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Nanoporous-Gold-Polypyrrole Hybrid Materials for
Millimeter-Sized Free Standing Actuators

Benedikt Roschning* and Jorg Weissmiiller

This work studies the actuation of hybrid materials made from nanoporous
gold, polypyrrole, and aqueous electrolyte. The deposition protocol affords a
conformal polypyrrole coating on the entire internal interface of millimeter-
sized nanoporous metal specimens made by dealloying. The hybrid material
emerges when the remaining pore space is filled with perchloric acid. The
metal serves as load-bearing and electronically conductive substrate, the
polypyrrole as functional active component for actuation, and the aqueous
electrolyte provides a pathway for fast ionic conduction. In this way, an actuator
material is obtained that can be manufactured as monolithic bodies that can

be subjected to compressive loads. Actuators with dimensions of millimeters

in each spatial direction achieve characteristic times for actuation in the order
of seconds and their work density is comparable to that of state-of-the-art
piezoceramics. As a remarkable finding, the actuation strain scales with the
square of the polypyrrole phase fraction. This is surprising in view of the linear
scaling predicted by conventional micromechanical models. A micromechanical
model that explains this behavior as the result of polypyrrole bridges that link

exploited for actuation with PPy.[231019.20]

An important materials parameter of actua-
tors is their strain-charge coupling coef:
ficient, w = J¢/éqy, where & denotes the
linear, uniaxial strain. For PPy, the magni-
tude and sign of y depend on the synthesis
conditions, the species of transferred ions,
the solvent and the mechanical boundary
conditions.[4>1121-23]

Besides the magnitude of the strain-
charge coupling, the response time is
an important characteristic of actuators.
For PPy, the underlying charge transport
kinetics include both, ionic transport and
the formation of electronically conducting
zones along the polymer chains.**?°! If the
potential interval is restricted so that the
PPy is kept in its oxidized state with high
electronic conductivity, the ion exchange
is rate controlling. Similar to classical

adjacent struts of the metal skeleton is presented.

1. Introduction

It is well known that the electrically conductive polymer polypyr-
role (PPy) reversibly exchanges ions with a surrounding electrolyte
under control of the electrode potential, E, and that this process
changes the volume of the polymer!® in proportion to the trans-
ferred charge density, &y (charge per volume PPy).2**-12 Good
environmental® and electrochemical cycling stabilities,™ a low
operating voltage!"® and strain amplitudes up to 40%*1¢-18] are
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interdiffusion, the time constant for equi-

libration after a change in E increases with

the square of the diffusion distance.?*20l
Acceptable response times thus require small actuator dimen-
sions in at least one direction. Therefore, many studies inves-
tigate PPy as a thin film (typically not exceeding 10 um) on an
electrically conductive substrate. Examples for such actuators are
bilayered bending cantileversi?’~2%) which may exhibit roughened
interfaces for enhanced adhesion,?” multilayered axial strain
actuatorsP or coated fibers spun to yarns.'”] Nanometer-thin
PPy films allow for particularly fast reaction times.[>3?l For PPy
films with a thickness of about 10 um, the actuation response
time increases to minutes.>*3 Free-standing PPy actuators with
a thickness of =100 um and a cross-sectional gradient in micro-
structure have been investigated in the context of wireless actua-
tion.3>3¢ They exhibit similar response times. For even thicker
geometries, the response will be prohibitively slow.

PPy actuators with spatial dimensions of mm or above can
be realized with PPy-coated nanoskeleton structures, such
as multi-walled carbon nanotube networks*”} or electrospun
microribbons.*® In these architectures, a liquid electrolyte
in the pore space provides a fast pathway for long-range ion
transport. Metal-PPy—electrolyte hybrid materials obtained by
the imbibition of PPy-coated nanoporous metalsi®? represent
a particularly interesting case, because their skeleton structure
is load-bearing under compression. This enables actuation
against an external compressive load by free-standing macro-
scopic bodies without a supporting device structure. Further-
more, the mechanical behavior of nanoporous metals has been
intensively studied.**-*! This provides the opportunity for a

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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meaningful discussion of the interaction between the stress
and the strain in the active PPy component and the underlying
skeleton structure. Understanding this interaction is required
for an informed design strategy of the hybrid materials in order
to optimize their actuation performance.

A nanoporous gold—PPy-electrolyte hybrid actuator has been
demonstrated,? although with a skeleton with a comparatively
large feature size of 250 nm. In view of the trend of the metal
toward “smaller is stronger”** this implies a low strength.
Furthermore, a detailed understanding of the micromechanics
underlying the actuation of the hybrid material is missing.

Here, we report hybrid materials made of nanoporous gold
(NPG) and PPy in which the metal skeleton has a mean strut
or “ligament” size of 120 nm, providing enhanced strength.
For 3D, mm-sized samples, we demonstrate a uniform, con-
formal PPy coating with actuation response times in the order
of a few seconds. We discuss the micromechanics that links
the macroscopic strain-charge coupling to recent datal?®l of the
stress-charge coupling of thin PPy films for the same counterion-
solvent system. As a remarkable observation, rationalized by the
micromechanics, we advertise the finding of a quadratic relation
between the actuation strain and the PPy volume fraction.

2. Experimental Section

The NPG-PPy hybrid material was prepared in a dealloying pro-
cesses followed by the electrodeposition of PPy as illustrated in
Figure 1a. The master alloy, Au,sAgys, was obtained by melting Au
(99.995%, Chempur) and Ag (99.99%, Chempur) in an arc melter.

-
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free-standing cylindrical hybrid material sample

Figure 1. Sample preparation and experimental setup. a) The nanoporous
gold polypyrrole hybrid material was made by dealloying a mm-sized gold-
silver cylinder followed by the electrodeposition of polypyrrole. b) The nanop-
orous gold polypyrrole hybrid working electrode (WE), a reversible hydrogen
reference electrode (RE), and a carbon counter electrode (CE) were immersed
in electrolyte and connected to a potentiostat in a three electrode setup. The
electrochemical cell was mounted in a dilatomter so that the length change
of the working electrode was measured at a constant force of —300 mN.
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The ingot was sealed in an evacuated quartz tube and homogenized
for 120 h at 925 °C. A wire of 1.0 mm diameter was drawn and cut
into cylinders of 1.8 mm length. For stress relief, the cylinders were
annealed at 650 °C in a vacuum of 10° mbar for 1 h.

NPG was prepared by electrochemical dealloying at a con-
stant potential of 0.75 V versus an Ag/AgCl pseudo reference
electrode in 1 M HCIO, (offset 0.53 V vs the standard hydrogen
electrode, SHE).*¢#] After the dealloying current dropped
below 20 pA, the potential was increased to 0.85 V in order
to dissolve residual silver. Subsequently, the electrolyte was
exchanged and the nanoporous specimens were subjected
to 20 potential cycles between -0.4 and 1.1 V at a scan rate of
5 mV sL. The stop potential was 0.3 V, corresponding to a clean
surface, free of adsorbed oxygen species.[*] The polarization at
0.85 'V, the exchange of the electrolyte and the potential cycling
were repeated once, resulting in NPG with a ligament size of
L =405 nm and a residual silver content below 1 at%.

To increase the ligament size, the samples were annealed in air
at 300 °C for 10 min. The gold volume fraction is ¢,, =0.27 £ 0.01.
L and the PPy layer thickness, d, were measured from scanning
electron microscopy (SEM) images and are given as the average of
ten individual values with the standard deviation as error.

Based on the procedures in refs. [23,39,49], PPy was depos-
ited from a solution of 0.3 M pyrrole (98%, Sigma-Aldrich) and
0.3 M LiClO,4 (99.99%, Sigma-Aldrich) in acetonitrile (99.9%,
Sigma-Aldrich) and 2 vol% ultrapure water (18.2 MQ cm). A
commercial Ag/AgCl electrode (in 3 m KCI, Metrohm) served
as reference and a platinum mesh as counter electrode. The
pyrrole was distilled at 130 °C and ambient pressure on the
same day before deposition. The NPG substrate was subjected
to 50 ms potential pulses of 800 mV with a wait time of 50 s
at the open circuit potential between consecutive pulses. A
detailed elaboration of the deposition protocol can be found in
the Supporting Information.

All electrochemical characterization was performed in 1 M
perchloric acid prepared from HCIO, (Suprapure, Merck)
and ultrapure water (18.2 MQ cm), deareated with argon. A
reversible hydrogen electrode (Gaskatel, HydroFlex) served as
reference and a carbon cloth as counter electrode. All potentials
in this work are specified versus the SHE, unless otherwise
stated. The capacitive charging was characterized by a potentio-
stat (Metrohm, Autolab PGSTAT 302N). A linear scan generator
allowed a continuous current measurement which is necessary
for precise integration of the transferred electric charge.

For the electrochemical actuation experiments, an electro-
chemical cell was mounted in a dilatometer (Linseis, L75) as
shown by the schematics in Figure 1b. The strain was measured
as the relative length change of the mm-sized cylindrical body
of the hybrid material. To contact the NPG-PPy specimen to the
potentiostat as working electrode, the sample was supported by
a gold plate. A constant contact force of -300 mN was applied.
Throughout this work, the sign convention that all forces and
displacements in compressive direction are negative is followed.

To determine the strain-charge coupling coefficient in var-
ious states of plastic deformation, the electrochemical cell
was mounted in a loadframe instrument (ElectroForce, 3200
Series) in the same manner as in the dilatometer. The load or
the displacement could be alternatively controlled, while both
parameters were recorded. The specimens were plastically

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Micrographs of a nanoporous gold-polypyrrole hybrid actuator. 600 deposition cycles with 50 ms deposit pulses at 800 mV relative to a
Ag/AgCl reference electrode with 50 s breaks between consecutive pulses; ligament size: L =120 £10nm. a) Macroscopic specimen, 1 mm in diameter
and 1.8 mm in length. b) Cross-sectional overview as highlighted in a). c) Magnified image section at the edge; film thickness: d =39£3nm. d) Magni-

fied image section at the center; film thickness: d =32+3nm.
deformed with a strain rate £=10"*s" to a predefined target
strain. Afterward, they were unloaded at the same rate until a
clamping force of =500 mN was reached. The clamping force
was held constant and the length change was measured while
the electrode potential was varied. Consecutive repetition with
increasing prestrain results in stress—strain curves with inter-
posed unloading segments. The yield strength, oy, Young's
modulus, Y, and the strain-charge coupling coefficient, A%,
varied as a function of the pre-strain. Their magnitudes were
measured as function of the plastic strain, Eplasey 1N other words,
the strain after unloading. Young’s modulus was determined by
the secant over the unloading segments and oy was identified
as the stress at the onset of unloading.

3. Microstructure and Polypyrrole Film Thickness

Figure 2a,b depict a specimen after 600 polymerization cycles
and a cross-sectional cleavage surface, as highlighted by the
shaded area, respectively. Figure 2c,d picture magnified areas
at the edge and at the center of the specimen, respectively. The
ligament size is uniform over the cross-section and takes the
value, L=120+10nm. We find a quite uniform PPy film thick-
ness, d, of 39+3nm at the edge and 32+3nm at the center.
Furthermore, neither overcoating of the sample nor coating of
the counter electrode was observed.

Figure 3 shows magnified views of fracture surfaces for spec-
imens after 400, 600, and 800 deposition cycles. The cumulative
deposition times, t., were 20, 30, and 40 s, respectively. It can be
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seen that the film thickness, d(t.), increases with increasing ..
Our analysis yields d(20s)=18+1nm, d(30s)=32+1nm, and
d(40s)=42+1nm.

Figure 4 plots d at the center and the outer edge of the
cleavage surface versus t. for different samples. It can be seen
that d increases linearly with t. and that d in the center and at the
edge are in excellent agreement. To show that the pulse length of
50 ms is sufficiently short, additional data points for a specimen
manufactured with a pulse length of 30 ms and 400 deposition
cycles were added. The additional data points match the linear
trend. Linear regression of the data in Figure 4 yields a slope of

ti =(0.9940.02) % 1)

C

with the standard error as uncertainty.

4. Electrochemistry and Actuation

4.1. Electrochemical Characterization

In order to avoid a nonrecoverable (faradaic) charge transfer
due to water splitting under cathodic conditions or degradation
of the PPy due to overoxidation under anodic conditions,% the
vertex potentials of our electrochemical potential cycles were
chosen as 0.1 V and 0.9 V versus SHE. Figure 5a shows cyclic
voltammograms (CVs) of the current density, iy, (per outer
sample volume) versus the electrode potential, E, for specimens

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Film thickness evolution in the center of nanoporous gold-polypyrrole hybrid actuators. n: number of deposition cycles; t.: cumulative

deposition time; d: film thickness. a) n =400, b) n =600, c) n = 800.

with cumulative deposition times of t. = 0, 10, 20, 30, and
405, respectively. The potential sweep rate was E=10mVs™.
The rectangular appearance of the CVs suggests capacitive or
pseudo-capacitive behavior.”!! This finding is consistent with
previous observations!'"?3l which locate the present potential
range in the oxidized regime.

The differential volumetric capacitance can be defined as
cy =84y |SE =iv |E, where gy denotes the volumetric charge
density and all densities are referred to the outer sample
volume. Here, we took iv as the averaged current density in
the potential interval 0.3-0.7 V and plotted the results for ¢y in
Figure 5b. The graph shows cy versus t. for all specimens under
study. Linear regression yields ¢y /t. =2.3520.08 mFmm™ s™
, with the standard error as uncertainty. The capacitance of
PPy depends on the synthesis conditions and on the nature
of the co-ion. It takes on values in the order of magnitude of
0.1F mm.>23°253] The PPy/co-ion system under study has
a volume specific capacitance of ¢y =0.24+0.01F mm~.[%%
As an adaptation of the capacitance ratio method,> we used

40 O center é
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7
7
30- 9 @
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< 207 é
7
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Figure 4. Evaluation of the film thickness. Polypyrrole layer thickness, d,
versus cumulative deposition time, t,. Except for the individually marked
data points, all specimens were manufactured with a deposition pulse
length of ty =50ms. Dashed line: straight line of best fit.

Adv. Mater. Interfaces 2020, 7, 2001415 2001415 (4 Of11)

the ratio of ¢y over cy to determine the PPy volume fraction
per outer sample volume, @pp,. @ppy can then be linked to the
cumulative deposition time via

Oppy =(9.7910.38)x 107°s7't, ()
For the data set of Figure 5a, the PPy volume fractions
emerge as @ppy = 0, 9, 18, 30, and 45%, respectively.

4.2. In Situ Strain Measurements

We studied the actuation during cyclic voltammetry for the
same specimens as in Figure 5a, within the same potential
interval and at the same scan rate. Figure 6a shows the resulting
variation of the uniaxial actuation strain, & with time during
potential cycling. It can be seen that the strain is reversible
and that the peak-to-peak strain amplitude, &,,, increases
with increasing @pp,. The strain amplitude of the hybrid mate-
rial reaches up to &y = 4.8 X 1073, This is more than two
orders of magnitude larger than the strain amplitude of the
bare NPG samples in our study. For those samples, we found
Emax = 4.7 X 107, An evaluation by SEM after potential cycling
showed no signs of degradation or delamination of the PPy
layer (see Figure S2, Supporting Information).

Figure 6b plots &,y versus @pp, for all specimens under study.
The dashed line represents a fit with a parabola, €. = a@p,,
with the parameter a adjusted for best fit. The agreement with
the data shows that remarkably, and unlike the capacitance, the
strain amplitude increases quadratically with @pp,.

Figure 7 combines the strain data with the electrochemical
characteristics. Figure 7a plots the transferred charge density
per volume PPy, Agy = Aqy/@pp,, over the potential. Apart from
a small hysteresis, Agy varies linearly and reversibly with E. The
charge graphs are perfectly closed, indicating that the trans-
ferred charge is recoverable. Furthermore, the graphs superim-
pose. This notion is consistent with our scaling approach and a
linear relation between cy and @pp,.

Figure 7b plots the scaled strain, g/ (pgpy, versus the potential.
This reflects our earlier observation of a quadratic increase in
strain amplitude with @pp,. In agreement with this observation,

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Characterizing the capacitance. a) Exemplary cyclic voltammograms of the volumetric current density, iy, versus the electrode potential, E,
measured relative to the standard hydrogen electrode (SHE) at a sweep rate, E, of 10 mV s™\. Color of graphs refers to specimens that vary in volume
content of polypyrrole as consequence of an increased cumulative deposition time, t.. The deposition time varied from 0 to 40 s. b) Corresponding
volumetric capacitance, ¢y, versus t.. Dashed line: Linear regression. Black line in a) and t. = 0 in b) refer to bare nanoporous gold.

the graphs superimpose. It is seen that the variation is roughly
linear, and that there is a small but noticeable hysteresis.

Figure 7c plots the scaled strain versus the charge density.
While a small nonlinearity persists, the hysteresis has vanished.
The linear relation between the scaled strain and charge den-
sity is in line with the well-established notion that the actuation
as well as the charge transfer are governed by the same fun-
damental process—the exchange of ions between the polymer
and the surrounding electrolyte.l-621

4.3. Actuation Coefficient
As a figure of merit, the actuation coefficient, A%, is defined as

the derivative of the macroscopic, linear strain with respect to
the volumetric charge density

We estimated A* from the slope of the linear section of graphs
such as Figure 7c. Figure 8 shows A* over ¢pp, for all speci-
mens under study. The figure combines data from dilatometry
and from experiments with the load frame instrument which
are found to be consistent. It can be seen that A* varies linearly
with @ppy. Linear regression yields the slope

mm3

c

A" =(0.14+0.01) Dory

with the standard error as uncertainty.

4.4. Strain Charge Coupling of Specimens Densified by
Plastic Deformation

The structure of our hybrid material can be modified via densifica-

. o tion by uniaxial plastic deformation. This provides an additional
A= 5qv (3) parameter for tailoring its properties. Furthermore, the exploration
0.34 increasing gpp, |[P) los
0.2 ol
— /
C\'cla 0.1 s/ 104
= 0.0 /
w
-0.14 / 103 3°
-0.24 x
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Figure 6. Actuation measurements. a) Exemplary strain-, & time curves during cyclic voltammetry with different volume fractions of polypyrrole, @pp,.
b) Peak-to-peak strain amplitude, &, versus @pp,. Dashed line: Fit with a parabola.
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Figure 7. Characterizing the electrochemical actuation. In situ actua-
tion study for exemplary specimens with volume contents of polypyr-
role, @pp, from 9 to 45% during cyclic voltammetry. Potential sweep rate
E=10mVs™. a) Scaled transferred charge density (charge per sample
volume), Aqi,/(oppy, over the potential, E. b) Scaled strain, g/(pgpy, versus

E.q) 8/(P|§Py versus Aqy [ @ppy.

of the electrochemical actuation as function of the plastic deforma-
tion provides insights into the actuation mechanisms. This is par-
ticularly significant if the actuation of one and the same specimen
is investigated in different states of densification.

Densification was achieved by loading the specimen
beyond its yield stress. Load—unload cycles supplied the yield
strength and Young’s modulus of the material in its respective
state of densification. The actuation was characterized at no
load, in-between unloading and reloading. The densification-
unloading-actuation-reloading sequence was repeated several

0.08

/9/

0.02 5!*0
7
b e i iaessssssssssssssssssEssEsssEssEsssEsn..
0.00 T T T T
0.0 0.1 0.2 0.3 0.4

Pppy [-]

Figure 8. Characterizing the strain charge response. Strain charge cou-
pling coefficient, A*, versus the volume fraction of polypyrrole, @pp,.
Circles: Data obtained by dilatometery. Squares: Data obtained with the
loadframe instrument. Dashed line: Straight line of best fit. Dotted line:
Estimate by Equation (9) considering only axial straining of the ligaments.
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times on any given specimen, yielding actuation data for the
same specimen at different densities.

Figure 9a shows stress—strain curves interspersed with
unloading segments for specimens with ®ppy = 0.00, 0.10, 0.20,
0.25, and 0.30, respectively. It can be seen that the flow stress at
any given strain increases with @pp,. In other words, the coating
of the NPG skeleton with PPy results in a substantial strength-
ening. Figure 9b plots the yield strength, oy, against the plastic
deformation, g,y for the different samples. The magnitude
of oy increases with both, &, and @pp,. The largest strength
exceeds 30 MPa, fivefold larger than the 6 MPa reported in3% for a
NPG-based hybrid material with a larger ligament size of 250 nm.

It is well known for NPG with L in the order of 100 nm, that
the specimens immediately start to yield upon loading, 042455l
Therefore, Young’s modulus, Y, could not be determined at
the initial state. Figure 9c plots Y against &y, Like the yield
strength, Y is seen to increase with &, and @pp,. The NPG
reference sample has a lower initial stiffness than the NPG-PPy
hybrids, with a substantially stronger increase in Y with
ongoing plastic deformation.

Finally, Figure 9d plots A* over &, The observations
at zero plastic strain confirm our findings from the previous
subsection by attributing a finite actuation coefficient to bare
NPG and an increase of A* with increasing @pp,. Yet, while
A* of bare NPG is essentially unaffected by the densification
(here, A" =0.024+0.002mm’ C™), A* of the hybrid materials
increases significantly with ongoing densification.

4.5. Response Time

Figure 10 depicts the strain variation, Ag, over time after the
potential was stepped from 0.9 to 0.1 V and held constant for
specimens with @pp, = 0.28, 0.37, and 0.44, respectively. For the
sake of clarity, only the contraction reaction is shown, the tran-
sients for expansion and contraction reactions are similar. The
response rates—parameterized by the time, t,,, required to reach
half the saturation strain—are 1.5, 2.0, and 3.3 s, respectively.

5. Discussion

5.1. Film Thickness and Polypyrrole Volume Fraction

Our study is based on in situ strain measurements during poten-
tial cycling, investigating NPG-PPy hybrids with varying volume
fractions of PPy. The PPy coating was characterized by two inde-
pendent methods: a) the PPy-film thickness was extracted from
scanning electron micrographs. b) the PPy volume fraction was
determined Dby the electrochemical capacitance ratio method.

In order to compare these two methods, we consider the
substrate—electrolyte interface during PPy film growth. As
the PPy deposition progresses, the contact area between the
PPy surface and the electrolyte increases due to the cylindrical
shape of the ligaments. This apparent increase in substrate
surface area competes with a decrease as result of the for-
mation of new contacts between adjacent ligaments and the
smoothing of saddle-shaped regions which abound in the
nanoporous structure.l%>]

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Characterizing the mechanical properties and the actuation behavior after predeformation. a) Stress-, o, strain, &, curves for specimens with
varying volume fraction of polypyrrole, @pp,. b) Young’s modulus, Y, versus plastic strain, &g ) Yield strength, oy, versus &jas. d) Strain-charge

coupling coefficient, A%, versus &ja.

The polymerization was performed in short potentiostatic
pulses in order to avoid monomer depletion within the pore
space. While the coating thickness increases, we expect in
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Figure 10. Strain response to potential steps. Strain variation, Ag, versus
time, t, for potential steps from 0.9 to 0.1V versus the standard hydrogen
electrode for specimens with polypyrrole volume fractions, @pp, = 0.28,
0.37, and 0.44, respectively.
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each pulse a constant amount of deposited PPy per area, S, of
surface. If the footprint area would change drastically during
the polymerization process, the amount of deposited PPy and
consequently the capacitance of the specimen would vary non-
linearly with the deposition time. This consideration is in con-
trast to the experimentally observed proportionality between the
capacitance and the cumulative deposition time, as shown in
Figure 5b. Therefore, it is reasonable to assume that the inter-
face between the substrate and the electrolyte remains essen-
tially constant during the PPy deposition. The PPy volume
fraction can then be expressed as

Sd
Prey = ()

With the time-thickness proportionality from Equation (1)
and the ratio between the intrinsic surface area and the sample
volume (Equation (S3), Supporting Information), @pp, can be
expressed as function of f,

Pory = 4%(0.9940.01) 22 (pz“ b = Kt ()
S

With L=120+10nm and ¢@,, = 0.27, Equation (6) yields
the slope K=(8.91+£0.91)x107s™ which is in good
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agreement with the electrochemical determined result of
(9.79£0.38)x 107 s (Equation (2)). The consistency of the
results from the two independent methods supports our
experimental finding for @pp,.

5.2. Actuation and Strain-Charge Coupling

The actuation mechanism of uncoated NPG has been linked
to the electrocapillarity of gold electrode surfaces.’8! When
such electrodes are polarized, their surface stress, f, varies.
The underlying electrocapillary coupling coefficients are well
documented.®®-®l  Compensating stresses in the subjacent
bulk deform the metal skeleton and the axial component of
the strain in each ligament propagates along the network and
thereby produces the macroscopic actuation strain.[?!

An investigation of the electromechanical coupling of
planar PPy-coated gold electrodes with similar film thick-
nesses as in the present study revealed that the potential drop
at the electrode is completely localized within the PPy.l2%
Therefore, the metal is not polarized and its electrocapillary
coupling can be ignored. Instead, tangential stresses in the
PPy film are responsible for the deformation of the under-
lying planar substrate. By analogy to the observations on
planar surfaces, the most obvious actuation mechanism of
our hybrid materials would be the axial straining of the Au
ligaments in response to the tangential stresses which develop
in the clamped PPy coating when ions are exchanged with the
surrounding electrolyte.

The contribution of the above mechanism to the actuation
coefficient is readily estimated: As derived in ref. [62], the uni-
axial straining of a network of gold ligaments can be expressed
as function of the surface stress

1V S
YAu (pAu V

Oe = of (7)

Ya. and vy, denote Young's modulus and Poisson’s ratio of
bulk gold, respectively. The stress-charge coupling coefficient of
the clamped PPy film

_ 6o

.

(®)

relates the tangential film stress, o, to the transferred charge
density (per volume of the polymer), q.?)! The variation
in surface stress, df, acts in the same way as the variation of
the stress-thickness product in the PPy film, ddo. In view of
Equation (8), we may substitute &ppyd dgy for that term. With
the definition of A* from Equation (3) and the assumption of
a constant PPy surface area during deposition (Equation (5)),
Equation (7) yields

A*=_1_VAu§P_Py (9)
YAu (pAu

Note that A* emerges as independent of the PPy phase fraction
Pppy- In other words, this scenario is not compatible with the
linear variation of A* with @pp, as shown in Figure 8.
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With Y, =79GPa and v,, = 0421 as well as
Eppy =—153+11mVI® and ¢, = 0.27, Equation (9) yields
A"=(41610.30)x10° mm’ C". At first sight, this result
strikes as considerably smaller than the experimental data of
Figure 8. Yet, when the estimate of A* is plotted along with
that data (see the dotted line in Figure 8), it can be seen that it
reproduces the strain charge-coupling in the limit of @pp, — 0.
In other words, our observations in the limit of very thin films
appear consistent with the estimate for the actuation strength
based on tangential stresses alone. The deviation at finite @pp,
implies that the actual deformation mechanism has an addi-
tional contribution which is not captured by the simple axial
straining of the ligaments as a consequence of the stress devel-
opment in the constrained PPy film.

The failure of a model based exclusively on the axial defor-
mation of the ligaments in the NPG skeleton leads us to the
investigation of an additional contribution, namely the expan-
sion of the PPy normal to the substrate surface. If—as we have
tacitly assumed so far—no contacts between the PPy coating of
neighboring ligaments exist, the normal strain would have no
effect on the external volume change. Yet, the latter assump-
tion appears inappropriate, especially if larger PPy phase frac-
tions are considered. In fact, we regularly observed contacts in
electron micrographs of the hybrid material. This observation
is exemplified in Figure 11 which shows another micrograph
of the cleavage surface depicted in Figure 3b. Circles highlight
features where the fracture occurred along the gold-PPy inter-
face. Peel-off tests revealed that PPy films delaminate from gold
substrates.3%%4 Therefore, the location of the fracture at the
interface is expected.

The above observations can only be understood if one admits
that neighboring ligaments can be connected through PPy
bridges. The inset in the figure provides a schematic illustra-
tion of such connections. As an additional feature, the coating
may reconnect “dangling” ligaments of the skeleton structure.
Such disconnected ligaments appear, if NPG with an initial

Figure 11. Fracture surface of a nanoporous gold-polypyrrole hybrid
actuator. The circled dome shaped features show regions where the frac-
ture appeared in the interface gold-PPy. Inset: Sketch demonstrating the
actuation mechanism which results from the normal deformation in the
newly formed connection between adjacent ligaments.
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a) b)

Figure 12. Different possibilities to create new connections between
adjacent ligaments. a) Cross-sectional overview of bare nanoporous gold
(NPG). b) Cross-section with intermediate amount of polypyrrole (PPy)
on the NPG substrate. Several ligaments have been linked by new PPy
connections. c) Cross-section with high amount of PPy. Additional new
connections have been formed. d) Deformed cross-section with interme-
diate amount of PPy. Connections are formed as consequence of the loss
in volume. Arrows: examples for new connections.

Au phase fraction below @,, = 0.3 is coarsened.®” The dome-
shaped features in Figure 11 can be identified as remnants of
such reconnections. Obviously, these connections ruptured
when the specimen was cleaved.

Because PPy bridges between neighboring ligaments appear
to be abundant, we are led to inspect their contribution to the
overall actuation. As illustrated in Figure 12a—c, more and more
connections can be expected as the PPy phase fraction increases.
The network of NPG contains disconnections*>>%l and has a
significant tortuosity.*” %8 This leads to long and flexible load-
bearing paths in-between the network’s connecting nodes.>%%!
The resulting compliance implies that the dilation within the
PPy bridges may quite efficiently deform the network. These
considerations support the notion that the deformation normal
to the ligament surface is transferred in the PPy bridges and
plays a major role in macroscopic strain. This normal deforma-
tion acts in addition to the tangential deformation. Along with
the number of bridges, its amount must increase with the PPy
phase fraction. Thereby, the contribution of the PPy bridges
explains qualitatively the unexpected increase of A* with @pp,.

A consequence of the above suggestion is that the actuation
coefficient should increase when the sample is plastically com-
pressed. This expectation is based on the notion that additional
bridges are formed when the densification moves neighboring
ligaments toward each other. Figure 12d illustrates this process.

We tested the notion of contact formation by densification by
exploring the variation of A* while the hybrid material was plas-
tically compressed. Figure 9d shows the results. The increase
of A* upon plastic deformation is striking. The confirmation
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of our prediction supports the notion that the newly formed
connections contribute strongly to the actuation. As verifica-
tion, we inspect the data for the NPG reference sample in the
same figure. Even though the densification must result in new
contacts between neighboring ligaments, A* does not increase.
This observation conforms with our scenario, because the
actuation of NPG originates exclusively from the surface stress,
thus from the tangential stresses in the outermost atomic layer
of the metal. The significant expansion of the PPy coating along
the surface normal has no equivalent in bare NPG. This is
consistently confirmed by our experimental data.

5.3. Response Time

A central finding in this work is that mm-sized monolithic
bodies of our gold—PPy-electrolyte hybrid material have
response times for actuation around 2 s. We now compare this
observation to the kinetics of bare PPy.

As mentioned in Section 1, the charging kinetics of oxidized
PPy follows the classical t = x? D! diffusion law, where x is the
diffusion path length and D is the ion diffusion coefficient. For
aqueous ClO; in PPy, D is in the order of 2 x 1072 cm? 71125701
This is consistent with fast actuation by thin PPy films; for 100 nm
and 1 pm thickness, the estimated equilibration times are in the
order of several 10 ms and seconds, respectively. Yet, for a dense
PPy body with a diffusion path length of 0.5 mm—comparable to
the dimensions of our samples—the above diffusion law suggests
a response time in the order of 10° s or about 300 h, too slow for
practical applications. However, with D = 1.5 x 10 cm? s,/ the
diffusion of ClOy is four orders of magnitude faster in water than
in PPy. For a process mediated by ion diffusion in water with a
diffusion path length of 0.5 mm, the estimate for the equilibra-
tion time would decrease to 10’s. This illustrates the potential to
accelerate the actuation of PPy by incorporating it into the design
scheme of a hybrid material with a stiff metal skeleton for the
electrical conductivity and load transfer, the PPy for the chemo-
electro-mechanical coupling, and electrolyte-filled pore channels
for the fast long-range ion transport.

The switching time of our material supports the above-
mentioned scheme. In fact, we find response times even
shorter than estimated. As a conceivable and speculative expla-
nation, the fast reaction might reflect the combination of a
short-range and fast local ion exchange between the PPy and
the aqueous electrolyte in the pore space, while the long-range
charge transport—which is required for charge neutrality—is
carried by the Grotthuss mechanism.’? By virtue of its accel-
erated actuation, our material enables monolithic macroscopic
actuators using PPy as the active component. The advantage of
this actuator geometry is that it can work against compressive
loads in a freestanding geometry.

A consequence of our materials design scheme is that, as
long as the interconnected pore space is available for ion trans-
port in the electrolyte, the characteristic values A%, Y, and oy
are enhanced with increasing ¢ppy. Yet, the extreme case of a
complete filling of the pores with PPy would result in the loss
of the liquid phase ion transport and yield slow reaction times
similar to that of bulk PPy. This emphasizes that a minimum of
porosity is required.
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5.4. Mechanical Work Density

An important figure of merit of actuators is the mechanical
work which can be performed against an external load. For
linear elastic actuators, the work density (per volume of the
actuator), wy, depends on Young’s modulus and on the max-
imum actuation strain, wy =1/4 YeL,,,.”3) Because wy scales
quadratically with &, the up to 100-fold increase in strain
amplitude of the PPy coated specimens implies an up to
10*fold increase of wy.

After 13.6% plastic deformation, the specimen with
@ppy = 0.30 exhibits a peak-to-peak strain amplitude of
Emx =0.51% and a stiffness of 1030 MPa. The estimated work
density is wy =6.7k]J m™. Considering the work done by the
volume change, the work density triples to wy” =20.1kJm~,
because the dilatation of the nanoporous specimens is isotropic.
Lead zirconium titanate (PZT) actuators have a typical stiffness
Y <70 GPal"#7°l and a typical strain amplitude <0.1%.7°7%] Using
these values, the work density is estimated as wy <17.5kj m™.
The PPy system used in this work has been thoroughly studied
and its stiffness was determined to be Y = 500 MPa.l"”l With
a typical strain amplitude of 1-2%,3°2179 the work den-
sity of freestanding PPy emerges to wy =12.5t0 50k m™ or
wy’ =37.5t0 150 k] m™.

Young’s modulus of our hybrid material is less than that of
piezoceramics and similar to that of PPy. The work densities
are comparable and the NPG-PPy hybrids exhibit larger strain
amplitudes than piezoceramics, whereas they are generally
less than for PPy. Even though the work density is highest for
PPy, using bare PPy as a massive, free-standing actuator would
require thick cross-sections in order to bear significant loads.
The slow reaction times of such actuators limit possible fields
of application considerably.

6. Conclusion

This work presents a deposition protocol that enables a con-
formal polypyrrole (PPy) coating within the inner pore space of
mm-sized monolithic bodies of nanoporous gold (NPG) made
by dealloying. The characteristic microstructural length scale
of the metal skeleton can be as small as 120 nm, providing for
enhanced strength. With the remaining pore space filled with
aqueous electrolyte, the material forms a metal-PPy—electrolyte
hybrid material in which the metal skeleton provides the
strength and the electrical conductivity, the PPy the chemo-
electro-mechanical coupling for actuation, and the aqueous
electrolyte the fast ion transport. Our material reaches peak-to-
peak strain amplitudes in the order of 0.5%. This is less than
with bare PPy, but more than with commercial piezoceramics.
The central findings are as follows: Our experiments show
that the hybrid material of this study offers a) an enhanced
strength compared to earlier NPG-based hybrids, owing to its
fine microstructural length scale and to the conditioning by
plastic deformation, b) fast actuation of 3D, mm-sized geo-
metries due to the fast transport in the electrolyte channels, and
c) actuation of freestanding bodies of the actuator material
under compressive loads owing to the strength of the metal
skeleton. Furthermore, d) a comparison of the mechanical
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properties and the actuation of the hybrid material to the bare
metal skeleton enables a detailed discussion of the micro-
mechanics which governs the transfer of the stress and the
strain from the PPy into the skeleton. This mechanical interac-
tion defines the macroscopic actuation of the material.

The metal skeleton in our material consists of nanoporous
gold. NPG is a suitable model material, because its mechanical
and actuation properties have been extensively studied. Obvi-
ously, the high cost of gold makes the material poorly suitable
for applications. Yet, our functionalization strategy may readily
be transferred to technologically more relevant materials.
Nanoporous copper,®8 nanoporous copper-nickel alloys, 2
or microporous titanium®#° have been demonstrated and
may form alternatives for the skeleton structure. Thus, our
study may be a first step toward the application of PPy in
mm-sized actuators.
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