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Abstract:

Electrochemical actuating materials that can generate mechanical motions in response to low
voltage stimuli are useful as artificial muscles in micro- or insect-scale robots. However, such
materials tend to have small actuation strain and stress, slow actuation response rate, poor
motion controllability, and they often require alkaline electrolytes to operate. Here, we
demonstrate and analyse the electrochemical actuation properties of c-disordered 6-MnO: due
to a volume-changing pseudo-capacitive redox reaction, with outstanding actuation
performance and maneuverability in the neutral electrolyte of NaxSO4. An electrochemo-
mechanical model well describes quantitatively the intrinsic actuation properties of 5-MnO-
and the bending motion of bilayered cantilever actuators comprising an active layer of 6-MnO>
supported by a Ni thin-film substrate. Under the potential drive between -0.2 and 0.8 V vs SCE
in Na2S0a4, J-MnO; exhibits an electrochemical driving force of (5.39 + 0.40) x 1022 J and
activation volume of (6.26 + 0.40) x 10-3* m3 for the actuation at 298 K, a maximum strain of
1.28% and actuation stress of 71.5 MPa, and maximum energy density of 2.76 MJ/m?3,
indicating its high potential to be utilized as strong artificial muscles in multi-functional

miniaturized actuating devices.


mailto:kkwkwan@connect.hku.hk

Keywords:  bilayered actuator, linearly-controllable, electrochemical actuation,

pseudocapacitance, 6-MnO>

Introduction

Artificial muscles made from stimuli-responsive actuating materials are being intensively
explored as prime movers for micro-robotic applications, to replace bulky motors and engines,
owing to their advantages including small size, light weight, high sensitivity, good
processability and maneuverability’ 3. Such materials can respond to external stimuli including
heat*®, light®-°, humidity°-12, applied voltage*'* and electrochemical potential'>8 to give rise
to certain mechanical motions that depend on the device design. Among them, electrochemical
actuators can transfer electrical energy into mechanical energy under low voltage stimuli.
Conducting polymers can actuate under the voltage of several volts, but the actuation rate is
slow, due to an ion diffusion process within the polymer®-2!, Nanoporous noble metals??2,
carbon nanotubes®2’ and graphene sheets?®*Yare also found to actuate electrochemically
under potentials of around 1 V via a non-faradaic electric double layer charge-discharge
process, but the strains are small and the fabrication steps are rather complicated. Recently,
transition-metal oxides/hydroxides have been established as novel electrochemical actuating
materials”16-1831-33 In particular, the redox couple Ni(OH)2/NiOOH (abbreviated as NHO)
were found to actuate in response to a potential window below 1 V in alkaline environments
with an actuation strain of ~0.16%'%1831 owing to a volume change accompanying the redox
reactions, but since the latter happen at rather specific potentials, the actuation has little

controllability in terms of magnitude and speed. Cobalt oxides/hydroxides (COH)** and nickel-



doped cobalt oxides/hydroxides (CNH)®?, which were studied primarily as light responsive

actuating materials, were also reported to actuate moderately under small electrochemical

potential signals®32. Tunnel structured e-MnO; was observed to actuate steadily in a neutral

electrolyte of Na2SO4 within the potential window of 1 V by means of pseudo-capacitive redox

reactions!’, and this material is inexpensive to produce and nontoxic for biomedical

applications (compared to the NHO and CNH systems). However, the actuation strain of &-

MnO; is quite small at 0.1%?, and so an enhancement in actuation magnitude and
controllability is highly desirable for its practical use. As proposed previously, electrochemical
actuation is closely related to the charge storage ability of the actuating material822:31.3536 The
layered type 6-MnOy, also known as birnessite, possesses better electrochemical capacitance
properties compared with other manganese oxides, owing to its large interplanar channels (~0.7
nm) which facilitate fast and reversible intercalation/deintercalation of guest ions along with
the faradaic transition of Mn3"/Mn* 373  Thus, §-MnO, was broadly investigated as a
battery3:3%42 and pseudocapacitor material*3-4>. However, to the best of our knowledge, the
actuation capability of 6-MnO. under electrochemical stimuli has not been studied before.
Therefore, in this work, we investigate the actuation performances of 5-MnO>/Ni actuators
under different potential variation modes below 1 volt in the neutral electrolyte of NaxSOa.
Furthermore, we employ an electrochemo-mechanical model to quantitatively characterize the
intrinsic actuation properties of 5-MnO, as well as the actuation performance of the -MnO2/Ni
actuators. The results clearly reveal the outstanding electrochemical actuation properties of J-
MnO: with good maneuverability, as a promising candidate for developing small, compact

electrochemical robotic devices.



Experimental

Materials and Chemicals:

Fluorine-doped tin oxide (FTO) glass (2.3 mm thick, sheet resistance ~ 10 Q sq ') was
purchased from Sigma-Aldrich, copper tape was purchased from 3M, and chemical-resist
stickers were from MAX Bepop. Nuclepore Track-Etched Polycarbonate membranes with a
pore size of 1 um (micro-porous polycarbonate, or MPPC, membranes) were purchased from
Whatman. Deionized (DI) water with resistance higher than 18 MQ-cm was used for preparing

electroplating solutions and actuating electrolyte and rinsing.

A commercial Ni-plating kit (Caswell Inc.) was used for the electroplating of Ni. Oromerse SO
Part B (Technic Inc.) plating solution was used for Au electrodeposition. Manganese acetate
(Mn(CH3COOH)2) and sodium sulfate (Na2SOs), which were used for the synthesis of
manganese oxides, and sodium sulphite (Na2S0O3), which was used to form the Au plating bath,

were purchased from Sigma-Aldrich, without further purification.

Preparation of the actuators:

0-MnO2/Ni electrochemical actuators were fabricated through three steps of electrochemical
deposition by using a LK2006A electrochemical workstation (Lanlike). First, FTO glass was
cut into the size of 50 mm by 25 mm, and rectangular openings with the size of 25 mm by 2.5
mm were shaped on the surface by chemical-resist stickers and an oil marking pen. After rinsed
by DI water and dried in hot air flow, a smooth and shiny Ni layer could be electroplated at the
openings on the FTO glass in a two-electrode electrochemical cell, under a constant current
density of -15 mA/cm? for 5 min, against a Ni sheet counter electrode. Subsequently, a thin

layer of Au was formed on top of Ni under a constant current density of -0.2 mA/cm? for 30



min, against a platinum mesh counter electrode, in a mixed solution of Oromerse SO Part B
and 1.7 M NazSOz in a volume ratio of 1:9. Before the last step of electroplating, a small area
at one end of the samples was painted by an oil marking pen, in order to facilitate the
subsequent peeling off and attachment processes, as well as to standardize the actuating
material plating area to be 20 mm by 2.5 mm. Then, a 6-MnQ; actuating layer was electroplated
on the Au-Ni substrate in a mixed solution of 0.1 M Mn(CH3COOH), and 0.1 M NaSOa. A
three-electrode cell was adopted and a constant current density of 0.5 mA/cm? was applied,
against a saturated calomel reference electrode (SCE) and a platinum mesh counter electrode.
Different thicknesses of the 6-MnO; actuating layer could be obtained by setting different
electroplating time. After each electroplating process, the sample adhered to FTO glass was
rinsed by DI water and dried in hot air flow. Finally, the thin-film strip actuator was carefully
peeled off and attached to a copper tape, for the subsequent electrochemical actuation tests.
Also, two actuators devices were fabricated for demonstration. The fish hook bilayer actuator
was fabricated by electrodepositing the 6-MnO- actuating material on top of an Au sputtered
MPPC substrate. The accordion-like linear actuator was fabricated by three steps of
electrodeposition. A Ni thin film was first electrodeposited on the FTO glass. Then the Ni film
was peeled off from the FTO glass for Au electrodeposition on both sides. Afterwards, a
permanent marker pen was used to paint alternating strips on one side of Au-Ni-Au film, and
on the other side, the strips were painted at where it is not painted on the first side. Then the
actuating material was electroplated on the area without ink covering, on both sides of the Au-
Ni-Au film. The samples were fabricated using the same electroplating solutions and
fabrication parameters as mentioned above, and rinsed by DI water and dried in hot air flow
after each electroplating processes. Lastly, they were adhered to a copper tape for the

electrochemical actuation tests.



Characterization of 6-MnO2 electrochemical actuator

Thicknesses of Ni Substrate and Au layer were measured by a DektakXT® stylus profiler
(Bruker). Material analytical techniques including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) were used for characterization. A Hitachi S4800 FEG scanning electron
microscope was used for imaging the surface morphologies and cross-sections of the actuators,
as well as for energy dispersive X-ray (EDX) analysis. An FEI Tecnai G? 20 S-TWIN STEM
was used for TEM imaging and selected area electron diffraction (SAED) analysis. The o-
MnO> actuating material was prepared and scratched off from the substrate and stuck onto a
formvar film for TEM analysis. A Rigaku SmartLab 9-kW X-ray diffractometer was used for
GIXRD analysis. Oxidized and reduced XRD samples were prepared by applying 0.8 V and -

0.2 V respectively vs SCE in 0.5 M Na>SO4 for 30 min to samples on FTO glasses, which were
then directly put onto the specimen stage for XRD tests. The incident angle was set as 0.5° and

a monochromatic Cu Ko source (A =1.5406 A) was used. A Kratos Axis Ultra Spectrometer

with a monochromatic Al Ka source was used for XPS analysis.
Electrochemical quartz crystal microbalance (EQCM) measurements

0-MnO; was electroplated on a piece of Au-plated quartz crystal disk with a current density of
0.5 mA/cm? for 30 min. Then, the resonant frequency changes (Af) of the crystal together with
the electrochemical data were recorded using a CHI430B electrochemical quartz crystal
microbalance (CH Instruments Inc.). The data of frequency changes were converted to mass

changes (Am) of the quartz crystal using the Sauerbrey equation*®:

Af = —=2fgdm/(AJup) (1)



where f, = 8 MHz is the fundamental resonant frequency, A = 0.196 cm? is the area of the

Au disk on the quartz crystal, u = 2.95 x 101 g/(cm - s?) is the shear modulus of the crystal,

and p = 2.648 g/cm?.

Electrochemical actuation tests and measurements

All the electrochemical actuation tests were conducted with a three-electrode setup (against a
saturated calomel reference electrode (SCE) and a platinum mesh counter electrode) using a
CHI 660E (CH Instruments) electrochemical workstation. During the test, the actuators were
immersed in 0.5 M Na>SO4 solution in a transparent container, and the actuation process was
recorded by a digital camera (Panasonic Lumix DMC-LX10). The number of forward (positive)
and backward (negative) actuation curling loops n, and n,- were counted from the videos, and
the actuation angle magnitudes were calculated as 6 = 360(n, —n,) . The actuation
curvatures k, and x, were calculated as x, = 2n,m/L and k,, = 2n,.t/L, respectively, where

L is the length of the actuating material deposited area.

Results and discussion

Characterization of the actuators

The 6-MnO2/Ni electrochemical actuators comprise three individual layers (Fig. 1a), achieved
by three steps of electrodeposition. A Ni thin film of thickness 1.35 + 0.15 pum was first
electrodeposited onto FTO glass to serve as the passive substrate for the actuator. In order to
prevent the dissolution of Ni in the subsequent electrodeposition of MnO, as well as to
improve the adhesion between the MnO> actuating layer and the Ni substrate, an ultrathin layer
(~200 nm) of Au was electroplated on top of Ni. Then, a layer of black actuating material,

which was later identified as Na-incorporated 6-MnO3, was then electrodeposited on top of the



Au-Ni substrate in static solution without stirring. Different thicknesses of the actuating layer
with high uniformity were fabricated by controlling the electroplating time ranging from 5 min
to 40 min (Fig S1). Finally, the actuators were carefully peeled off from the FTO glass and
adhered to copper tapes at one end for actuation tests. Fig. 1b shows different morphologies of
the 5-MnO>/Ni actuator in air and in a solution of 0.5 M Na>SOas. In the as-fabricated state after
retracted from the electrodeposition solution and peeled off from the FTO glass, the actuator
curls significantly towards the actuating layer in dry air, probably due to the loss of water
contents in the actuating material, but on immersion in 0.5 M Na>SO4 without applying an
electrical potential voltage, it curls in the opposite direction. Such different macroscopic
geometric forms show the excellent deformability of the actuator. Surface morphologies and
cross-sectional microstructures of the actuators were revealed using scanning electron
microscopy (SEM). The Au intermediate layer exhibits a nano-flaked surface morphology (Fig.
S2) which greatly enhances the adhesion between the 6-MnO; actuating layer and the smooth
Ni substrate. From Fig. 1c and 1d, the 5-MnO: electrodeposited on top of the Au-Ni support
layer has a dense microstructure with interconnected nano-whiskers*’. The triple layered
structure of the actuator is identified by energy-dispersive X-ray spectroscopy (EDS) mapping
in Fig. S3. The glazing incidence X-ray diffraction (GIXRD) pattern of the as-prepared
actuating material (Fig. 1e) shows only two broad peaks around 37° and 66°, reflecting the
poor crystallinity of the actuating material. The two peaks can be matched to the (100) and
(110) reflections of §-MnO2*248-51 with interplanar spacings dioo = 0.24 nm and di10 = 0.14
nm. The ratio of the d values is close to /3, indicating a hexagonal layered structure®2. The
asymmetry at the high-angle side of the 37° peak is typical of phyllomanganates with
turbostratic disorder®®>,  Noticeably, compared with the JCPDS data (No. 13-0105) for
birnessite, the characteristic diffraction peaks (001) and (002) for the basal planes at around 12°

and 25° are totally indistinguishable, indicating a high degree of stacking disorder of the edge-



sharing MnOs octahedra sheets>°2, Water and metallic cations are often accommodated at the
interlayers, stabilizing the negatively-charged MnOs octahedra sheets®. The EDS result (Fig.
S3) also confirms the homogenous distribution of sodium in the as-synthesized active layer.
Transmission electron microscope (TEM) image (Fig. 1f) shows a highly crumpled
microstructure of the actuating material. Multiple stacked layers lacking long-range ordering
can be clearly seen from the high-resolution TEM image (Fig. S4). The interplanar spacing is
measured to be 0.62 nm, which is slightly smaller than the theoretical value of 0.7 nm. This
might be due to the intercalated water loss during vacuum-pumping before the TEM
examination 58, The corresponding selected area electron diffraction (SAED) (Fig. S5) shows
two blurry diffraction rings, corresponding to interplanar spacings of 0.24 nm and 0.14 nm, in
good match with the aforementioned XRD results. The XPS results in Fig. 1g also confirm the
existence of Na in the actuating layer. As displayed in Fig. 1h, the binding energies of Mn 2paz/2
and Mn 2py; are 642.3 and 654 eV, respectively, with an energy gap of 11.7 eV, in agreement
with birnessite-type MnO; in previous studies®>°. The Mn 2p spectra can be deconvolved into
four peaks, namely, doublet peaks at 641.8 and 653.3 eV for the Mn3* species®®6!, and those at
642.5 and 654.1 eV for the Mn** species®®2, as shown in Table S1. The percentages of Mn**
and Mn3* are therefore obtained from the areas of the deconvolved peaks to be 75.3% and

24.7%, respectively, giving the average oxidation state (AOS) of Mn species to be 3.75.

Therefore, the as-synthesized actuating material is confirmed to be 6-MnO> with Na* ions and
water molecules accommodated within the c-disordered layers of edge-sharing MnOs

octahedra, as shown in Fig. 1i.
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Fig. 1 (a) Schematic of 6-MnO2/Ni actuator. (b) Snapshots of actuators in air and in the
electrolyte of 0.5 M Na>SOa. (¢, d) SEM image of -MnO- on top view (c) and cross-section
(d) (Scale bar: 5 um). (e) GIXRD for as-synthesized 6-MnO>, in comparison with JCPDS data
for birnessite. (f) TEM image of as-synthesized 0-MnO> (Scale bar: 50 nm). (g, h) XPS spectra
of Na 1s (g) and Mn 2p (h). (i) Schematic of the disordered crystal structure of the as-

synthesized 6-MnQO.

Actuation performance of the actuators
To investigate the actuation properties, actuators in strip forms with an MnO; area of 20 mm

by 2.5 mm fabricated by 20 min electrodeposition were tested under different electrochemical
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conditions. Fig. 2a shows the setup for the electrochemical actuation tests: the actuator adhered
to a copper tape at one end was connected to the working electrode (WE) of an electrochemical
workstation and immersed in 0.5 M Na>SOj electrolyte with a platinum mesh counter electrode
(CE), and a saturated calomel electrode (SCE) as the reference electrode (RE). Different
electrochemical signals were transmitted to the actuator sample and actuation response of the
sample was recorded accordingly by a camera. The typical actuation response of the sample
when the potential jumps from -0.2 to 0.8 V vs SCE is shown in Fig. 2b (Video S1, Supporting
Information). At the potential of -0.2 V, the actuator curls into multiple helical loops with J-
MnO: on the outer side (defined as backward loops and designated as negative). Once the
potential jumps to 0.8 V, an extremely large and fast response happens, in which the actuator
straightens in ~1.1 s and curls reversely into helical loops with 5-MnQ; at the inner side
(defined as forward loops and designated as positive). When the potential switches back to -
0.2 V, the reverse motion takes place as shown in Fig. S3. Fig. 2c shows how the actuation
angle changes over time under such step-potential jumps. Upon the potential switch, the
actuator responds at a fast rate (> 1700° /s) in the first 2 seconds, followed by a slowed-down
motion. Besides, the actuation speed and magnitude of the actuator can be manipulated by
altering the potential scan rate and range. Fig. 2d shows the actuation magnitude and speed at
different potential scan rates (u) from 0.01 V/s to 1 V/s under cyclic voltammetry, and Fig. 2e
shows the corresponding voltammograms (CV). Note that the CVs exhibit near-rectangular
shapes for u < 0.2 V/s, which are the typical characteristic of an ideal pseudocapacitor,
signifying a relatively steady current flow within the whole potential window. Correspondingly,
the actuator actuates at a relatively uniform speed in response to the potential scanning (Fig.
S7). Under this circumstance, a higher potential scan rate could offer a higher instantaneous
overpotential to increase the ion diffusion rates at the actuator-electrolyte interface and inside

the actuating layer, so as to enhance actuation speed of the actuator. On the other hand, the
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actuation magnitude improves significantly by lowering the potential scan rate, as the actuator
has longer time to react to the electrochemical stimuli and fulfil the ion exchange with
electrolyte. Noticeably, under the fast scan rate of 1 V/s, the actuation magnitude is about 4.4
loops in total (forward plus backward loops), corresponding to the actuation angle magnitude
of about 1584°, and the actuation motion is accomplished within 1 second. The largest
actuation angle magnitude is 3780° under the scan rate of 0.01 V/s. For pseudo-capacitive
charge transfer for which the kinetics is limited by ionic diffusion in the electrolyte, according
to the Randles-Sevcik equation®%4, the peak current of the CV is proportional to the square
root of scan rate. Owing to the expected proportionality between the charge transfer and the

actuation, the current should be proportional to the actuation speed v, and hence we found that

foru = 0.4 V/s, v is proportional to the square root of scan rate (u'/?), as shown by the blue

line and the blue symbols framed in Fig. 2f. Considering that the actuation angle magnitude 6
is related to the average actuation speed v and the period of one cycle T by 8 = vT/2, the
actuation angle magnitude 6 should be proportional to the reciprocal of the square of scan rate
u~1/2, as shown by the red line and the red symbols framed in Fig. 2f. However, as the scan
rate further slows down (u~1/2 getting larger), the proportionality for either 1/v or 8 with u=1/2
is not maintained and 6 tends towards a steady value. Under this circumstance, the actuation
magnitude or speed is no longer controlled by ionic diffusion in the electrolyte, but the
thermodynamics of the electrochemical reaction itself, as explained later. Fig. 2g shows the
actuation magnitude and average speed within different potential scan windows (0.1<0.5 V,
0-0.6 'V, -0.10.7 V and -0.20.8 V) at the same scan rate of 0.05 V/s. The actuation angle
magnitude increases almost linearly with the width of potential scan window, while the average
actuation speed remains constant with little fluctuations within 147 and 168.3°/s. In Fig. 2h,
the CVs of the actuator show near-rectangular shapes within different potential windows,

indicating that the electrochemical process proceeds at a steady rate. Accordingly, the actuator
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actuates steadily within different potential windows, as shown in Fig. S8. The results in Figs.
2g and h indicate that the present 6-MnO> actuators are rather linearly controllable, namely, the
actuation magnitude changes almost linearly with the applied potential, in stark contrast with
other counterpart materials such as NHO, COH® or CNH3?,which exhibit sharply peaked or
irregular CV characteristics, so that actuation and recovery occur unevenly within the potential
window, corresponding to multiple oxidation and reduction reactions at rather specific
potentials. Also, a -MnO2/Ni actuator was cyclically actuated between 0 and 0.6 V at the scan
rate of 0.1 V/s for 3000 cycles, and the actuation angle magnitude shows mild fluctuations with
an overall slowly decreasing trend, as shown in Fig. 2i. The actuation magnitude falls to 78%
of its original value after 3000 cycles (Video S2, Supporting Information), with the area of the
CV, which indicates the charge storage capability of the actuator, decreasing to 66% of its
original value, as shown in Fig. 2j. However, the surface morphology of 5-MnOzand the active
layer-substrate interface show no significant changes after 3000 cycles of actuation, as shown
in Fig. S9. Thus, the decrease in actuation magnitude is probably due to the irreversible
structural change of 5-MnO- after long-term cycling®>%, fatigue of the actuating material,
cracks formation and propagation in the active layer and partial dissolution of Mn species into
the electrolyte®7-%9, On the other hand, the actuation angle range, marked by the pink band in
Fig. 2i, drifts slowly to the forward curling direction with positive actuation angle values,
probably due to the charge accumulation in 5-MnO: during long-term cycling at a relatively
fast scan rate.

All in all, the actuator displays a fast response with a large magnitude under an electrochemical
potential window within 1 V vs SCE, and the actuation performance, namely, actuation
magnitude and speed, are rather linearly controllable by adjusting the potential scan rate and

range as shown in Figs. 2d and 2g.
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Fig. 2 (a) Schematic of Electrochemical actuation test set-up. (b) Snapshots of actuation response when
the potential switches from -0.2 to 0.8 V. (c) Actuation angle plotted against time under step potential
of -0.2 and 0.8 V. Black curve shows the potential-time graph. (d) Actuation angle magnitude 8 and
average actuation speed v plotted against potential scan rate u between -0.2 and 0.8 V. (e) CVs of ¢-
MnO,/Ni actuator with different potential scan rates between -0.2 and 0.8 V. (f) 8 and v plotted

against U2 with linear fitting for u > 0.4 V/s. (g) Actuation angle magnitude 8 and average actuation

speed v plotted against potential window width between at scan rate of 0.05 V/s. (h) CVs of 0-MnO2/Ni
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actuator within different potential scan windows at scan rate of 0.05 V/s. (i) Actuation cyclability

performance of 5-MnQO2/Ni actuator. (j) CVs for the 1% and 3000™ cycle of J-MnO2/Ni actuator.

Actuation mechanism of 6-MnO2
As shown in Fig. 2b, the actuator exhibits forward curling upon oxidation and backward curling
upon reduction. Such a mechanical response is due to the mismatch in length between Au-Ni
substrate and 0-MnO> layer. As neither electrical current nor mechanical motion could be
observed for the Au-Ni substrate under potential scanning (Fig. S10), the actuation is evidently
due to a volumetric change of the 6-MnO; actuating layer under such conditions. In other words,
the 0-MnO: layer contracts during anodic scanning and expands during cathodic scanning,
which cause the corresponding curling motion of the actuator. As from previous studies on the
MnO2 material system, two charge storage mechanisms of MnO; as a pseudocapacitor material
have been proposed’®-72. The first is based on adsorption of electrolyte cations onto the MnO>
surface:

(MnO2)surface + C* + & = (MNOO C*)surface
where C* represents electrolyte cations such as Na*, K*, Li* and HsO*. The second involves
intercalation of hydrated protons and metallic cations into the bulk of MnO: lattice:

MnO; + C* + e = MnOOC

Although a detailed picture of the interplay between electrolyte cations and the layered
birnessite electrode material remains ambiguous, it has been proven that electrolyte cations
such as Na* and H* in hydrated and dehydrated states could move into/out of the interlayer
regions of MnQOs octahedra sheets during electrochemical scanning in a neutral aqueous

electrolyte such as NaxSO4*. Besides, reduction of Mn from the +4 to +3 states could induce
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Jahn-Teller distortion of the MnOe octahedra, with lengthening of Mn-O bonds along certain
orbitals 1744, On the other hand, the interlayer distance of MnOs octahedra sheets expands
slightly during oxidation and contracts during reduction due to electrostatic force variation, as
proposed previously 4373, but it cannot be observed for our actuating material, due to the highly
disorder along the c-axis.

To verify the actuation mechanism of the 5-MnO; actuators we first use electrochemical quartz
crystal microbalance (EQCM) to monitor the mass variations during the charging/discharging
process. Fig. 3a shows 5 cycles of the CV of 6-MnO2 in 0.5 M Na>SO4 aqueous electrolyte in
the window -0.1 < 0.9 V versus Ag/AgCl; the highly overlapped near-rectangular shapes
clearly indicate the pseudocapacitive behavior of -MnO; with excellent reversibility. Such
current response is ascribed to the fast and continuous transition of Mn3*/Mn** couple during
potential scanning. The mass change of J-MnO. electrode was recorded concurrently and is
shown in Fig. 3b. During the positive potential sweep, the -MnO- electrode exhibits a gradual
decrease in mass, which is recovered to almost the initial value after the reverse sweep. The
slight loss in mass after each cycle might be due to the sluggishness of the reduction reaction,
namely the incomplete re-intercalation of solution species during negative potential sweep®®
and Mn dissolution into the electrolyte at far negative potentials* 7. Highly similar mass-
potential curves were observed for the following cycles. The mass change with electrical
charge accumulation is plotted in Fig. 3c, and the good linearity between the two parameters
indicates the fast and steady intercalation/de-intercalation of electrolyte ions during the
potential scanning, in good agreement with the steady actuation motion in response to the
potential scanning. The mass-to-charge ratio (MCR) of the 5-MnO- electrode, which means the
mass gain caused by reduction or mass loss caused by oxidation by 1mol of electrons?®’, is
calculated by:

MCR = dm/(dQ/—96,500) )
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where dm (g) is the differential mass change of the electrode and dQ is the differential charge
change (C). From the slope of the linear region in Fig. 3¢, MCR has the value of 22.4 g/mol e,
close to the molar mass of Na*. The slightly smaller value might be due to the partial
participation of HsO* with Na* in the electrochemical charge compensation process. The results
indicate that, owing to the open layered structure of 6-MnO., electrolyte cations, mainly Na*,
could migrate rapidly into/out of the actuating material during potential scanning, while anions
such as SO4> do not participate in the actuation process, as sulfur cannot be found in the
actuating material from the EDS mapping in Fig. S3. As shown in Fig. 3d, the binding energies
at the Mn 2p XPS peaks are slightly higher in the oxidized state than those in the reduced state,
which is likely due to a redox process taking place with a higher Mn valence in the oxidized

state than that in the reduced state’®"®. In Fig. 3e, the O 1s peaks can be deconvoluted into three

components, namely, Mn-O-Mn bond (529.7-529.8 eV) for the tetravalent oxide, Mn-OH bond

(531.0-531.1 eV) for the hydrated trivalent oxide, and H-O-H bond (531.9-532.2 eV) for the
residual structural water’®76, A distinct intensity shoulder on the higher binding side of the
main peak is observed for the reduced sample, corresponding to the enhanced contribution of
Mn-OH bond, indicating the change of the manganese oxide oxidation state between the
oxidized and reduced state. The average oxidation state (AOS) of Mn species can be calculated
by°:

IV+x(Smn—o0— —SMn— +III* SpMn—
AOS = (SMn-0-Mn—SMn-0H) Mn—-OH 3)

SMn—-0-Mn
where S stands for the signals of the different components of the O 1s spectra. According to
the deconvoluted data in Table S2, The AOS is calculated to be 3.5 and 4.0, at the reduced and
oxidized states, respectively. The GIXRD results of 6-MnO: in Figs. 3f and 3g clearly reveal
the lengthening of digo and di10 spacings in the reduced state compared with the oxidized
counterpart. This is probably due to the Jahn-Teller distortion caused by Mn**. Also, the

increased peak intensities for the oxidized state indicate the enhanced crystallinity of the
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actuating material, as a result of the de-intercalation of interlayer species such as Na*. The
results here correspond well to the volume contraction of 6-MnO: in the oxidized state, and
vice versa, as shown in Fig. 2b.

To summarize, during positive potential scanning, a redox pseudocapacitive process takes
place in the 5-MnO- active layer, with the continuous oxidation of Mn species from the trivalent
to tetravalent state and the de-intercalation of Na* from the active layer to the electrolyte,
causing the shortening of dioo and di1o interplanar spacings and the enhanced crystallinity of
the active material. Such structural changes lead to the overall volume contraction of the active
layer, and eventually the forward curling of the J-MnO2/Ni actuator. The reverse process

happens during negative potential scanning, causing the backward curling of the actuator.
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Fig. 3 (a) Cyclic voltammogram of 6-MnO at scan rate of 0.05 V/s. The area of electrode is
0.196 cm?. (b) Mass change of 5-MnO; at scan rate of 0.05 V/s. (c) Mass change of §-MnO.
versus charge change during potential scan. (d, €) Mn 2p (d) and O 1s (e) XPS spectra of o-
MnO:; at oxidized and reduced states. (f, g) Enlarged views of (100) peaks (f) and of (110)

peaks (g) of 5-MnO: at oxidized and reduced states.

Electrochemo-mechanical modelling of equilibrium actuation

Although the actuation performance and mechanism of 5-MnQO2/Ni actuators are investigated
in detail above, a quantitative description on how their bending actuation in the steady state
depends on the thermodynamic conditions of the electrochemical reaction has yet to be

established. According to Fig. 2f, the actuation magnitude decreases as the potential scan rate

u increases, and for u = 0.4 VI/s, the u=1/? dependence according to the Randles-Sevcik

equation®64 is obeyed, indicating that ionic diffusion in the electrolyte becomes rate-limiting
for fast scan rates. On the other hand, as u decreases, the actuation magnitude rises towards a
steady value as shown in Fig. 2f, indicative of an equilibrium condition for the actuation. Here,
to model this equilibrium actuation condition for the 6-MnO/Ni actuators, we employ a
recently developed model for bilayered-cantilever actuators that are surface stimulated, but
modify it to suit the present redox mechanismé.7’.

Mechanics characteristics — the 6-MnQO> active layer contracts upon oxidation and expands
upon reduction, while the passive Au-Ni substrate remains unchanged in the process. The
mismatch in length between the two layers causes the forward and backward curling of the
actuator, as shown in Fig. 4a. Since the intermediate Au layer is ultrathin (~200 nm) and highly
porous, the rigidity of this layer is ignored for simplicity. Besides, the 6-MnQ layer is relatively

thin (~several microns); hence, in the oxidized (0.8 V vs SCE) and reduced (-0.2 V vs SCE)
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equilibrium states, we assume that the actuating layer has uniform intrinsic strains ¢, and
&, versus the neutral state, respectively, if detached from the substrate.
According to Timoshenko’s strain-mismatch theory3*'8, the average stress in the oxidized and

reduced states in the actuating layer, , and &, respectively, are given by:

— _ Eqh3+Esh} ,
0 7 6hg(hgths) ©

(4)

_ E h3+EGh?
O_r — a'ta S'tS Kr
6hg(hg+hs)

(5)
where E, and E are the elastic moduli of the active layer and substrate, h, and hg are the
thicknesses of the two layers, and x, and k, are the actuation curvatures in the oxidized and

reduced state, respectively. Therefore, the change in the average actuation stress from the

reduced state to the oxidized state, g, is given by:

_ _ _ Egh3+Egh?
o, =0,—0, =—=———(K, — K,) =
a o T 6ha(ha+hs) ( o T‘)

Egh3+EGh
a'ta S'ts K (6)
6hg(hq+hs)

where Ak = k, — k, IS the curvature change of the actuator from the reduced state to the

oxidized state. On the other hand, the intrinsic oxidation strain &, and reduction strain &, are

given as®’":
1 h 3hg(hg+hg)?] —
o = — |=+- - a3a Ss]o-o (7)
Eq Eshs  Egh3+Egh3
1 h 3hg(hg+hg)?] —
& = — |7+ - a3a Ss]o-r (8)
Eq Eshs  Eqh3+Egh3

and so, the total intrinsic actuation strain on going from the reduced state to the oxidized state,
€4, 1S given by:

1 n hq 3hq(hq+hs)?] —
E, Eshs  Eqhi+Esh3 1 @

9)

Eqa=E&p— & = — [
Since the actuation mechanism of Na intercalation/de-intercalation discussed above happens at

the surface of the active layer in contact with the electrolyte, the surface stress of the active

layer is of special interest, as it would affect the equilibrium of the electrochemical processes
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there. Thus, the stress of the active layer at the electrolyte interface region in the oxidized and

reduced states is given by:

o =5 — Eg hg _ [Eah3+ESh§ _Eg ha] (10)
0 0 2 0 6hgq(hg+hs) 2 0

o =& — Eg hg _ [Eah3+Esh§ _Eq ha] (11)
r r 2 r 6hg(hg+hs) 2 r

and so the change in the surface stress of the active layer between the oxidized and reduced
states, a,, is given by:

Eqh3+Esh?  Eg hg
6hg(hg+hs) 2

04 =0, — 0y = [ ]AK (12)

Therefore, the relation between o, and &, from Eqns. 6, 9 and 12 is:

&q = —C,0, (13)
where
_ [(hg+hs) | Eqh3+Esh3 (1 1 )] [Eahgwshg _Eg ha]
Ca _[ 2 + 6(hg+hs) (Eaha+Eshs / 6hq(hg+hs) 2 (14)

Electrochemical characteristics — The reversible actuation motion of a -MnO2/Ni actuator is
caused by a reversible electrochemical reaction which may be written as:
MnOgz(smaller) + Na* + e = MnOONa(larger)

Switching the applied potential on the actuator could trigger a shift of the equilibrium of the
above reaction and hence a volume change of the actuating layer. That is to say, the volumetric
change of the actuating layer, namely, the intrinsic oxidation or reduction strain ¢, or ¢, (< 1),
is a good indicator of equilibrium of the electrochemical reaction. Therefore, with reference to
the neutral state where the intrinsic strain is zero, the electrochemical equilibrium constant at

the 0-MnO.-electrolyte interface can be expressed as:

AE,—0,0

(1+¢)3~ (1 +3¢,) =KZ =exp (— —kB; ) (15)
AE;-0,Q

(1+¢) =~ (1+3¢) =K}y =exp (— T;) (16)
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where AE, and AE, are the electrochemical driving force arising from the oxidation and
reduction potential bias relative to the zero-strain neutral potential, Q is the activation volume,
and kg is Boltzmann’s constant. Rearranging Eqns. 15 and 16, gives:
0,0 = AE, + kzTIn(1 + 3¢,) =~ AE, + 3kgTe, (17)
0,Q = AE, + kgTIn(1 + 3¢,) = AE, + 3kgTe, (18)
Combining Egns. 17 and 18 gives:
0,0 = AE, + 3kgTe, (19)

where AE, = AE, — AE,. is the electrochemical driving force related to the applied potential.

Electrochemo-mechanics equilibrium — Eqns. 13 and 19 are satisfied concurrently when the
electrode-electrolyte interface is at equilibrium, which leads to a solution for (g, £,). Thus, by
substituting o, with Ax using Eqn. 12, the actuation curvature change Ax can be expressed in

a normalized form as®’":

_ Akhg 6af?®(1+a)
AR = B3 T (tap)(1+a3p)+w[1-a?BG+2a) | +3af(1+a)? (20)

where a« = h,/ hg, B = E,/ Es, ¢ = AE,/(3kgT) and w = E,Q/(3kgT). The normalized
curvature change AK is a comprehensive index of the actuator performance, including the
factors of the substrate bending stiffness Ech3 and the electrochemical potential driving force
AE,. That is to say, a larger AK may stem from a larger actuation curvature Ak, or the same
actuation curvature on a substrate with a larger bending stiffness E;h3 , or the same actuation
curvature on the same substrate but with a smaller electrochemical potential window. ¢ and w
are normalized measures for the electrochemical potential driving force AE,,, and the activation

volume Q. Note that Egn. 19 can be written in the form:

to = (2)w—¢ (21)
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Thus, ¢ and w values can be estimated from the slope and y-intercept by plotting ¢, against

o,/ E, using experimental data.

Intrinsic actuation properties of 6-MnO:2

To quantify the intrinsic actuation properties of actuating material, actuators with different
actuating layer thicknesses (from 0.74 to 4.43 pum) but the same substrate thickness of 1.35 +
0.15 um were fabricated and tested using step-potential change between -0.2 and 0.8 V vs SCE
at temperatures T = 288, 298 and 313 K. The steady-state actuation after the step-potential
change was used in the analysis. Young’s moduli of the actuating layer and Ni substrate are
measured to be 33.7£9.0 and 182.5+13.1 GPa, respectively. Different actuation parameters,
including Ak, a,, o,, o, and 4, are calculated accordingly from the steady-state actuation and

plotted against h, for analysis. In Fig. 4b, the actuation curvature change Ak increases rapidly

with h, before h, = 2.3 um, and reaches the maximum value of 3.80 x 10® m* at h, =

3.5 um, followed by a drop at larger h,. This is because for small h,, the actuation of the
actuators tends to be bending-dominated, where increasing h, would offer a larger actuation
force to bend against the rigidity of the substrate, therefore giving rise to larger Ax. However,
when the actuating layer is significantly thicker than the substrate, the actuation will become
stretching-dominated, where a thicker active layer simply stretches the substrate instead of
bending it, and so Ax increases slowly or eventually drops. Fig. 4c shows the change in the
average actuation stress a,, and the change in the stress at the actuating layer-electrolyte
interface o, plotted against h,, according to Eqns. 6 and 12. From the graph, &, is always
tensile and shows an overall mild increasing trend from 36.8 to 71.5 MPa in the h, range
studied. However, with the increase of h, in the same range, a,, which shows an opposite trend
with a,, is tensile at small h, and turns into compressive with h, > 1.8 pum. The results show
that, when h, is small, the value of g, is highly dependent on a,, while at large h,, mechanical
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bending stress plays the dominant role in determining its value. In Fig. 4d, the absolute value
of the total intrinsic actuation strain g, increases steadily with h, in the region studied
according to Eqgns. 6 and 9, with the maximum value of 1.28% at h, = 4.4 um. From the red
symbols in Fig. 4e, the experimentally obtained ¢, and ¢,/E, show good linearity according
to the electrochemical characteristics in Eqn. 21, thus giving the estimates of ¢ = 4.37 x 1073
and w = 1.71, corresponding to AE, = 5.39 x 10723 Jand (0 = 6.26 x 1073! m?, respectively,
at T = 298 K. Furthermore, the same tests were conducted under the temperatures of 288 and
313K and the data are presented as green and blue symbols in Fig. 4e. Good linearity between
&q and o,/E, is also observed, which gives AE, = 4.08 x 10723 ), 0 =6.83x 103 m3at T
=288 K, and AE, = 6.94x 10723, Q0 = 6.38 x 1073 m3at T = 313 K (Table 1). The data
clearly show that increasing temperature can significantly enhance the electrochemical driving
force AE,, with little variation in the activation volume Q. The theoretical relations between
the actuation curvature change and actuating layer thickness at different actuation temperatures
are therefore determined in the normalized forms by Egn. 21 and shown in Fig. 4f. The discrete
symbols, representing the experimental data, correlate well with the theoretical curves at
different temperatures. The results clearly show that the electrochemo-mechanical model is
quantitively accurate for describing the electrochemical actuation behavior of 6-MnO2/Ni
bilayered actuators at different temperatures.

From the modelling data, at room temperature of 298 K, the 6-MnO; actuating material has the
maximum actuation strain of 1.28%, which outperforms other transition-metal
oxides/hydroxides materials'®1’ (~0.1%), carbon based materials?62%30 and noble metals??23,
Though the actuation strain of 5-MnO: is lower than that of conducting polymers, the change
in the average actuation stress (71.5 MPa) under the electrochemical stimuli is much larger
than its polymeric counterparts’®, owing to the high strength and stiffness of the material.

The peak actuation strain rate of the material obtained from Fig. 2c using Eqns. 12 and 13 is
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0.46% s*. The maximum actuation work density of the -MnO; actuating material is calculated
as W = 0.5 E &2 to be 2.76 MJ/m?3, which far outperforms that of human skeletal muscles® and
other actuating material counterpartst’8L. All in all, these actuating parameters clearly reveal
that 0-MnO. is a promising artificial-muscle material for developing miniaturized

electrochemical actuators.
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Fig. 4 (a) Schematic of the electrochemical actuation of the bilayered actuator. (b)
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Electrochemical actuation curvature change k plotted against h, at T=298 K. (c) Change in the
average actuation stress a,, and actuating layer-electrolyte interface stress o, plotted against h, at
T=298 K. (d) Intrinsic actuation strain ¢, plotted against h, at T=298 K. (e) Linear fitting of

&, and % at different temperatures. (f) The normalized curvature change AK plotted against «

at different temperatures.

Temperature (K) 288 298 313
¢ (3.42+0.46) x 107 | (437+0.32) x 10 | (535+0.12) x 10"
AE, (J) (4.08+0.55) x 107 | (5.39+0.40) x 107 | (6.94%0.16) x 10
® 1.93+0.14 1.71£0.11 1.66 + 0.03
Q (m) (6.83+0.50) X 10 | (626 £0.40) x 10° | (6.38£0.12) x 10™

Table 1 - ¢, AE,,, w and Q at different temperatures.

Applications of 6-MnO2 actuators

As the 0-MnO- actuators are fabricated by electrodeposition, their shapes and thicknesses can
be designed to realize various motions and functions. Here, we designed two devices to
illustrate the versatility of the -MnO> actuators. First, a strip-shaped fish hook was fabricated
by electrodepositing 5-MnO- onto an MPPC substrate33. The object catching capability of this
device is shown in Video S3, Supporting Information. The hook is at reduced state initially, as
shown in Fig. 5a, and by adjusting the potential to a positive value, the hook bends reversely
and catches the yellow object, as shown in Fig. 5b. The result shows the adaptability of the -
MnO: actuating material on different substrates with proper functionality. Furthermore, an
accordion-like linear actuator was fabricated by selective deposition of 6-MnOz on both sides
of a Ni thin-film substrate, as shown in Fig. 5c, and the actuation performance is shown in

Video S4, Supporting Information. At the reduced state, the actuating material is expanded,
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causing the curling of the hinges on the actuator and thus contraction of the actuator. Upon
oxidation, along with the continuous contraction of the actuating material on both sides, the
accordion-like actuator straightens first, to its maximum length, and then the hinges on the
actuator curls reversely, rendering the re-contraction of the actuator. The linear actuator can
generate an extremely large device strain of 300%, as shown in Figs. 5d and e. The two
examples demonstrate the potential and maneuverability of 5-MnO; for developing

electrochemical actuators.

() Hinge shapes at
-0.2V 0.8V

8-MnO,
Au layer
Ni layer

Fig. 5 (a, b) Fish hook actuator at the reduced state (a) and oxidized state (b). (¢) Schematic of
the accordion-like actuator and the corresponding hinge shapes at -0.2 and 0.8 V. (d, €)

Accordion-like actuator at the stretched state (d) and contracted state (e).

Conclusions

In this work, we reported the high-performing electrochemical actuation behavior of c-
disordered 5-MnO> for the first time, and fabricated bilayered 0-MnO2/Ni electrochemical
actuators with excellent actuation performances under the electrical stimuli below 1V. The
actuation magnitude and speed of the actuators are linearly controllable by adjusting the
electrochemical potential scan window and rate. The actuation stems from the volumetric

change in the §-MnO2 material by Mn3*/Mn*" redox transition and fast intercalation/de-
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intercalation of sodium ions upon potential variations. An electrochemo-mechanical model was
applied to quantitatively capture the intrinsic actuation properties of 0-MnO., as well as the
macroscopic actuation performance of their bilayered actuators. The theoretical predictions of
the actuation correlate well with the experimental observations of actuation magnitudes at
different temperatures, reflecting the validity of the model. Based on the model, the c-
disordered 5-MnO- actuating material has a maximum actuation strain of 1.28%, average
actuation stress of 71.5 MPa, peak strain rate of around 0.46% s, and a maximum actuation
energy density of 2.76 MJ/m3. The results clearly indicate that 5-MnO is a promising actuating

material for developing miniaturized robotic devices.
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