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functions, that work in either wet (liquid 
electrolytes) or dry (solid electrolytes) envi-
ronments, under low operating voltages 
≈1 V  which is ≈3 orders less than com-
mercialized piezoelectric actuators.[1d,2] 
Different from electric motors that are 
composed of complex wheels and gears, 
an electrochemical actuator is usually a 
single piece of material, which enable it 
to be miniaturized and suitable for tasks 
that are difficult or impossible to achieve 
by motors, such as artificial muscles,[3] 
micro-fluid systems,[4] and electromechan-
ical robots.[5] These actuation materials 
take advantage of the high surface-area-
to-volume-ratio of nanoporous structures 
and transform charge-induced interatomic 
local strain into macroscopic volume 
change of the whole electrode,[1d,6] which 
can even be observed with the naked eye,[7] 
or lift a weight that was hundreds of times 
heavier than the actuator itself.[1b,5]

Many immerging actuators are based on 
soft materials for flexible applications,[8] such as carbon nano-
tube/graphene sheets/yarns,[1a,2e,9] conducting polymers,[4,10] 
2D materials,[1b] and ionic polymer-metal composites;[11] while 
rigid and 3D bulk actuators, similar to those piezoelectric com-
petitors, are rare and mainly nanoporous metal-based electro-
chemical actuators, because of their high strength and stiff-
ness.[6,12] In the past two decades, researchers have spent plenty 
of efforts to face critical challenges of metallic actuators to 
enhance the actuation strain from ≈0.1% to ≈1%,[1d,6,7b,13] elevate 
charge–strain response rate against sluggish ion diffusion,[12b,14] 
increase mechanical strength and stability against coarsening 
of metallic nanoporous structures,[15] and replace precious 
noble metals with low-cost transition-metals.[7a,13c,16]

However, there is a dead-lock problem that has not been 
solved. On the one hand, a high specific surface area of the 
metallic actuator is required to achieve large actuation strain, 
because the charge-induced strain is proportional to the specific 
capacity, and the high surface area is a pre-condition to store 
more charges at the electrode/electrolyte interface either by 
non-faradaic capacitance or by faradaic pseudocapacitance.[16d,17] 
On the other hand, high specific surface area leads to mechan-
ical weakness of the actuator, such as irreversible volume 
shrinkage driven by the high surface-free-energy and low 
mechanical strength to bear and output the actuation load.[6,18] 
Therefore, even though the simultaneously high specific sur-
face area and mechanical stability were regarded as critical for 
metallic actuators to achieve competitive performances,[1d] these 
two factors are difficult to coexist.

Metallic electrochemical actuators convert electrical energy into mechanical 
energy via charge-induced strain at the nanoporous metal/electrolyte interface. 
To enhance the actuation amplitude, a general choice is to increase the electrode 
surface area to elevate the charge capacity. However, a large surface area is det-
rimental to the actuation stability and mechanical strength of the actuator, such 
as irreversible volume shrinkage due to surface coarsening. Here, this critical 
issue can be mitigated by introducing a secondary actuation metal (Mn) into 
the network of a primary actuation metal (Ni). A nanoporous Ni–Mn actuator is 
synthesized by chemical dealloying with a controllable Mn content by adjusting 
dealloying conditions. Mn enriched nanowires are entangled with much larger 
sized Ni nanoligaments throughout the whole nanoporous network. Mn contrib-
utes a two-electron-transfer redox of Mn(OH)2/MnOOH/MnO2, which induces 
reversible volume change via H+ intercalation/deintercalation. It is more efficient 
for strain generation than a one-electron-transfer redox of Ni(OH)2/NiOOH in 
the host. A recorded high reversible strain of 1.94% is obtained. Simultaneously, 
the mechanical strength of the actuator exponentially increases with the relative 
density due to the introduction of the secondary actuation metal.
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1. Introduction

Electrochemical actuation materials convert electrical energy 
into mechanical energy via charge-induced strain effect at the 
nanoporous structured electrode/electrolyte interface during 
charge–discharge processes.[1] They have promising applica-
tions in micro-electromechanical systems for bio-inspired 
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This article demonstrates a different strategy to solve the 
above problem which can enhance both actuation strain and 
mechanical strength of metallic actuators at the same time. The 
actuation strain is enhanced by a secondary and more effec-
tive (higher capacitance) actuation metal in the nanoporous 
network of a primary actuation metal, while the mechanical 
strength is increased because the secondary actuation metal 
increases the relative density of the porous structure. Here, we 
select transition-metal Ni–Mn composite as an example, which 
is synthesized by selectively etching of Mn from Ni30Mn70 pre-
cursor. Due to the parting limit (dealloying threshold),[19] Mn is 
not completely etched away and the residual Mn content can 
be controlled by dealloying conditions; importantly, residual 
Mn is homogeneously integrated and evenly distributed on a 
3D interconnected Ni network realized by chemical dealloying.

Mn oxides/hydroxides grow on the metal surface during 
charge–discharge, which exhibit super faradaic pseudocapaci-
tance (e.g., 1380 F g−1 for MnO2),[20] and it is very promising 
to generate high actuation strain. The primary actuation metal 
Ni experiences Ni(OH)2/NiOOH redox reactions on the sur-
face and also induces strain due to lattice mismatch among 
surface atoms.[21] 3D interconnected metal skeleton exists 
beneath the metal oxides/hydroxides layers, which provides a 
highly electric conductive network to facilitate pseudocapacitive 
charge storage/release—important for the fast charge–strain 
response.[20a,21a] Thus, this article reports a high-performance 
metallic muscle designed from a new strategy to simultane-
ously enhance actuation strain and mechanical strength, com-
bined with a low-cost fabrication method.

2. Results and Discussion

Nanoporous Ni–Mn metal was synthesized by selectively 
etching less noble metal Mn from a Ni30Mn70 precursor within 
a weak acidic solution of (NH4)2SO4.

[16b] The precursor was cast 
from pure Ni and Mn metals by an induction furnace in the 
Ar atmosphere. During dealloying, atoms of the more noble 
metal (Ni) aggregate into ligaments through a phase separa-
tion process and finally form a bi-continuous nanoporous 
structure.[19,22] Due to the parting limit of dealloying,[19] Mn was 
not completely removed and the residual Mn content was con-
trolled by dealloying conditions, including acid concentration, 
temperature, and dealloying time (see later in Section 2.3).

2.1. Electron Microscopy Characterization of Nanoporous 
Ni–Mn

Figure  1a shows a typical as-dealloyed nanoporous metal that 
has mm-scales in three dimensions. A scanning transmission 
electron microscopy (STEM) image of Figure 1b reveals a nano-
porous structure inside the sample. Figure 1c notices a circular 
area for selected-area-diffraction (SEAD). The SEAD pattern in 
Figure 1d indicates a single-crystal within the selected area that 
contains hundreds of ligaments. The SEAD pattern shows char-
acteristic features of an fcc structured crystal with the electron 
beam along the [011] zone axis.[23] From the measurement of 
the g111 vector in the SEAD pattern, d(111) = 2.05 Å is obtained, 
which is consistent with the d-spacing measured from the 

Figure 1.  Characterization of as-dealloyed nanoporous Ni–Mn metal. a) Optical image of a bulk as-dealloyed sample. b) STEM image of the sample 
reveals nanoporous structures. c) A selected area (≈860 nm in diameter) for electron diffraction. d) The electron diffraction pattern indicates a single 
and fcc structured crystal in the selected area, with the electron beam along the [011] zone axis. e,f) Enlarged STEM images of the nanoporous metal 
which consists of larger-sized ligaments and smaller-sized wire-like structures. g) An enlarged STEM image captured on a ligament shows a d-spacing 
of 2.05 Å. h) An enlarged STEM image captured on a wire shows no obvious atomic arrangement.
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STEM image that captured on a ligament (Figure 1g) and cor-
responds to the (111) plane of Ni metal.

Figure  1e,f show that the nanoporous structure is com-
posed of interconnected ligaments (diameter ≈ 18  nm). Much 
smaller sized wires (diameter ≈ 4  nm) are entangled with the 
ligament network. Different from the ligament which shows an 
ordered atomic arrangement corresponding to Ni (Figure  1g), 
no obvious atomic arrangement is observed from the wire 
(Figure  1h). Because the SEAD pattern was generated from 
an area that contained hundreds of ligaments plus entangled 
wires, it indicates that the wires may either share the same 
crystal structure as ligaments or otherwise, amorphous.

Energy-dispersive X-ray spectroscopy (EDX) element map-
ping of the nanoporous metal was then conducted to further 
analyze the difference between ligaments and wires. Figure 2a 
shows a high-angle annular dark-field image of the nanoporous 
metal in which the wire-like structures can be more obviously 
observed. Cyan and pink arrows are used to trace a wire loca-
tion and a ligament location, respectively. Figure 2b shows an 
overlapped element mapping corresponding to Figure 1a, which 
includes elements of Ni (red), Mn (green), and O (yellow); while 
individual element mappings are shown in Figure 2c–e. From 
the color contrast, the wire is relatively rich in Mn and O con-
tent, while the ligament is relatively rich in Ni content.

Quantitatively, the wire region noticed by rectangle #1 has an 
element ratio of Ni:Mn:O = 43.8:9.0:47.2 at%; while the ligament 

region noticed by rectangle #2 has an element ratio of Ni:Mn:O 
= 81.6:3.2:15.2 at%. The wire region has three times as many 
Mn and O content as the ligament region. The much higher O 
content on the Mn-enriched wire indicates that Mn has been 
oxidized into a higher valence state than Ni, so that MnOx 
contains more oxygen than NiOx per metal atom.[20a,24] The 
overall element ratio in Figure  2b is Ni:Mn:O = 70.0:3.7:26.3 
at%. If only metal atoms are considered, the residual Mn con-
tent within the nanoporous metal is 5.0 at%. EDX is used to 
determine element distribution and content on the surface of 
ligaments/wires, rather than other methods such as inductively 
coupled plasma optical emission spectrometry for the average 
element content of the whole sample, because it is the surface 
atoms rather than atoms deeply beneath the surface will par-
ticipate in the electrochemical reactions and contribute to the 
actuation.

From STEM characterizations in Figures 1,2, the as-dealloyed 
nanoporous metal is composed of interconnected Ni ligaments 
that are entangled with smaller-sized and Mn enriched wires. 
This heterogeneous distribution of elements is further con-
firmed after annealing because the high temperature facilitates 
surface coarsening of nano-structures.

The as-dealloyed nanoporous metal was annealed in a 
vacuum (<10−5  torr) at 800  °C for 10  min. During this pro-
cess, the original wires shrank into nanodots (60 to 100  nm) 
to reduce surface free energy; at the same time, the ligament 

Figure 2.  Element distribution in the nanoporous Ni–Mn metal. a) High-angle annular dark-field image of the nanoporous metal showing wire-like 
structures entangled in the nanoporous network. b) STEM-EDX element mapping of (a) with a mixed distribution of Ni (red), Mn (green), and 
O (yellow). c–e) Individual element mapping of Ni, Mn, and O, respectively, corresponding to (b). Cyan arrows notice the location of a wire which is 
relatively rich in Mn and O content. Pink arrows notice the location of a ligament that is relatively rich in Ni content.
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diameter grew from ≈18 to ≈350 nm, as shown in Figure 3a,b. 
The nanodots are evenly distributed on the surface of ligaments 
throughout the whole porous network (Figure  3b), while the 
ligament structure turns to be a bi-continuous structure, which 
was typically found in dealloyed nanoporous gold.[13b]

According to SEM-EDX point analysis shown in Figure 3c,d, 
the nanodots contain one time more Mn element than the liga-
ments (i.e., 6.1 at% vs 3.0 at%), which follows a similar trend 
shown in the as-dealloyed nanoporous metal (Figure  2). The 
unique phenomenon of nanodot formation indicates phase 
separation between Ni ligaments and oxidized Mn dots. As 
noticed by the arrows in Figure  3e–g, Mn enriched nanodots 
can also be observed from SEM-EDX mapping through the 
porous structure.

2.2. In Situ Electrochemical Actuation of Nanoporous Ni–Mn

Electrochemical actuation of as-dealloyed nanoporous Ni–Mn 
metal was measured by in situ dilatometry in an electrochem-
ical cell. As illustrated in Figure 4a, a bulk nanoporous metal 
was immersed in an electrolyte and electrically connected to the 

working electrode (WE) of a potentiostat via a gold substrate 
and a gold wire. The top surface of the sample was contacted 
with the pushrod of a dilatometer under constant compressive 
pressure of ≈0.2  MPa. When charge-induced volume change 
happens in the nanoporous metal, the pushrod senses the ver-
tical displacement of the sample. After that, the uniaxial strain, 
ε =  ΔL/L0 is calculated, where L0 is the original length of the 
sample and ΔL is the length change.

Figure 4 investigates two nanoporous Ni–Mn metals with 
different relative densities compared with solid Ni, that is, 
ϕ = 40.0% and ϕ = 33.3%. The relative density equals to the 
density of the nanoporous metal divided by the density of 
solid Ni. A higher relative density corresponds to a higher 
Mn content within the sample (see later in Figure 7f ). It is 
because Mn is more active than Ni, that is, the standard elec-
trode potential of E 1.18 VMn /Mn

0
2 = −+  while E 0.25 VNi /Ni

0
2 = −+ , 

Mn will be selectively etched from the alloy precursor, while 
Ni will be intact before complete removing of Mn. However, 
due to the parting limit of the dealloying process,[19] Mn 
cannot be completely removed. Therefore, the increase of 
relative density is attributed to the increase in residual Mn 
content. By comparing the actuation behavior of samples 

Figure 3.  SEM characterization of annealed nanoporous Ni–Mn metal. a) A bi-continuous porous structure obtained after annealing in a vacuum 
(<10−5 torr) at 800 °C for 10 min. b) An enlarged image shows nanodots formed on ligaments. c,d) EDX point spectra on nanodots (#1 and #3) and 
ligaments (#2 and #4) as noticed in (c). e–g) EDX element mapping corresponding to (c), with Ni showing in green color and Mn showing in red color.
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with different relative densities, the actuation contribution of 
Mn can be disclosed.

Cyclic voltammetry (CV) of the two samples was conducted 
in 1 m NaOH electrolyte at 1  mV s−1 scan rate. In Figure  4b, 
both samples are dominated by electrochemical signals of the 
Ni component. Specifically, the cathode peak C1 and anodic 
peak A1 are due to hydrogen absorption and then desorption 
into/from Ni,[25] which leads to volume expansion and then 

contraction. These volume changes have been reflected by the 
increase and then decrease of the actuation strain, as shown 
in Figure  4c. Ni oxidation happens around the anodic peak 
A1, that is, Ni → α-Ni(OH)2,[25a] which induces volume expan-
sion and counteracts some part of the volume contraction 
induced by hydrogen desorption. In the middle of the CV, the 
flat current region corresponds to the electrochemical double-
layer, which induces a linear change of the actuation strain, 

Figure 4.  Electrochemical actuation of as-dealloyed nanoporous Ni–Mn with different relative densities, ϕ. a) Illustration of an experimental setup for 
in situ measurement. b) Cyclic voltammetry of nanoporous metals in 1 m NaOH electrolyte at 1 mV s−1 scan rate. c) Actuation strain as a function of 
electrode potential. d) Strain-potential coefficient (dε/dE) as a function of potential. For a clear illustration, the coefficient of the anodic scan (solid 
curve) is multiplied by −1. e) Reversible actuation strain as a function of specific charge. f) Actuation strain amplitude as a function of relative density 
(left axis), and specific capacity as a function of relative density (right axis).
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as shown in the corresponding region in Figure  4c. During 
the positive scanning, α-Ni(OH)2 transforms to a more stable 
phase of β-Ni(OH)2.[26] The anodic peak A3 and cathodic peak 
C3 are attributed to the redox reaction of β-Ni(OH)2 + OH− ↔ 
β-NiOOH + H2O + e−. The lattice mismatching between 
β-NiOOH and β-Ni(OH)2 results in volume contraction in the 
forward direction and expansion in the backward direction.[27] 
This redox reaction induces similar strain amplitude for both 
samples, as shown in the cyan region of Figure 4c. Because of 
the above series of reactions, both samples experience a contin-
uous volume contraction during the positive scanning, which is 
recovered during the negative scanning (Figure 4c).

The electrochemical contribution of Mn is reflected by the 
difference between ϕ  = 40.0% (black) and ϕ  = 33.3% (red) in 
Figure  4b. Within an alkaline electrolyte, Mn(OH)2 is formed 
on the Mn surface before testing, or at an electrode potential 
(−1.66V  vs Hg/HgO)[28] that is below the present CV range. 
During positive scanning, Mn(OH)2 is first oxidized to a tran-
sitional state:[21b,29] Mn(OH)2  + OH−  → MnOOH + H2O + e−, 
and then further oxidized to MnO2 at the anodic peak A2:[29,30] 
MnOOH + OH− → MnO2 + H2O + e−. Both reactions are accom-
panied by H+ deintercalation from Mn compounds which lead 
to volume contraction.[31] Due to the extra Mn, a much steeper 
strain reduction is found for ϕ = 40.0% (black) compared with 
ϕ = 33.3% (red) in Figure 4c. During negative scanning, MnO2 
is reduced back to MnOOH at the cathode peak C2, and then 
continuously reduced to Mn(OH)2 through a wide region from 
C2 toward the negative potentials.[30a] At the end of the negative 
scanning (<−1.0  V), hydrogen absorption into Mn metal may 
occur,[32] which elevates the actuation strain for ϕ = 40.0% com-
pared with that of ϕ = 33.3%. For further details of recognizing 
redox peaks in the cyclic voltammograms, a literature survey of 
reaction potentials of Ni and Mn electrodes working in alkaline 
solutions is provided in Table S1, Supporting Information.

Figure  4d shows the first derivative of actuation strain to 
electrode potential. The major differences between the two 
samples are highlighted by two green rectangles. The right rec-
tangle corresponds to two redox couples of Mn(OH)2/MnOOH 
and MnOOH/MnO2, while the left rectangle corresponds to 
hydrogen absorption/desorption.

During CV, electric charges that pass through the actuators 
were measured and then plotted against the actuation strain. 
Figure  4e shows that the actuation strain is proportional to 
the specific charge during both forward and backward poten-
tial scanning. The charge–strain response is around −6 × 10−5 
strain per C g−1 (linear fit of the curve). The sample that has a 
higher relative density (ϕ = 40.0%) generates a reversible strain 
of 1.94%, which is 50% more than the sample with a lower 
relative density (ϕ  = 33.3%). The strain enhancement is due 
to the electrochemical contributions of Mn. To our knowledge, 
1.94% is one of the largest strain amplitudes ever reported in 
metallic-based electrochemical actuators under a comparable 
strain rate of 10−5 s−1.[16b] It is worth noting that, for nanopo-
rous metals that rely on double-layer charging to induce actua-
tion, the strain amplitude was in the order of 0.1%.[1d,13b] Metals 
that rely on pseudo-capacitive charging to induce actuation, 
the strain amplitude was generally around 1.0%;[6,16c] however, 
strain amplitudes approach to 2% is still difficult to achieve. 
Bai et al. reported an actuation strain of 2% under square wave 

potentials in hierarchical structured nanoporous nickel.[16c] For 
noble metals, Shi et al.[33] and Zhang et al.[34] reported actuation 
strains of 3.95% and 3.28%, respectively, in nanoporous Pd due 
to the H absorption/desorption processes and experienced H2 
bubbling.

Following Figure 4b–e, a series of nanoporous Ni–Mn sam-
ples were tested by CV and the corresponding strain ampli-
tudes were measured by dilatometry. Figure 4f (left axis) shows 
a trend that the strain amplitude increases almost linearly 
with the relative density. As residual Mn is the reason for the 
increase of relative density, it indicates Mn plays a significant 
role to enhance the actuation strain amplitude. Figure 4f (right 
axis) plots the specific capacity of those nanoporous metals as 
a function of relative density, where the specific capacity was 
obtained from negative scanning of the CV. It shows the spe-
cific capacity is linearly proportional to the relative density, too. 
Bear in mind the charge-induced strain effect, this explains 
why the actuation strain amplitude increases with the relative 
density in Figure 4f (left axis).

In Figure  5a–c, electrode potential cyclically scans for 12 
successive cycles at a scan rate of 1  mV s−1 within the same 
potential region and electrolyte. Both actuation strain and the 
corresponding specific charge vary accordingly with potential. 
As noticed by the arrows, during positive potential scanning, 
the specific charge increases and the actuation strain decreases; 
vice versa for the negative potential scanning. These trends are 
consistent with Figure  4b–d. With relative density increasing 
from 25.5% to 33.3% and 40.0%, the strain amplitude increases 
from 0.36% to 1.33% and 1.94% (black, left axis), so as the 
increase of the charge amplitude from 187 to 251 and 332 C g−1 
(red, right axis).

For some of the nanoporous Ni–Mn samples, a constant 
strain shift appears during CV, such as 0.47% strain shift per 
hour shown in Figure 5c (black curve). It is assumed to repre-
sent irreversible passivation of metal surface in alkane electro-
lyte, such as the formation of a stable β-Ni(OH)2 passive layer on 
Ni surface that induces irreversible volume expansion.[34] Once 
the metal surface is fully passivated or stabilized, the strain shift 
may disappear, such as Figure S8, Supporting Information in 
ref. [16b], and also Figures  5a, 6b and Figure S1, Supporting 
Information in this article. Even though some strain shift hap-
pens, the reversible strain amplitudes and the corresponding 
charge amplitudes remain reversible during successive cycles, 
as highlighted by the yellow background in Figure 5a–c.

Figure  5d shows a comparison of cyclic voltammograms of 
three samples with different relative densities. For the sample 
with a low relative density of 25.5%, the sharp redox peaks of 
A1/C1 and A3/C3 are very close to those peaks of thin Ni films 
tested at the same condition, as reported by us before (Figure 1 
in ref. [35]), which indicates the negligible influence of Mn 
species. With relative density increasing to 34.2% and then 
41.8%, the residual Mn increases accordingly, as a result, A2/C2 
peaks appear and enlarge, which is attributed to the Mn(OH)2 
/ MnOOH / MnO2 redox reactions. The A1/C1 peaks also 
increase with relative density presumably due to the promotion 
of hydrogen desorption/absorption by extra Mn, as aforemen-
tioned in Figure 4 and Table S1, Supporting Information. At a 
high relative density of ϕ = 41.8%, the actuation strain ampli-
tude approaches to 2%.

Adv. Electron. Mater. 2021, 7, 2100381
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For a sample with ϕ  = 32.1%, continuous actuation testing 
was conducted for ≈5 h without observation of strain shift 
(Figure S1, Supporting Information). Figure 6a shows that the 
scan rate decreases from 10 to 5 mV s−1, and to 1 mV s−1, and 
two cycles are scanned at each scan rate. Accordingly, the actua-
tion strain amplitude increases from 0.53% to 0.74%, and to 
1.08% (Figure 6b) and the specific charge amplitude increases 
from 71 to 113 C g−1, and to 280 C g−1 (Figure  6c). After two 
hours of resting, the strain amplitude is recovered to be 0.52% 
at 10  mV s−1, which shows a stable and repeatable actuation, 
as noticed by the dashed lines in Figure  6b,c for curves at 
10 mV s−1.

From cyclic voltammograms in Figure 6d, the oxidation peak 
that close to the positive potential end gradually disappears 
with the scan rate increasing from 1 to 10 mV s−1, because the 
sluggish ion transport within the nanoporous structure limits 
the charge-transfer reaction rate of the redox couples, that is, 
Ni(OH)2/NiOOH and Mn(OH)2/MnOOH/MnO2. Accordingly, 
the actuation strain amplitude decreases most obviously at the 
corresponding potential range between 0.2 and 0.7  V versus 
Hg/HgO.

2.3. Relative Density of Nanoporous Ni–Mn

Because actuation strain and specific capacity were measured 
by separate instruments, that is, a dilatometer and a potentio-
stat, the consistency between them with respect to relative den-
sity undoubtedly proves that the relative density is a key tuning 
factor to enhance the electrochemical actuation. It is important 
to have good control of the relative density for actuator design. 
Therefore, the dependence of relative density on various deal-
loying conditions was investigated.

After a series of dealloying experiments, four dealloying con-
ditions were found to be the major influencing factors on rela-
tive density, that is, dealloying time, acid concentration, deal-
loying temperature, and precursor mass. Because the Ni30Mn70 
precursors were cut into a self-similar geometry of ≈1:1:2 
dimensional-ratio, the influence of precursors’ geometry was 
not considered here.

When the acid concentration, dealloying temperature, and 
precursor mass are maintained the same, Figure 7a shows that 
relative density decreases almost linearly with dealloying time. 
With the precursor mass increasing, the decreasing gradient 

Figure 5.  Dependence of electrochemical actuation on relative densities of nanoporous Ni–Mn. a–c) Actuation strain (left axis), specific charge (right 
axis), and electrode potential (right axis) as a function of actuation time. 12 cycles were scanned in the range of [−1.1, 0.7] V versus Hg/HgO at a rate 
of 1 mV s−1 in 1 m NaOH. d) Specific current as a function of electrode potential and e) the corresponding actuation strain as a function of electrode 
potential.
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becomes less steep, because larger samples need more time to 
be dealloyed to the same extent. As it is not easy to cut mm-
sized precursors with identical masses, we use a specific deal-
loying time (i.e., time divided by precursor mass) to eliminate 
the influence of mass. Indeed, Figure  7b shows precessors 
with different masses fall into the same linear relationship 
between relative density and specific dealloying time. Figure 7c 
shows that relative density decreases with acid concentration 
increasing when the other three influencing factors are main-
tained the same, and Figure  7d shows that relative density 
decreases with dealloying temperature. Figure  7e summarizes 
the dependence of relative density on the specific dealloying 
time at various acid concentrations and temperatures. Remark-
ably, all the 31 dealloyed samples fall into a simple linear region, 
as noticed by the grey region in Figure 7e. Therefore, to obtain 
a nanoporous metal with a certain relative density, even though 
the dealloying conditions may be different, the required deal-
loying time can be predicted from Figure  7e. Figure  7f shows 
that, from SEM-EDX element analysis of the dealloyed sam-
ples, the residual Mn content almost linearly increases with the 
relative density, where residual MnMn at.%/ (Ni at.% +Mn 
at.%). This relationship correlates the actuation enhancement 
because of relative density (Figure 4f) to the residual Mn con-
tent (Figure 7f).

In Figure S2, Supporting Information, nitrogen adsorp-
tion/desorption isotherms analyzed by the density functional 
theory method reveals that a nanoporous metal with a higher 
relative density (ϕ = 41.8%) has a smaller specific surface area 
(17.5 m2 g−1), while a sample with a lower relative density (ϕ = 
32.2%) has a larger specific surface area (27.6 m2 g−1). Thus, 
the specific surface area of nanoporous metal reduces with 
residual Mn increasing. It is worth to note that the exact sur-
face area evaluated by different methods may be different, such 
as double-layer capacitance method[36] and nitrogen adsorption/
desorption method,[37] but there it is the relative values that 
matters for the present discussion. From the pore size distribu-
tion shown in Figure S2c, Supporting Information, over 50% 
of the specific surface area is contributed from pores with radii 
less than 20 Å (dashed line).

A smaller specific surface area limits the double-layer 
capacity at the electrode/electrolyte interface, which can lead 
to the reduction of actuation strain, such as the nanoporous 
noble metal actuators or nanoporous carbon-based actuators, 
in which the actuation strain was positively proportional to the 
specific surface area.[6] It is the case when the actuation mecha-
nism is maintained the same, and the specific surface area 
becomes the major way to enhance actuation. However, it is 
not the case when the actuation mechanism changes due to the 

Figure 6.  Dependence of electrochemical actuation on potential scan rates. a–c) Electrode potential, actuation strain, and specific charge as a function 
of actuation time, respectively. The potential scan rate increases from 10, to 5, to 1 mV s−1, and after 2 h of resting, to 10 mV s−1 again. Two cycles are 
scanned at each scan rate. d) Specific current as a function of electrode potential and e) the corresponding actuation strain as a function of electrode 
potential. The nanoporous Ni–Mn has a relative density of 32.1%.
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Figure 7.  Dependence of relative density on dealloying conditions of as-dealloyed nanoporous metals. a) Relative density versus dealloying time for 
precursors with different masses. b) Relative density versus specific dealloying time (i.e., normalized dealloying time) corresponding to (a). c) Relative 
density versus acid concentration of the dealloying solution (NH4)2SO4. d) Relative density versus dealloying temperature. e) A statistic plot of relative 
density as a function of specific dealloying time, at different temperatures and acid concentrations. f) Mn content in the nanoporous Ni–Mn metal as 
a function of relative density.
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adding of a secondary actuation material. A higher relative den-
sity corresponds to a lower specific surface area (Figure S2b, 
Supporting Information), while the higher relative density 
enhances the actuation strain rather than reduces the strain 
(Figures  4f, 5a–c). It is because the residual Mn introduces a 
more effective actuation mechanism than that of the host Ni 
(Figures 4b, 5d). Therefore, the secondary actuation metal (Mn) 
within the primary actuation network (Ni) is a solution to avoid 
the high specific surface area and low relative density in nano-
porous metals, while achieving the enhanced actuation strain. 
As demonstrated in the following section, low relative density 
is detrimental to the mechanical strength of the nanoporous 
metals which is another factor for high-performing actuators.

2.4. Mechanical Characterization of Nanoporous Ni–Mn

Besides actuation enhancement, higher relative density brings 
another benefit for actuator applications, which is the increase 
of mechanical strength. Uniaxial compression tests of bulk 
as-dealloyed nanoporous Ni–Mn were conducted. Figure  8a 
shows the engineering stress versus strain relationship. The 
effective Young’s modulus increases (from 421 to 512  MPa) 
with the unloading strain increasing (from 2% to 5%). This 
trend is due to the densification of the nanoporous structure 
under compression.[38] Figure  8b shows the achievable max-
imum engineering strain increases with the relative density 
decreasing, but the ultimate engineering strength decreases. 
The achievable strains are much larger than the charge-induced 
strain (1.94% in Figure  4b), which means the samples have 
enough mechanical strength to support the actuation.

Figure 8c shows that the ultimate engineering strength eng
ultiσ  

increases with the relative density and follows an exponential 
relationship, 0.11exp(0.14 )eng

ultiσ ϕ= , where ϕ is relative den-
sity. This relationship complies with Ryshkewitch–Duchworth 
model that was obtained from compression tests of porous 
ceramics.[39] It is different from the well-known Gibson–Ashby 
formula c n

eng
ulti

sσ σ ϕ= , where the best fitting parameters are c = 
0.27, n = 2 and σs = 450 MPa (the strength of the solid phase). 
It is possibly because Gibson–Ashby model was derived from 
idealized porous structures,[18a] which is different from deal-
loyed porous structures that have a wide range of pore size, dis-
ordered arrangement, and dangling ligaments—free end liga-
ments that do not carry loads.[18b,40] In brief, the extra Mn inside 
nanoporous Ni–Mn metal not only linearly elevates the actua-
tion strain amplitude (Figure 4f and 7f) but also exponentially 
enhances the ultimate engineering strength of the actuator 
(Figure 8c).

3. Conclusion

This article reports a way to simultaneously enhance the actua-
tion strain and mechanical strength of metallic-based electro-
chemical actuators, which overcomes the critical challenge that 
hinders the competitive actuation performance. A secondary 
actuation metal Mn is homogeneously distributed on a 3D 
interconnected Ni network that is synthesized by chemical 
dealloying. The actuation amplitude increases with extra Mn 

Figure 8.  Mechanical characterization of as-dealloyed nanoporous Ni–
Mn. a) Engineering stress versus engineering strain for a sample with 
relative density 30.9%. It is measured by a uniaxial compression test at a 
10−4 s−1 strain rate. Unloading starts at 2% and 5% cutoff-strain, respec-
tively. b) Engineering stress versus engineering strain for samples with 
different relative densities. c) Ultimate engineering strength as a function 
of relative density. Symbols are experimental results and dash lines are 
model fittings.
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because of a two-electron-transfer redox of Mn(OH)2/MnOOH/
MnO2, which induces volume expansion/contraction via H+ 
intercalation/deintercalation. This actuation mechanism is 
more effective than the one-electron-transfer redox of Ni(OH)2/
NiOOH in the Ni host network. As a result, a strain ampli-
tude of 1.94% is obtained, which is a recorded high value for 
metallic-based actuators. At the same time, due to the extra Mn 
content, the mechanical strength of the actuator is enhanced 
exponentially by the increase of relative density, complying with 
the Ryshkewitch–Duchworth model. Therefore, this research 
may find a way to fabricate high actuation performance and 
mechanically robust metallic actuators.

4. Experimental Section
Synthesis of Nanoporous Ni–Mn Alloy: The synthesis method was 

reported by the authors before.[16b] Ni30Mn70 alloy ingot was cast by an 
induction cold crucible furnace (Arcast) in Ar atmosphere by using Ni 
and Mn metals (>99.99% pure, ChemPUR). The ingot was cut into disks 
(≈16  mm in diameter and ≈2.5  mm in thickness) by a mechanical saw 
and annealed at 900  °C for 24 h under vacuum and then quenched in 
water. During heat treatment, the heating rate was not controlled, but the 
quenching rate was from 900  °C  to room temperature within seconds. 
The disks were mechanically polished and cut into cuboids (≈1  × 1  × 
2 mm3) by diamond wire saw. Bulk nanoporous Ni–Mn was synthesized 
by chemical dealloying in 0.05, 0.1, 0.2, and 0.3 m (NH4)2SO4 solutions at 
constant temperatures of 70, 50, 55, and 55 °C, respectively. The influence 
of synthesis conditions on the dealloyed sample is shown in Figure 7.

Materials Characterization: The morphology of nanoporous structures 
was observed by STEM carried out in an FEI Talos F200X and SEM 
carried out in a Zeiss Supra 55 VP FEG-SEM combined with EDX. 
Macroscopic photos of the bulk nanoporous metals were captured by 
optical microscopy (Leica M205C, Germany). Uniaxial compression 
tests were conducted on a universal testing machine (Zwick 1474) at a 
constant engineering strain rate of 10−4 s−1 with a pre-load of 0.3 N at the 
beginning of the measurement for close contact between sample and 
pushrod. The effective (macroscope) Young’s modulus was determined 
during unloading at different deformation stages. The specific surface 
area of the nanoporous samples was measured by nitrogen adsorption/
desorption processes at 77 K using a Quantachrome Autosorb surface 
analyzer and analyzed by density functional theory method.

Electrochemical Actuation Measurement: The linear actuation strain 
of bulk nanoporous metal 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 which was connected with the displacement sensor of the 
dilatometer had a constant compressive pressure (≈0.2 MPa) on the top 
surface of the sample in order to maintain close contact between the 
pushrod and the sample. The electrochemical cell was filled with 1 m 
NaOH electrolyte with the nanoporous metal as a WE, a piece of carbon 
clothes as a counter electrode, and a commercial Hg/HgO reference 
electrode (Sensortechnik Meinsberg, Germany).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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