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Abstract: Metallic actuators increasingly exhibit superiority over conventional actuators (such as
piezoelectric ceramics) via low energy consumption and large strain amplitude. Large strain ampli-
tude and high strain energy density (or work density) are required for an actuator with excellent
comprehensive performance. Herein, we fabricated bulk nanoporous Pd (np-Pd) with a dense
nanoporous structure by two-step potentiostatic dealloying of as-annealed Ni–Pd alloy with chemical
corrosion resistance, and investigated the dealloying behaviors as well as electrochemical actuation
performance. A visible current density oscillation occurred during dealloying, which is related to
formation/dissolution of the passivating film. Additionally, since the dense and continuous ligaments
establish a good network connectivity for large strain response, the np-Pd achieves a strain amplitude
of up to 3.74% and high strain energy density, which stands out among many actuator materials
(e.g., np-AuPt, np-Ni, and np-AlNiCu). Our study provides a useful guidance for fabricating metallic
actuators with excellent comprehensive performance.

Keywords: electrochemical actuation; potentiostatic dealloying; nanoporous Pd; strain amplitude;
strain energy density

1. Introduction

In recent decades, nanoporous metals (np-metals) have attracted intense research
interests due to their bi-continuous ligament-channel network structure. The unique ar-
chitecture is enriched with a large number of active surface defects, facilitating charge
transfer reactions during electrochemical processes, and the interconnected metal ligament
framework provides excellent conditions for high electrical conductivity [1]. Therefore, np-
metals have a wide range of applications in many fields, such as catalysis [2,3], sensing [4],
energy storage [5], and actuation [6]. Among them, electrochemical metallic actuators
have gradually been receiving more and more attention in the past two decades because of
the salient advantages of low energy consumption and large strain amplitude compared
with piezoelectric ceramics, as well as higher strength than that of conducting polymer [7].
Electrochemical metallic actuators rely on electrical energy consumption to generate dimen-
sional changes. To achieve desirable comprehensive actuation performance, in addition
to large strains, the high strain energy density (or work density) beneficial for the device
to work efficiently in the case of space (or mass) limitations [8] is also a critical element to
be considered.

At present, electrochemical metallic actuator materials can typically be derived from
np-metals prepared by dealloying (e.g., np-Pt [9,10], and np-Au [11,12], np-Ni [13,14], np-
NiMn [15], np-Pd [16,17], np-Cu [18,19], np-AlNiCu [20]) or the composites of np-metals
and polymer (e.g., the hybrid of np-Au/polypyrrole [21–23] or np-Au/polyaniline [24]).
Both chemical and electrochemical dealloying are common methods for fabricating np-
metals [1,5]. The latter especially can achieve a precise regulation for the morphology,
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composition and porosity of as-dealloyed samples via exclusively changing the applied
potential/current [12,25–27]. Moreover, the electrolyte used for electrochemical dealloying
has a wide range of selections and plays an important role in the dealloying potential [28–31].
Solutions that are almost invalid for a given alloy under chemical dealloying can work
under electrochemical conditions, such as electrochemical dealloying of Al-based alloys in
NaCl solution [28,32] or Ag-Au alloys in AgNO3 solution [33]. Therefore, electrochemical
methods may be available for dealloying some alloys with corrosion resistance.

Herein, we explored a two-step potentiostatic dealloying method to dealloy a Ni–Pd
alloy with chemical corrosion resistance. During dealloying, the current density oscillation
is considered to be associated with the formation/dissolution of the passivating film. After
dealloying, the Ni element was successfully removed to obtain the bulk np-Pd. Noteworthily,
our np-Pd possesses a dense nanoporous structure instead of a hierarchically porous structure
such as many reported electrochemical metallic nanoporous actuators [13,14,16–20]. Tightly
intertwined ligaments of the bulk np-Pd establish a good network connectivity, thereby
achieving a large strain amplitude of up to 3.74%, which is superior to those of many re-
ported actuator materials, such as np-Ni [13], np-Pd [16] and np-AlNiCu [20]. Furthermore,
the volume- and mass-specific strain energy density is at a high level, significantly better
than those of np-AuPt [7]. Therefore, our results demonstrate that the bulk np-Pd with the
dense nanoporous structure has excellent electrochemical actuation performance.

2. Experimental Mehods

A Ni80Pd20 alloy ingot was obtained by high-frequency induction heating of Ni
particles (99.9 wt.%) and Pd sheets (99.99 wt.%) in a sealed quartz tube under an argon
atmosphere. The ingot was cut into cubes of size 1 × 1 × 1 mm3 after annealing treatment
at 900 °C for 12 h for two times. The electrochemical dealloying was carried out in a three-
electrode system, and the potential stimuli were provided by a potentiostat (CHI 760E).
The as-annealed Ni–Pd alloy cubes, Ag/AgCl electrode, and a graphite rod served as the
working electrode (WE), reference electrode (RE), and counter electrode (CE), respectively.
The as-annealed alloy cubes were dealloyed under two-step potentiostatic control (from
0.5 to 0.6 V vs. Ag/AgCl) in a 0.5 M H2SO4 solution. The scenario where the current density
fell abruptly indicated the end of dealloying at the corresponding potential [28].

The microstructures/phases of the Ni–Pd alloy were characterized by the back-
scattered electron (BSE, Daejeon, Korea) imaging mode of scanning electron microscope
(SEM, COXEM EM-30, Daejeon, Korea) equipped with an energy-dispersive X-ray spec-
trometer (EDS, Daejeon, Korea). EDS was undertaken to investigate the chemical com-
positions and elemental distributions of both the Ni-Pd alloys and as-dealloyed samples.
The morphologies of the as-dealloyed samples were examined by field-emission SEM
(JSM-7610F, Japan) and transmission electron microscope (TEM, Tecnai F20, United States).
The final ligament size was determined by the average of 300 ligament diameters. An X-ray
diffractometer (XRD, XD-3, Beijing Purkinje General Instrument Co., Ltd., Beijing, China)
with Cu Kα radiation was used to analyze the phase constitutions of the Ni-Pd alloy and
as-dealloyed samples.

The electrochemical actuation measurements were performed in the three-electrode
system with a 0.7 M NaF solution, and the potentiostat provided the potential stimuli. The
schematic illustration of the actuation device is shown in Figure 1. The saturated calomel
electrode (SCE), and the Pt sheet acted as the RE and CE, respectively. The bulk np-Pd
sample immersed into the NaF solution was placed onto a gold substrate connected to the
WE of the potentiostat via a gold wire. A pushrod contacted the top surface of the sample
as well as the bottom of the displacement sensor (Solartron, DP/1/S). When the potential
was applied, the sample would generate a volume change, and the vertical displacement of
the sample was converted by the sensor into a numeric signal to the computer.
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Figure 1. Schematic illustration of the actuation device with three electrodes.

3. Results and Discussion

According to the EDS element analysis (Figure 2a), the chemical compositions of the
as-annealed alloy are consistent with the nominal values of Ni80Pd20. Furthermore, the
XRD pattern (Figure 2b) of the as-annealed alloy reveals only one group of diffraction
peaks which deviate slightly from those of the face-centered cubic (fcc) Ni (PDF # 04-0850),
although the alloy consists of two solid–solution phases with extremely close chemical
compositions (Figure 3).
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Figure 3. Spot-analysis results of the as-annealed Ni80Pd20 alloy for (a,c,e) the dark and (b,d,f) the
grey regions, which correspond to two o solid–solution phases with extremely close chemical compo-
sitions, respectively.

To remove the Ni element, the as-annealed Ni–Pd alloy was dealloyed chemically.
However, we found it difficult to completely remove Ni from the alloy whether HCl, H2SO4,
or HNO3 solution was used. As shown in Figure 4, the external surface of the samples
still maintained a part of the metallic luster and retained a large amount of Ni (79.5 at.%
for HCl, 70.1 at.% for H2SO4, and 45.2 at.% for HNO3) even after 10 h of acid leaching.
Simultaneously, no bubbles were detected on the surface of the samples during the leaching.
In addition, the samples cannot be cut by a blade, implying that only the thin surface layer
was dealloyed. Therefore, the as-annealed Ni–Pd alloy can be reasonably considered to
possess chemical corrosion resistance even in strong acid solutions. Based on these results,
we turned to the electrochemical dealloying method thanks to its salient advantages.
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Figure 4. (a,c,e) The photos of the as-annealed Ni80Pd20 alloy after different acid leaching treatments,
and (b,d,f) typical EDS spectra of the external surface of the corresponding samples. The average
chemical compositions are shown in the EDS spectrum as an inset.

The corrosion potentials (Ecorr) of the Ni, Ni80Pd20 and Pd were assessed in a 0.5 M
H2SO4 solution, to determine the potential required to remove the active element (Ni)
from the as-annealed alloy. Figure 5a shows the open-circuit potential (Eocp) as a function
of time. The horizontal line means that the electrode surface reached an equilibrium
state. As expected, the equilibrium potential of the Ni is lower than that of the Ni80Pd20
alloy and Pd, indicating Ni possesses higher electrochemical activity in the 0.5 M H2SO4
solution [34]. The significant equilibrium potential difference between the components
of the alloy is a prerequisite for electrochemical dealloying [35]. The polarization (Tafel)
curves (Figure 5b) served to further confirm the electrochemical activity of the Ni, Ni80Pd20
and Pd. The corrosion current density (jcorr) and corrosion potential were determined by
Tafel extrapolation (as shown in Figure 5b), and the results are presented in Table 1. As
expected, the corrosion current densities of Ni and Ni80Pd20 are significantly higher that of
Pd due to their different electrochemical activity in 0.5 M H2SO4. The potentials (Eocp, Ecorr)
are slightly different, which is related to the surface state of the metals and the potential
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scan rate [28,36]. Note that the corrosion potential of the as-annealed alloy deviates far
from that of Ni and is close to that of Pd. The low electrochemical activity (high corrosion
potential) further emphasizes the corrosion-resistance characteristic of the Ni80Pd20 alloy.
Moreover, the polarization curves (Figure 5b) show that the maximum value of current
density of Pd is relatively small after the applied potential exceeds its corrosion potential,
meaning that Pd is stable in the electrochemical condition (0.5 M H2SO4).
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Ni, Ni80Pd20, and Pd at the scan rate of 1 mV s−1. (c) Dealloying potential versus time, and the insets
present the photos of the as-annealed alloy and bulk np-Pd. The variation of current density (j) and
charge ratio (Qt/Q) with respect to time during (d) the first-step and (e) the second-step dealloying.

Table 1. The electrochemical activities of the Ni, Ni80Pd20 and Pd in the 0.5 M H2SO4 solution.

Metal Open-Circuit Potential
(Eocp vs. Ag/AgCl)

Corrosion Potential
(Ecorr vs. Ag/AgCl)

Corrosion Current Density
(jcorr, mA cm−2)

Ni −0.18 −0.19 0.043
As-annealed Ni80Pd20 0.37 0.41 0.042

Pd 0.65 0.58 0.005

We firstly applied a potential of 0.5 V vs. Ag/AgCl to the Ni80Pd20 alloy until the
current fell abruptly and approached zero. As a result, the cross-sectional EDS element
analysis (Figure 6) shows that although the Ni in the region near the external surface
of the as-dealloyed sample had been almost removed, a large amount of Ni (~62.4 at.%)
remained in the sample center. This indicated that the corrosion rate had dropped to zero
before completely removing Ni, which can be interpreted as the enrichment of Pd at the
pore edges [37], and the increase in mass transport resistance during dealloying hinders
the dissolution of Ni. To further remove Ni, the dealloying potential was subsequently
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increased to 0.6 V vs. Ag/AgCl after the end of the first-step dealloying (Figure 5c).
The transformation in the macroscopic morphology of the bulk sample before and after
dealloying is shown as insets in Figure 5c.
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Figure 6. The SEM images and corresponding EDS spectra of (a,b) the region near the external surface
and (c,d) the center of the sample after dealloying at 0.5 V vs. Ag/AgCl. The average chemical
compositions are shown in the corresponding EDS spectrum as an inset.

Figure 5d,e shows the variation of j and charge ratio (Qt/Q) versus the dealloying
time. Qt is the transferred charge obtained from the integration of current curves at the
corresponding dealloying potential. The total amount of charges (Q) required to remove
Ni altogether is based on the assumption that the total current originates from metallic Ni,
which is oxidized to Ni2+. Therefore, Qt/Q represents the degree of dealloying [38,39]. Dur-
ing the first-step dealloying (Figure 5d), the current density increases to a peak after ~5000 s.
Subsequently, a visible current density oscillation occurs, which can be explained by the
passivation/activation of the surface resulting from the repeated formation/dissolution of
the passivating film (especially for the Ni/H2SO4 system) [40–42]. When the oxide film
is formed, the passivation of the surface leads to a decrease in current density. Since low
current density is not conducive to the film formation, the rate of the film formation gradu-
ally becomes lower than its dissolution, thereby more active sites are exposed (activation
of the surface), resulting in the current density rising, which prompts the film formation
to start again, and the cycle repeats itself [40–42]. Eventually, the enrichment of Pd on the
pore edges resulting from the removal of a large amount of Ni [37] and the mass transport
resistance originating from increasingly curved nano-sized channels during dealloying
lead to the cessation of corrosion. Subsequently, we applied a higher dealloying potential
(0.6 V vs. Ag/AgCl) to further remove Ni. Due to the high potential during the second-step
dealloying (Figure 5e), the electrode surface is activated and the corrosion process proceeds
rapidly (higher current density than that of the first-step dealloying). Finally, the current
density falls abruptly, and the sum of Qt/Q of the two dealloying stages is close to 100%,
implying that Ni has been almost completely removed. Moreover, the cross-sectional SEM
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image (Figure 7) presents no un-dealloyed solid regions in the sample, and the EDS results
(Figure 8) indicate that the content of Ni was reduced to <2 at.%, which again confirms the
complete dealloying of the as-annealed Ni–Pd alloy.
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Consistent with the EDS results (Figure 8), the XRD pattern (Figure 9a) of the np-
Pd reveals that only one set of diffraction peaks attributed to the fcc Pd phase (PDF #
46-1043) can be indexed. After the two-step potentiostatic dealloying, the cross-sectional
SEM images of the bulk np-Pd (Figure 9b,c) present a uniform rather than hierarchical
nanoporous structure with a ligament size of ~22 nm (inset in Figure 9c). The densely
continuous nano-sized ligaments will provide good network connectivity for inducing
strains [12,22]. The TEM images (Figure 9d,e) further reveal the dense nanoporous structure
of the np-Pd. The black ligaments and bright nanopores are intertwined to form the
interconnected ligament-channel network. In addition, the plane spacing (2.284 Å) in the
high-resolution TEM (HRTEM) image (Figure 9f) is in accordance with the (111) crystal
plane (2.246 Å) of the fcc Pd phase, and the selected-area electron diffraction (SAED) pattern
(inset of Figure 9f) shows a series of visible polycrystalline rings, which can be indexed as
(111), (200), (220) and (311) reflections of fcc Pd. These results demonstrate that the bulk
np-Pd with a uniform and dense nanoporous structure was successfully fabricated by the
two-step potentiostatic dealloying.
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Next, we investigated the electrochemical actuation behavior of the bulk np-Pd. The
cyclic voltammetry (CV) technique was first employed. A series of periodically varying
electrode potentials at different scan rates were applied to induce strains. Figure 10a records
the cyclical actuation response at different scan rates from 50 to 1 mV s−1, and the strain-
time curves for high scan rates (from 50 to 10 mV s−1) are magnified as an inset. Figure 10b
shows the CV curve of the np-Pd at the scan rate of 1 mV s−1. The forward potential scan
from −1.4 to 1 V vs. SCE sequentially triggers the hydrogen adsorption/absorption (HA)
(accompanied by hydrogen evolution [43]), hydrogen desorption (HD), OH adsorption
(OA) and the formation of Pd oxides [16,44,45]. During the back scan, both the reduction of
Pd oxides and OH desorption (OD) are proceeded.
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Figure 10c shows the strain-time curves with three continuous cycles at the scan
rate of 0.5 mV s−1, the electrochemical behaviors (HA, HD, OA and OD) corresponding
to expansion and contraction are indicated in the curves. Combined with Figure 10b,d,
the correspondence between the strain response and adsorption (absorption)/desorption
behaviors of the species involved in the CV process can be clearly discerned. As the
potential scan rate decreases (Figure 10e), more time is available for hydrogen adsorp-
tion/absorption, which induces larger lattice expansion and thus obtains more significant
strain amplitudes [17]. Notably, the strain amplitude of np-Pd remarkably exceeds that of
the reported np-Pd with coexisting micro- and nano-sized pores at the same scan rate [16].
Significantly, the amplitude is as high as 2.84% at the scan rate of 0.5 mV s−1, which is close
to the maximum strain amplitude (εmax = 3.28%) of the reported np-Pd [16]. This demon-
strates the advantages of the bulk np-Pd with a non-hierarchical and densely continuous
network structure.
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The square wave voltammetry (SWV) technique was used to determine the εmax of
the bulk np-Pd. Figure 11a records the SWV-induced strain response at a different applied
potential time (period, t), and an enlarged region is shown in Figure 11b to see details at
t ≤ 200 s. Hydrogen desorption and adsorption/absorption occur repeatedly as the poten-
tial is frequently switched between 0.3 and −1.4 V vs. SCE, which induces reproducible
contraction and expansion behaviors. The strain amplitudes can be well regulated by
changing t. To know the εmax of the bulk np-Pd, the t/2 is gradually extended to 10,000 s
(Figure 11c), at which time the peak-to-peak strain amplitude is almost the same as that at
t/2 = 5000 s. Thus, the εmax was determined to be 3.74%. Such an amplitude outperforms
that (3.28%) of the reported np-Pd with coexisting micro- and nano-sized pores [16] and
close to that (4%) of the np-Pd with two nano-sized ligaments [17].
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In addition, the strain rate is a critical parameter for evaluating the actuation perfor-
mance of bulk electrochemical metallic actuators, representing the average change in strain
per unit time [46]. The hierarchically porous structure generally provides an efficient ion
transport pathway [20,47], enabling fast strain rates. However, as presented in Figure 11c,
the strain rate of our np-Pd with the non-hierarchical structure reaches the same order of
magnitude as that (~10−5 s−1) of the hierarchical np-Pd [16], and is much superior to those
of np-Cu [18] and the consolidated np-Pt [10]. Furthermore, when the maximum strain
amplitude is induced, the strain rate (7.48 × 10−6 s−1) of our np-Pd is comparable to that
(8.83 × 10−6 s−1) of np-Ni with a semiordered hierarchical structure [14]. We consider that
the large strain response is related to the network connectivity. As shown in Figure 9b,c,
the bulk np-Pd possesses a dense nanoporous structure, these tightly intertwined liga-
ments provide a large number of interconnected bridges and thus establish good network
connectivity, effectively contributing to the generation of overall actuation [12,22].
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The strain energy density was also investigated further to assess the actuation perfor-
mance of the bulk np-Pd. It is well known that the actuator can be considered a linear elastic
solid [7,13,16,20]. Thus, the volume-specific strain energy density (wV) was calculated by

wV = 1⁄2 Yeff εmax
2 (1)

where Yeff is the effective macroscopic Young’s modulus [7,9] and can be obtained by regard-
ing the as-dealloyed sample as an open-cell foam material via the following equation [48]:

Yeff = Ys (ρnp/ρs)2 (2)

where Ys (=121 GPa) is Young’s modulus of solid Pd [16], and the ρnp (=2.97 g cm−3) and
ρs (=12.023 g cm−3 [49]) are the densities of the bulk np-Pd and solid Pd, respectively.
Thereby, the relative density (ρnp/ρs) was determined to be 0.247 in this work. In addition,
we can further attain the mass-specific strain energy density (wM) using the equation:

wM = wV/ρ (3)

where ρ is the mass density of the actuator material [7,9]. Therefore, Yeff, wV and wM were
calculated as 7.38 GPa, 5161 kJ m−3 (linear value), and 1738 J kg−1 (linear value), respectively.

We compare these parameters (Yeff, εmax, wV, wM) of the np-Pd with those of different
actuator materials. Figure 12 shows the histogram of the performance comparisons (the
data from Table 2). Significantly, our np-Pd not only possesses a higher εmax than those
of many actuator materials, such as piezoceramic [50], np-Ni [13] and np-AlNiCu [20],
but also guarantees a moderate Yeff. More importantly, the wV and wM of our np-Pd is at
the highest level compared to those of typical actuator materials shown in Figure 12. In
particular, the wV and wM of our np-Pd are 2.6 and 4.3 times as high as those of np-AuPt [7],
respectively. Our results indicate that the bulk np-Pd with uniform and dense nanoporous
structure possesses excellent comprehensive actuation performance.
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Table 2. Figures of merit for various actuator materials.

Materials Yeff (GPa) εmax (10−4) wV (kJ m−3) wM (J kg−1)

piezoceramic [50] 64 20 130 4.25
electrostrictor polymer [50] 1.1 450 1100 500

np-Pt [9,10] 9 15 90 30
np-Au [12] — 10 — —
np-AuPt [7] 25 130 2000 400
np-Ni [13] 19.6 200 3920 1468

np-NiMn [15] — 194 — —
np-NiPd [51] — 47 — —

np-Pd [16] 6.63 328 3570 1270
np-Pd [17] — 400 — —

np-AlNiCu [20] 51.1 90 267 —
np-Pd (current work) 7.38 374 5161 1738

4. Conclusions

We successfully obtained the bulk np-Pd by the two-step potentiostatic dealloying
of the as-annealed Ni80Pd20 alloy with chemical corrosion resistance. During dealloying,
the formation/dissolution of the passivating film is treated as an important reason for
the current density oscillation. The bulk np-Pd shows a dense nanoporous structure,
which builds a great structural condition (good network connectivity) for large strain
response. Therefore, the present np-Pd exhibits a large strain amplitude of up to 3.74% and
high volume- and mass-specific strain energy density, exceeding those of many actuator
materials. To sum up, the bulk np-Pd with dense nanoporous structure achieves excellent
comprehensive actuation performance. Our work provides a meaningful reference in
pursuit of superior electrochemical actuation performance of metallic materials.
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alloys in HCl and NaOH solutions. J. Min. Metall. Sect. B-Metall. 2017, 53, 333–340. [CrossRef]
30. Shi, S.; Markmann, J.; Weissmüller, J. Synthesis of uniform bulk nanoporous palladium with tunable structure. Electrochim. Acta

2018, 285, 60–69. [CrossRef]
31. Sun, L.; Li, J.; Xu, R.; He, S.; Hua, Z.; Liu, H. One-step rapid synthesis of a 3D porous surface on Zr-based bulk metallic glass.

Surf. Coat. Technol. 2021, 418, 127230. [CrossRef]
32. Xu, J.; Zhang, C.; Wang, X.; Ji, H.; Zhao, C.; Wang, Y.; Zhang, Z. Fabrication of bi-modal nanoporous bimetallic Pt-Au alloy with

excellent electrocatalytic performance towards formic acid oxidation. Green Chem. 2011, 13, 1914–1922. [CrossRef]
33. Snyder, J.; Livi, K.; Erlebacher, J. Dealloying silver/gold alloys in neutral silver nitrate solution: Porosity evolution, surface

composition, and surface oxides. J. Electrochem. Soc. 2008, 155, C464–C473. [CrossRef]
34. Li, M.; Liu, J.; Wang, C.; Liu, Y.; Sun, Y.; Qin, C.; Wang, Z.; Li, Y.; Liu, L.; Liu, S. Controllable nanoporous copper synthesized

by dealloying metallic glasses: New insights into the tuning pore structure and applications. Chem. Eng. J. 2022, 427, 130861.
[CrossRef]

35. Erlebacher, J. An atomistic description of dealloying porosity evolution, the critical potential, and rate-limiting behavior.
J. Electrochem. Soc. 2004, 151, C614–C626. [CrossRef]

36. Sieradzki, K.; Dimitrov, N.; Movrin, D.; McCall, C.; Vasiljevic, N.; Erlebacher, J. The dealloying critical potential. J. Electrochem. Soc.
2002, 149, B370–B377. [CrossRef]

http://doi.org/10.1016/S1369-7021(07)70048-2
http://doi.org/10.1126/science.1081024
http://doi.org/10.1016/j.electacta.2007.10.049
http://doi.org/10.1016/j.susc.2008.09.038
http://doi.org/10.1002/adfm.202107241
http://doi.org/10.1039/C5TC03048J
http://doi.org/10.1021/acs.nanolett.7b01526
http://doi.org/10.1002/aelm.202100381
http://doi.org/10.1039/C6NR00427J
http://doi.org/10.1080/14786435.2017.1311428
http://doi.org/10.1016/j.elecom.2021.106940
http://doi.org/10.1016/j.jallcom.2022.166469
http://doi.org/10.1016/j.intermet.2022.107537
http://doi.org/10.1016/j.actamat.2021.116852
http://doi.org/10.1002/admi.202001415
http://doi.org/10.1016/j.snb.2017.04.025
http://doi.org/10.1021/nn400803x
http://doi.org/10.1149/1.3454753
http://doi.org/10.1016/j.actamat.2021.117424
http://doi.org/10.1039/D0TA04880A
http://doi.org/10.1039/B919313H
http://doi.org/10.2298/JMMB170425015P
http://doi.org/10.1016/j.electacta.2018.07.081
http://doi.org/10.1016/j.surfcoat.2021.127230
http://doi.org/10.1039/c1gc15208d
http://doi.org/10.1149/1.2940319
http://doi.org/10.1016/j.cej.2021.130861
http://doi.org/10.1149/1.1784820
http://doi.org/10.1149/1.1492288


Metals 2022, 12, 2153 15 of 15

37. Damian, A.; Maroun, F.; Allongue, P. Electrochemical de-alloying in two dimensions: Role of the local atomic environment.
Nanoscale 2016, 8, 13985–13996. [CrossRef]

38. Graf, M.; Roschning, B.; Weissmüller, J. Nanoporous gold by alloy corrosion: Method-structure-property relationships.
J. Electrochem. Soc. 2017, 164, C194–C200. [CrossRef]

39. Wittstock, A.; Zielasek, V.; Biener, J.; Friend, C.M.; Baumer, M. Nanoporous gold catalysts for selective gas-phase oxidative
coupling of methanol at low temperature. Science 2010, 327, 319–322. [CrossRef]

40. dos Santos, C.G.P.; Machado, E.G.; Kiss, I.Z.; Nagao, R. Investigation of the oscillatory electrodissolution of the Nickel-Iron alloy.
J. Phys. Chem. C 2019, 123, 24087–24094. [CrossRef]

41. Hudson, J.L.; Tsotsis, T.T. Electrochemical reaction dynamics: A review. Chem. Eng. Sci. 1994, 49, 1493–1572. [CrossRef]
42. Schmuki, P. From Bacon to barriers: A review on the passivity of metals and alloys. J. Solid State Electrochem. 2002, 6, 145–164.

[CrossRef]
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45. Grdeń, M.; Łukaszewski, M.; Jerkiewicz, G.; Czerwiński, A. Electrochemical behaviour of palladium electrode: Oxidation,

electrodissolution and ionic adsorption. Electrochim. Acta 2008, 53, 7583–7598. [CrossRef]
46. Madden, J.D.W.; Vandesteeg, N.A.; Anquetil, P.A.; Madden, P.G.A.; Takshi, A.; Pytel, R.Z.; Lafontaine, S.R.; Wieringa, P.A.; Hunter,

I.W. Artificial muscle technology: Physical principles and naval prospects. IEEE J. Ocean. Eng. 2004, 29, 706–728. [CrossRef]
47. Juarez, T.; Biener, J.; Weissmüller, J.; Hodge, A.M. Nanoporous metals with structural hierarchy: A review. Adv. Eng. Mater.

2017, 19, 1700389. [CrossRef]
48. Biener, J.; Hodge, A.M.; Hamza, A.V.; Hsiung, L.M.; Satcher, J.H., Jr. Nanoporous Au: A high yield strength material. J. Appl. Phys.

2005, 97, 024301. [CrossRef]
49. Viswanath, R.N.; Weissmüller, J. Electrocapillary coupling coefficients for hydrogen electrosorption on palladium. Acta Mater.

2013, 61, 6301–6309. [CrossRef]
50. Zhang, Q.M.; Bharti, V.; Zhao, X. Giant electrostriction and relaxor ferroelectric behavior in electron-irradiated poly(vinylidene

fluoride-trifluoroethylene) copolymer. Science 1998, 280, 2101–2104. [CrossRef]
51. Zhang, J.; Lv, L.; Gao, H.; Bai, Q.; Zhang, C.; Zhang, Z. Electrochemical actuation behaviors and mechanisms of bulk nanoporous

Ni-Pd alloy. Scr. Mater. 2017, 137, 73–77. [CrossRef]

http://doi.org/10.1039/C6NR01390B
http://doi.org/10.1149/2.1681704jes
http://doi.org/10.1126/science.1183591
http://doi.org/10.1021/acs.jpcc.9b06423
http://doi.org/10.1016/0009-2509(94)85063-1
http://doi.org/10.1007/s100080100219
http://doi.org/10.1016/S0022-0728(00)00291-6
http://doi.org/10.1021/jp710092z
http://doi.org/10.1016/j.electacta.2008.05.046
http://doi.org/10.1109/JOE.2004.833135
http://doi.org/10.1002/adem.201700389
http://doi.org/10.1063/1.1832742
http://doi.org/10.1016/j.actamat.2013.07.013
http://doi.org/10.1126/science.280.5372.2101
http://doi.org/10.1016/j.scriptamat.2017.05.010

	Introduction 
	Experimental Mehods 
	Results and Discussion 
	Conclusions 
	References

