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1. Sample preparation

Al-Ni precursor alloys with nominal compositions of 20, 25 and 31.5 at. % Ni were
prepared from pure Al (99.99 wt. %) and Ni (99.99 wt. %) by high-frequency
induction heating in a quartz crucible. The Al-20, 25 and 31.5 at. % Ni alloys were
denoted as AlggNi,y, Al;sNips and AlggsNizps for simplicity, respectively. The melt
was cast into ingots in an iron chill mold. Small parts of the ingots were remelted in a
quartz tube, and Al-Ni alloy rods with different diameters were then obtained by
blow-casting in a copper mold. Before dealloying, the Al-Ni rods were annealed at
300 °C for 10 h to remove the residual stress. Cylinder samples with different
diameters and lengths were cut from the Al-Ni rods. Nanoporous nickel (np-Ni)
samples were prepared by dealloying the Al-Ni rods in a 6 M KOH aqueous solution
which was prepared from KOH (analytical reagent, AR) and ultra-purified water (18.2
MQ.cm). The dealloying was performed firstly at room temperature and a large
amount of bubbles emerged. The dealloying was then carried out at 90 + 5 °C to
further remove the residual Al until no obvious bubbles appeared. The samples
underwent a slight volume contraction during dealloying, which is similar to the
volume change of nanoporous gold (NPG) during dealloying®*. After dealloying, the
np-Ni samples were rinsed using ultra-purified water to remove the residual ions (K7,
OH-, etc.). Thus, the np-Ni rods with different diameters and lengths were obtained
(Figure S3). It should be noted that the np-Ni samples which were obtained from the
AlgoNi, precursor, were too ‘soft’ to be well handled and were not suitable for the

actuation measurements. In addition, the np-Ni samples in this work referred to those



which were prepared by the dealloying of the Al;sNi,s precursor unless otherwise
stated.

The relative density (¢) of our np-Ni samples could be calculated through the
equation p=p, /p3!, where p, is the density of np-Ni and p, is the density of
bulk Ni. The p,, could be obtained from the mass of np-Ni divided by its volume. The
relative density of np-Ni was determined to be ¢=0.3. Thus the porosity of our np-Ni

samples was ~ 70%.



2. Microstructural characterization

The macrographs of the Al-Ni precursors and np-Ni samples were taken using a
digital camera. The section-view microstructure of the Al-Ni precursor and the np-Ni
samples was observed using a scanning electron microscope (SEM, LEO 1530 VP).
The nanoporous structure of np-Ni was characterized by a transmission electron
microscope (TEM, FEI Tecnai G2). The selected-area electron diffraction (SAED)
was further documented to identify the phase constitution of np-Ni. The X-ray
diffraction (XRD) results confirmed that the np-Ni samples are composed of the
single face centered cubic (f.c.c.) Ni phase. In addition, according to the literature
data®, a Brunauer—-Emmett-Teller (BET) specific surface area of ~60 m?/g was

assumed for the present np-Ni samples.



3. Actuation measurement
In order to measure the electrochemical actuation properties of our np-Ni samples, a
three-electrode system was constructed (inset of Figure 2a). The np-Ni rod was used
as the working electrode (WE). A Pt plate and saturated calomel electrode (SCE) were
used as the counter electrode (CE) and reference electrode (RE), respectively. The
electrochemical data (cyclic voltammetry (CV), square wave potential sweeping, etc.)
were collected using a potentiostat (CHI 660E). The np-Ni samples were mounted
between a fixed stand and a pushrod (inset of Figure 2a). The electrochemically
induced expansion/contraction strain of the np-Ni samples was recorded using a
displacement sensor through the pushrod. Here, the influence (for example, the
compression) of the pushrod on the measurement has been calibrated or compensated
by the supplier. The actuation properties of the np-Ni samples were measured in
different alkaline electrolytes (NaOH or KOH) with different concentrations (2 or 5 M)
which were prepared from analytical reagents and ultra-purified water. The results
demonstrated that similar actuation data were obtained in different electrolytes (2 M
NaOH, 5 M NaOH or 5 M KOH) under identical testing conditions (see Figure S20).
Thus the 5 M NaOH aqueous solution was used as the electrolyte in the other
actuation experiments in this work.

In addition, in order to examine the response of our np-Ni actuators to two-
position input signals, we constructed a model actuator with two positions (electrodes).
The np-Ni sample and Ni-foam supported carbon were used as the positive and

negative electrodes, respectively (Figure 5a). The Ni-foam supported carbon electrode



was prepared as follows. Firstly, the activated carbon (TF-B520) was mixed with
conductive carbon black (TIMICAL SuperC45) and polyvinlidene fluoride (PVDF),
and their mass ratio is 8:1:1. Then, N-methyl pyrrolidone was added into the mixture
as a solvent. The mixture was stirred to make a slurry and the slurry was
homogeneously coated onto a nickel foam (1cm X 1cm). Finally, the carbon-coated Ni
foam was dried in vacuum at 120 °C for 5 h to remove the solvent, and thus used as
the negative electrode. The cyclic voltammetry, square wave potential sweeping and
charging-discharging data were recorded by the CHI 660E potentiostat. At the same
time, the responding reversible strain of the model actuator was measured by the

displacement sensor (Figure 5a).



4. Calculation of NiO layers on the surface of np-Ni

Here, the atomic layers of Ni oxide could be evaluated as follows. Assuming 2
electrons per oxidized Ni atom (Ni—NiO), defining one equivalent monolayer as the
density of Ni atoms on a Ni(111) surface (the (111) is taken as an example), 18.6 nm™2,
taking the sample mass of M, the specific surface area (ay = 60 m?/g) and the net
charge (Q=65 C) involved in the oxidation process of Ni which could be calculated
from the CV curves, with the electron charge e, the atomic layers N could be
calculated by the formula: N=Q/(18.6eMay). Thus we can get the 1-2 atomic layers

for NiO.



5. Calculation of specific capacitance
Specific capacitance (C, F/g) values of the np-Ni samples were determined from the

CV curves according to the equation?®,

C= !
mvAV

j V)V

where /(V) is the oxidation/reduction current, m is the mass of the active electrode

materials (here, np-Ni), v is the potential scan rate and 4V is the potential range of

one CV segment.



6. Figures and Tables
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Figure S1 | Schematic illustration of dealloying in two Kkinds of alloy systems. (a,b)
Homogeneous solid alloys like AuAg. (¢,d) Hybrid-phase (two-phase or multi-phase)
precursor alloys like AI-Ni composed of one less noble phase (which can be
completely etched away leaving large-sized channels, for example, Al phase) and at
least one more noble phase (which can be dealloyed to form a nanoporous structure,
AlNiy phase). (a,c) Before dealloying and (b,d) during dealloying. As to AuAg, Ag
will be selectively dissolved and the remaining Au adatoms diffuse and re-organize

into a nanoporous structure when dealloying in a solution like concentrated HNO;?.
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The dealloying front is located between the un-dealloyed part and the nanoporous
zone, as marked by a dashed line in Figure S1b. The electrolyte can go to the
dealloying front through the nano-sized channels but will be greatly hindered due to
their small sizes. With the moving of the dealloying front towards the inner part of the
sample, the dealloying rate will slow down owing to the nano-sized channels and
limited mass transfer. Therefore, it is quite difficult to fabricate bulk nanoporous
metals or alloys through dealloying the homogeneous solid solution alloys like
AuAg. For the Al-Ni alloys composed of Al and Al(Ni, phases, the Al phase can be
completely etched away in an alkaline solution like NaOH, leaving large channels
(several to tens of microns, see Figure S1d). At the same time, the Al\Ni, phases can
be dealloyed to form the nanoporous structure. The electrolyte can quickly penetrate
into the inner part of the sample through these large channels, and the dealloying front
can move forward much faster than the scenario of the homogeneous solid alloy like
AuAg. Moreover, the etching of the Al phase makes the dealloying occur in localized
zones around the large channels (as highlighted by dotted ellipses in Figure S1d). This
phenomenon can be designated as ‘localized dealloying’. Even for bulk samples, the
dealloying can rapidly extend into the inner of the samples through this ‘localized
dealloying’ mode. Thus, bulk hierarchically nanoporous samples can be fabricated by

this unique dealloying strategy.
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Figure S2 | (a) Back-scattered electron (BSE) image of the section of a Al;5Ni,s alloy
rod. Three areas can be identified. The energy dispersive X-ray (EDX) results show
that the bright grey areas are Al;Ni, phase, the grey areas are Al;Ni phase, and the
dark areas are a-Al phase. Most of Al3Ni, is surrounded by Al;Ni, and the a-Al phase
interpenetrates with the Al,Ni, (AI3Ni, and Al3Ni) phases. Moreover, the Al3Ni, and
AI3Ni phases form a dendirte morphology. (b) Section-view SEM image of the
Al;5Niys rod after 1 min of immersion in a 0.5 wt.% HF solution. The rod was slightly
corroded during this immersion. The a-Al phase was selectively corroded away,
leaving large-sized channels among the un-corroded AlNi, dendrites (as highlighted
by red arrows in Figure S2b). The solution could easily go into the inner of the Al-Ni

rod through these bicontinous interpenetrating channels during dealloying. (¢) XRD

pattern of the bulk Al;sNiys alloy rod. Three phases (a-Al, Al;Ni, and AI;Ni) can be
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identified, which is consistent with the BSE result in (a).

The above results demonstrate that the Al-Ni alloys (for example, Al;5Ni,s) can
meet the alloy design (more than two phases with different corrosion activities) of
‘localized dealloying’ for bulk samples. Actually, we have obtained bulk nanoporous
Ni rods with different diameters and lengths through dealloying of AI-Ni rods in

alkaline solutions.
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Figure S3 | Macrographs of the Al;sNiys precursor and the np-Ni samples
prepared by the dealloying in 6 M KOH solution. (a) The master (precursor) alloy
rod before dealloying (left) and np-Ni sample after dealloying (right). (b)
Macrographs of the np-Ni rod before and after the bending process. (¢) Macrograph of
the np-Ni rods with different sizes (different lengths and diameters). (d) Macrograph
of the np-Ni rod with the diameter of 10 mm. The inset shows the two parts of the
broken np-Ni rod, indicating that the porous structure goes through the whole section
of the sample. It is clear that the size (length or diameter) of the np-Ni rods can reach
up to centimeters, which are crucial for their practical applications in actuators.
Moroever, the np-Ni samples with different shapes (like cubes, plates, etc.) can also

be fabircated through control over the shape of the precursor alloys.
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Figure S4 | Microstructure of the np-Ni samples prepared by dealloying of the
Al;sNi,s alloy in the 6 M KOH solution. (a) Section-view SEM image of the np-Ni
rod and (b) an enlarged SEM image at higher magnification. (¢) TEM image showing
the nanoporous structure of the np-Ni samples and (inset) corresponding SAED
pattern. (d) Typical XRD pattern of the np-Ni samples. Both the XRD and electron
diffraction results confirm that the np-Ni samples are composed of the single face

centered cubic (f.c.c.) Ni phase.
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Figure S5 | (a) Length change of the np-Ni samples during the initial CV cycles in the
5 M NaOH solution. Both reversible expansion/contraction strain and irreversible
contraction could be observed. The irreversible contraction gradually decreases with
increasing CV cycles, and the samples tend to be stable. The sizes of np-Ni are
marked in the top-right corner of this panel. The scan rates of CV are also labeled
near the strain curves. (b-d) Typical evolution of the CV curves with increasing
cycles. The CV profiles tend to be stable with the increase of cycles, and almost
overlap after the 50™ cycle.

Based upon the dealloying mechanism,?” the active element (here, Al) is always
residual in the as-dealloyed samples. When being subjected to electrochemical
treatment, the residual Al could be further removed.?® At the same time, Ni would be

oxidized in the alkaline media in the potential range (-0.2~0.6 V vs. SCE). Before the
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20t cycle, the irreversible oxidation/reduction reactions occur in the CV processes.
And the oxidation currents are much higher than the reduction currents, indicating the
formation of nickel oxide on the ligament surface of np-Ni and also the active
dissolution of residual Al atoms in the np-Ni sample. 3® Moreover, the current value at
the end of potential window decreases greatly with increasing CV cycles at the
beginning, suggesting the gradual saturation of the O-adsorption sites. In the last 50
cycles, the CV profiles tend to be stable and are associated with the reversible OH-

adsorption/desorption of the oxide-covered np-Ni.
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Figure S6 | CV curves of the np-Ni sample in the 5 M NaOH solution at different

scan rates. Compared with the CV curves recorded at the lower scan rates (such as
0.1 and 0.2 mV/s, Figure 2b), the OH adsorption/desorption peaks could not be
distinguished. This may be associated with the bulk sample size, the higher scan rate

and the limitations by the diffusion kinetics in the nanopore space!!.
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Figure S7 | (a) Typical reversible strain of the np-Ni sample versus time, together
with the potential variation during nine successive CV cycles at the scan rate of 10
mV/s. (b-f) Reversible strain of the np-Ni sample versus time during successive CV
cycles between - 0.2~0.6 V vs. SCE at different potential scan rates (marked on each
panel). At the scan rate of above 1 mV/s, the reversible strain shows excellent stability
with increasing CV cycles (a-d). However, a noticeable irreversible strain could be

observed on the strain-time curves at the slower scan rates of 0.1 and 0.2 mV/s (e-f).
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Figure S8 | The plots of the reversible strain (left coordinate) of the np-Ni
samples versus the transferred charge during the CV processes at different scan
rates (marked on each panel). An obvious negative correlation could be observed
between the reversible strain and the transferred charge, which indicates the nature of
the oxide-covered surface of the np-Ni samples!'!:1416, The variation of charge-
induced surface stress (-Af) is also presented as the right coordinate. In addition, at

least three successive CV scans were carried out at each scan rate, and the

superposition of the strain-charge curves indicates excellent reproducibility.
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Figure S9 | The reversible strain amplitude of the np-Ni sample versus the scan
rate during the CV processes with different potential windows (as marked in the
panel). Both the scan rate and the potential window have a significant influence upon
the reversible strain amplitude of the np-Ni samples. On one hand, we can modulate
the reversible strain amplitude through changing the applied potential window. On the
other hand, the strain amplitude could also be tuned by varying the potential scan rate,
when the sample was measured in different scan windows. (Inset) Typical CV curves

of the np-Ni samples in different potential windows at the scan rate of 10 mV/s.
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Figure S10 | The reversible strain amplitude of the np-Ni samples with different
sizes (diameters/lengths, marked in the panel; ‘H’ and ‘@’ denote the length (or
height) and diameter of the np-Ni samples respectively.) versus the scan rate
during the CV processes with the potential window of - 0.2~0.6 V vs. SCE in the
5 M NaOH aqueous solution. In this work, the bulk np-Ni rods with different sizes
(Figure S3c) were prepared by the dealloying of the Al;sNiys precursor in the 6 M
KOH solution. All the np-Ni rods show good electrochemical actuation behaviors. For
practical applications, the np-Ni actuators with different bulk sizes could meet diverse

requirements.
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Figure S11 | The reversible strain amplitude of the np-Ni samples versus the
applied frequency. Red solid circles: the results were calculated from the plot of the
reversible strain versus the scan rate (potential window: - 0.2~0.6 V vs. SCE, Figure
2g); black solid squares: the frequency was determined from the square wave
potential experiments (potential window: - 0.2~0.6 V vs. SCE). Both the results
demonstrate that the reversible strain amplitude of the np-Ni samples decreases with
increasing frequency, and our np-Ni actuators can give a response even at the high

frequency of above 60 mHz.
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Figure S12 | The reversible length change of the np-Ni sample versus the applied
time during the potentiostatic process (the potential was switched from - 0.2 to
0.6V vs. SCE and thus back). The reversible length change of np-Ni could be
modulated through switching the potential and changing the applied time at each
potential. It is astonishing that the maximum reversible length change could reach up
to 114.5 um for the np-Ni rod with the length of 5.7 mm. This is very important for

actuator applications which require large strain strokes.
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Figure S13 | (a) Schematic illustration showing the length change monitored by a
digital microscopic camera, when the np-Ni sample was tested by the square wave
potential technique (potential window: - 0.2~0.6V vs. SCE). The photographs on the

right side show two positions of the pushrod, corresponding to position 5 and 6
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denoted by green circles in (b) respectively. At position 5, the pushrod was located at
the lower site (marked by the red arrow in the photographs), and then moved to the
upper site (marked by the blue arrow in the photographs, position 6) due to the
charge-induced expansion of the np-Ni rod. In the following step, the pushrod would
move back to the lower site owing to the charge-induced contraction of the np-Ni rod.
This reciprocating motion of the pushrod (corresponding to the reversible
expansion/contraction of the np-Ni rod) can be more clearly observed in Flash S1. (b)
Reversible length change of the np-Ni versus time during the square wave potential
process (five successive cycles). The present results show that large strain strokes

could be obtained in the np-Ni samples due to their bulk sizes and giant strain.
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Figure S14 | (a) The reversible length change of the np-Ni sample versus time during
10,000 successive CV processes at the scan rate of 50 mV/s (potential window: -
0.2~0.6 V vs. SCE). The initial length of the np-Ni rod is 5.8 mm. Although the
irreversible length change could be observed, the superimposed reversible strain with
the comparable amplitude indicates the excellent long-term stability of our np-Ni
samples. Four selected parts are presented in (b-e) as enlarged views. Part A-D are
highlighted in (a) by solid ellipses with different colors. The typical reversible length

changes at different times are also highlighted in (b-e) using different colors (b: red in
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Part A, 411™; ¢: green in Part B, 2648™; d: blue in Part C, 7561%; e: purple in Part D,
99831). The long-term stability of our np-Ni samples is quite important for their

commercial applications as actuator materials!©.
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Table S1 | Stress-charge coefficients ({) of the np-Ni samples compared with other

nanoporous metals reported in the literature.

Materials Measurement technique Electrolyte Potential range (V) )

np-Au'4 CvV IMHCIO; 0.7to 1 vs. Ag/AgCl +2.0

0.3M NaF -0.2t0 0.9 vs. Ag/AgCl +4.7

np-Pt!° CvV 0.7M NaF  0.1to 1.0 vs. Ag/AgCl +1.6
Ccv 5M NaOH -0.2t00.6 vs. SCE ~ +1.5~+2.8

np-Ni Square wave potential 5M NaOH -0.05~0.4 vs. SCE +3.4

(this work) ~ Square wave potential ~5M NaOH -0.15~0.5 vs. SCE +3.0

Square wave potential 5M NaOH -0.25~0.6 vs. SCE +2.6
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Table S2 | Total transferred charge (AQ), surface stress-charge coefficients ({) and
maximum variations in surface stress (Af) of the np-Ni sample during the CV

processes at different scan rates (potential window: - 0.2~0.6 V vs. SCE).

Scan rate (mV/s) AQ (C) ) Af (N/m)

50 1.0 +2.8 0.6
20 23 +2.5 1.2
10 4.5 +2.2 2.1
5 8.1 +1.8 3.2
2 17.2 +1.7 6.7
1 26.3 +1.5 10.0
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Figure S15 | The maximum variations in surface stress (Af) of the np-Ni sample

versus the total transferred charge (AQ) during the CV processes at different
scan rates (potential window: - 0.2~0.6 V vs. SCE). An approximate linear
correlation could be observed between these two factors. It is obvious that we can
maximize the reversible strain amplitude of our np-Ni actuators through increasing
the surface transferred charge which is associated with their nanoporous
microstructure and specific surface area. The present results provide us a hint to
enhance the performance of metallic actuators. Of course, we should also take into

consideration the intrinsic strength of nanoporous metallic actuators.
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Table S3 | Figures of merit for various nanoporous metallic actuators.?

Materials Y Emax Wy wm  Stroke  Priceb
(MPa) (10%) (KJ/m?) (J/Kg) (um) (USD/Ib)
np Pt!L13 9000 15 90 30 2.5 22503
np Au'# 25000 24 720°¢ 150¢ 4.5 20217
np Ag?® 6600¢ 50 80¢ 26° 4.5 312
np Au-Pt'®linear- 25000 130 2000 400 26 20442
volumetric- 25000 390 6000 1200 / /
np Nickel linear- 19600 200 3920 1468 114 7.1
volumetric- 19600 600 11760 4404 / /

aY: Young’s modulus, &y,,: maximum strain amplitude, wy: volume-specific strain energy density,
wy: mass-specific strain energy density.
®The data comes from the London Metal Exchange recorded at April 1st, 2014.

¢ These values were calculated from the data provided in the related literature.
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Figure S16 | Column chart plot of characteristics of various nanoporous metallic
actuator materials. Y: Young’s modulus, &y, maximum strain amplitude, wy:
volume-specific strain energy density, wy: mass-specific strain energy density.
Clearly, our np-Ni actuators show the best over-all properties (comparable modulus,
maximum reversible strain and maximum strain energy density) and the lowest price
which are crucial for their commercial applications as metallic actuators or metallic

muscles.
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1000000 - ) )
H piezoceramic (1)

100000 m electrostrictor polymer (3)

10000 | diclectric elastomer(VHB) (2)
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10
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Figure S17 | Column chart plot of characteristics of various actuator materials. Y:
Young’s modulus, &,,,: maximum strain amplitude, wy: volume-specific strain energy
density, wy: mass-specific strain energy density, U: operating voltage for 100 um
actuator size. The data are the same as those in Table 1. The references are also

consistent with those listed in Table 1.
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Figure S18 | Macrograph of a nanoporous cobalt (np-Co) rod.
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Figure S19 | The reversible strain amplitude of the np-Ni samples versus the scan
rate during the CV processes with the potential window of - 0.2~0.6 V vs. SCE.
The ‘Niys’ denotes the np-Ni sample which was prepared by the dealloying of the
Al;5Ni,s precursor in the 6 M KOH solution, and the ‘Nis; 5> denotes the np-Ni sample
which was prepared by the dealloying of the Algg sNis; s precursor. Both the two np-Ni

samples show good electrochemical actuation properties in the 5 M NaOH solution.
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Figure S20 | The reversible strain of the np-Ni sample versus time during the CV
processes with the potential window of - 0.2~0.6 V vs. SCE at the scan rate of 10
mV/s. It can be seen that similar electrochemical actuation properties (reversible
strain amplitude and stability) could be obtained for the np-Ni sample in different

alkaline electrolytes with different concentrations.
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