and the corresponding stress-strain
curves are illustrated in Fig. 3. In the case of in situ testing, the whole
NPG sample is immersed in the electrolyte. Therefore, any actuation
resulting from the application of the potential will occur to the whole
sample, not just the pillar of interest. Based on the actuation results
found in the literature,2,22 the maximum estimated length change of
bulk NPG induced by OH� adsorption at high potential ranges
between 0.03 and 0.1% (mainly depending on the ligament size). This
influence of the potential switching, i.e., the actuation of bulk NPG, on
the measured displacement is neglected in deformation measurements
of bulk samples, but it cannot be ignored in micropillar experiments,
in which the displacement due to deformation is concentrated on the
pillar but the displacement due to actuation originates from the whole
macroscopic sample. Here, five load-unloading cycles are used, shown
in Fig. 3(a), each separated by a switching of the applied potential in
the unloaded condition. The 1st, 3rd, and 5th cycles were performed
at a potential of �0:2V, while the 2nd and 4th at a potential of 1.4V,
as shown in Fig. 3(b). Schematics of the compression process referring

FIG. 2. Results of compression with and without electrolyte in the pores of NPG. (a) Engineering stress-strain curves measured in air and at two constant potentials (1.4 V and
�0:2 V) and in 0.5 M-NaF. 1.4 V corresponds to ligament surface covered by OH� monolayer, while �0:2 V represents a clean surface. (b) The variation of elastic modulus
calculated from each unloading curves during compression tests. (c) SEM images of two pillars after compression in air (top) and at �0:2 V (bottom).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 251602 (2019); doi: 10.1063/1.5128049 115, 251602-3

VC Author(s) 2019

https://scitation.org/journal/apl


to the first three loading cycles are exhibited in Fig. 3(c). During the first
cycle, the displacement grows at the applied constant strain rate until it
reaches the set value, holding for 10 s prior to the unloading. After
unloading, the flat punch is brought out of contact with the sample sur-
face and held for 40 s, during which we change the potential, here from
off (�0:2V) to on (1.4V), allowing the expansion of sample to occur
without putting additional load on the indenter tip. Then, the next load-
ing cycle is applied on the pillar, and after that the flat punch moves
away from the sample surface again, followed by the second switching of
the potential from off to on and the induced contraction of the sample
before the 3rd loading step. Due to the actuation of the whole sample,
the displacement of the flat punch at recontact differs from the last
unloading point: during a cycle with the potential at 1.4V, the indenter
contacts the pillar much earlier, i.e., above the last contact point.

The stress-strain curves measured under potential jumps prove
that the increase in flow stress upon oxidation of the ligament surface
is not based on variations of mechanical properties of different micro-
pillars. The observed variation in flow stress after a potential jump
scales with the currently applied stress rather than having a fixed abso-
lute value, in good agreement with macrocompression studies.11

The SEM images of pillars after compression, in Fig. 2(c) and inset in
Fig. 3(b), indicate a uniform deformation in the latter case despite the
multiple contacting and change of surface state during testing.
Comparison of the flow stress and its changes with applied potential
for both presented approaches, constant potential [Fig. 2(a)], and
potential jumps [Fig. 3(b)] shows good agreement, suggesting good
reproducibility of these measurements.

The electrical resistance of the sample increases by three orders of
magnitude when the porous structure is formed during dealloying.24

However, despite the increase in resistance, we measure smooth
and reproducible cyclic voltammogram curves of NPG in the electro-
lyte [in Fig. 1(c)], and the peaks associated with OH� adsorption and
desorption are clearly observed. Hence, the lowered electrical conduc-
tivity does not influence our measurement.

The charging of the surface changes the surface energy and sur-
face stress, and can cause surface adsorption, which leads to the varia-
tion of outer dimensions, i.e., actuation, and mechanical performance
of NPG simultaneously. The strength of nanoporous micropillars is
affected by electrode potential and displays the same trend as the
corresponding results of bulk NPG: considerable increase in strength
with adsorption and reversible changes with altering surface condi-
tions, while the elastic modulus behaves distinctly: no variation due to
surface coverage of OH�, which is different from the reported behav-
ior of bulk samples in 1 M-HClO4.

21 The sample length-scale, electro-
lyte, and loading approach used in Ref. 21 are significantly different
from that in the present work. The in situ compression results of bulk
NPG sample in 0.5 M-NaF, as shown in the supplementary material
Fig. S1, indicate that a significant influence of the sample size on the
change of elastic behavior can be ruled out. The process of electro-
chemical oxidation of a planar single-crystal Au surface and the effect
of specific adsorption of anions (such as SO2�

4 and Cl�) from the elec-
trolyte on the formation of the OH� monolayer have been investigated
thoroughly.25,26 The F� and ClO�4 are two kinds of anions with a
strongly bound solvation shell, which induces only weakly specific or
even nonspecific adsorption at the gold surface when the NPG is posi-
tively charged.27 We expect that the discrepancy of specific adsorption
of F� and ClO�4 should be weak compared to the formation of a OH�

monolayer, which dominates the interaction between gold and electro-
lyte in oxidation region. In order to clarify whether the anion (F� or
ClO�4 ) changes the electro-chemo-mechanical coupling, we carried
out macrocompression testing of NPG under potential jumps in 1 M-
HClO4 (additionally to the ones in NaF) and presented the results in
the supplementary material as Fig. S3. The two potentials 1.5V (refer-
ring to OH� coverage or oxidized surface) and 0.9V (referring to the
clean surface) vs SHE selected here correspond to the maximum and
minimum values of elastic modulus from dynamic mechanical analy-
sis (DMA) results, respectively. Yet the elastic modulus shows no obvi-
ous variation at these two different surface states, which agrees well
with the in situ compression results in 0.5 M-NaF. More likely, this
difference is caused by the different loading protocol, i.e., analyzing
unloading sections of the stress-strain curve and DMA testing during
which the elastic modulus was measured via the analysis of the oscilla-
tory load and displacement signals by a lock-in amplifier while the
potential was changed. The load state can have a strong influence on
the variation of mechanical properties during the change of electrode
potential for nanoporous metals.28 This points to the advantage of this
microscale test setup which allows the decoupling of the actuation and
loading responses.

NPG wetted in the electrolyte will show local inhomogeneities on
a short time scale when the potential is changed, specifically from
capacitive to oxidation regimes. The concentration gradient of ions
exists within the pores due to the formation of the OH� monolayer on
the ligament surface, which in turn induces ion movement between
the outer and inner (pores) electrolyte. In our in situ experiments, as

FIG. 3. Results of in situ compression under potential jumps. (a) Applied loading
profile. (b) Engineering stress-strain curve of pillar under potential jumps (starting
with clean surface: off-on-off-on-off) and constant potential (�0:2 V). The inset is
the SEM image of pillar after compression under potential jumps. (c) Schematics of
compression process under potential jumps refer to the first three loading cycles.
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shown by the current-time curves in the supplementary material
Fig. S4, the current reaches a steady state in a time of about 45 s after a
potential change due to the high mobility of the ions in solution. In
the case of the microcompression experiments, the NPG (sample and
substrate) has sufficient time to recover a homogeneous state after the
potential jump before the next loading segment is applied. In the case
of the macrocompression experiments shown in the supplementary
material, a very low applied strain rate of only 0:0001 s�1 is applied
which is by orders of magnitude slower than the charging process.

In conclusion, in situ microcompression testing of NPG in an
electrolyte under potential control provides critical opportunities to
investigate the influence of microstructural aspects on the electro-
chemo-mechanical coupling. By using a multiple load-unload profile
for in situ compression under potential control, we were able to decou-
ple the actuation effect from the impact of elastic strain when the
potential changes. The microcompression results herein show a similar
effect of surface conditions on plastic behavior as observed in bulk
compression of NPG; the strength increased with increased surface
coverage of OH� and showed recoverable modulation with varying
surface states. However, the change in surface states as achieved with
applied potential in the case of microcompression did not lead to an
increase in stiffness as described in the literature for macroscale tests.
Finally, through the demonstrated robustness of this approach to
investigate electro-chemo-mechanical coupling at the microscale, the
influence of single ligaments, grain boundaries, or other structural ele-
ments can be investigated. In turn, this could lead to the exploitation
of structural anisotropy for functional response of bicontinuous nano-
porous materials.

See the supplementary material for more details on the synthesis
process of NPG and the results of in situ macrocompression experi-
ments on bulk NPG in 0.5 M-NaF as well as in 1 M-HClO4.

This work was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)-Projektnummer 192346071-
SFB 986. The authors would like to thank Jie Li for helping in
Au25Ag75 alloy preparation.
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