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Abstract
Low‐temperature‐resistant actuating materials are highly desirable for enabling
exploration in extreme environments, such as polar regions or outer space.
However, most electrochemically active polymers experience severe perfor-
mance degradation at subzero temperatures due to impaired ionic and electronic
transport. Consequently, achieving temperature‐tolerant electrochemical actu-
ation remains a significant challenge. Herein, a soft electrochemical actuator is
developed based on a self‐supporting polypyrrole membrane featuring hollow
vesicles structures with coral‐like rods. This hierarchical structure ensures a
continuous conductive network and facilitates rapid ion diffusion, enabling
stable actuation performance even at −24°C. The actuator demonstrates
remarkable performance, including large actuation strain (~37%), low energy
consumption per unit strain (0.12 mW cm−2 %−1), high coulombic efficiency
(1.76 mC mg−1 deg−1), and a substantial deformation angle of ~98°. These results
highlight the significance of morphological design in enhancing electrochemical
responsiveness under extreme conditions. This work offers a promising strategy
for developing next‐generation low‐temperature electrochemical actuators.
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1 | INTRODUCTION

Electrochemical actuators, characterized by low‐voltage
actuation, large bending deformation, and operation in
aqueous environments, have attracted considerable
attention in soft robotics.1 Extremely cold environments
are commonly encountered in extraterrestrial settings.
For instance, subglacial liquid water lakes have been
hypothesized beneath the south polar ice cap of Mars.2

Such extreme environments may offer potential applica-
tion scenarios for soft actuators operating in subzero
liquids. Analogous subglacial lakes also exist beneath the
Antarctic ice sheet on Earth. However, conventional
electrochemical actuators exhibit limited functionality
under such extremely cold conditions, primarily due to
hindered ion transport and deteriorated mechanical
performance at subzero temperatures.3 This underscores
the urgent need to develop low‐temperature‐tolerant
electrochemical actuators capable of sustaining mechan-
ical actuation in subzero aqueous environments.

In electrochemical actuators, the active layer un-
dergoes geometric deformation driven by ion insertion
and extraction processes.4 Under subzero conditions, ion
transport is hindered due to reduced ionic conductivity,
slower desolation, and increased surface charge transfer
resistance, all of which limit the accessibility of ions to
the inner regions of the electroactive material.5,6 This
results in a substantial decline in the ion exchange ca-
pacity of the active layer. Enhancing ion influx into in-
ternal domains is therefore considered essential for
improving electrochemical performance at low tempera-
tures.7 One effective strategy involves the construction of
ion‐conductive pathways.8 For example, 2D materials
such as MXene9 and graphene10 possess layered archi-
tectures that facilitate efficient ion transport.11 Their
enlarged interlayer spacing12 and abundant redox‐active
surfaces13 alleviate solid‐state diffusion limitations and
support high ion storage capacity under low‐temperature
conditions.14 Additionally, multiscale porous carbon ma-
terials provide interconnected channels for rapid ion
transport,15 thereby exhibiting enhanced specific capaci-
tance at low temperatures.16 The incorporation of carbon
nanotubes (CNTs) with large‐scale junction‐like struc-
tures into MXenes frameworks has been shown to disrupt
the planar stacking of Ti3C2, thereby generating a 3D
channel architecture that accelerates electrolyte trans-
port.17 These 3D architectures reduce ion transport tor-
tuosity and significantly enhance electrochemical
performance under cryogenic conditions. Collectively,
such findings underscore the importance of hierarchical
structure in improving the low‐temperature electro-
chemical behavior of active materials.18 Despite these
advantages, most of the reported materials remain in

powder or flake form and exhibit limited mechanical
flexibility. Furthermore, the cryogenic mechanical flexi-
bility of widely used electrochemically active materials—
such as activated carbon, graphene, CNTs, and MXenes—
has yet to be systematically evaluated.

Polypyrrole (PPy) is a widely used electrochemically
active material owing to its high theoretical redox capacity
and excellent electrolyte compatibility.19,20 Previous
studies have reported that a PPy‐N membrane synthesized
via a template‐assisted interfacial polymerization (TIP)
method can retain high mechanical flexibility under
cryogenic conditions, including immersion in liquid ni-
trogen.21 The hierarchical structure, featuring inter-
connected nanotubes and microscale bubbles embedded in
a thin‐film matrix, was found to be critical for enabling
both mechanical compliance and electrochemical perfor-
mance at low temperatures.22 These observations indicate
that the freestanding PPy membrane is a promising
candidate as an electrochemically active material for low‐
temperature actuation. However, its rough surface topog-
raphy on both sides presents integration challenges, as it
limits stable adhesion to commonly used passive substrates
such as uniform adhesive tapes. The resulting weakly
laminated interfaces compromise structural integrity and
hinder actuation efficiency. Therefore, an ideal electro-
chemically active layer for cryogenic actuation should
combine mechanical flexibility at low temperatures, stable
electrochemical responsiveness, and strong interfacial
adhesion to passive components to ensure reliable me-
chanical and functional integration.

To overcome the aforementioned limitations, a low‐
temperature‐operable electrochemical actuator was
developed by integrating a hierarchically structured PPy
membrane with a polyimide (PI) substrate, forming a
composite denoted as PPy/PI (Figure 1). The PPy mem-
brane exhibits a dual‐surface morphology: one side is
relatively flat, enabling stable lamination with the PI
substrate, while the other side features a hollow vesicular
structure with coralline branches that contribute to me-
chanical flexibility and electrochemical activity under
cryogenic conditions. The resulting PPy/PI actuator
showed high actuation strain and low energy consump-
tion per unit deformation. Furthermore, it exhibited
reversible redox behavior, significant angular displace-
ment, and high dynamic coulombic efficiency at −24°C.
These electrochemical and mechanical properties are
attributed to the continuous electronic pathways and the
hierarchical vesicle structure of the PPy membrane.
The structural integration approach presented here offers
a viable strategy for constructing PPy‐based electro-
chemical actuators capable of reliable performance at low
temperatures, with relevance for applications in adaptive
systems.
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2 | EXPERIMENTAL SECTION

2.1 | Materials

Pyrrole (Py, ≥98%, Alfa Aesar) was distilled twice under
reduced pressure and stored at 4°C prior to use. Ferric
chloride (FeCl3), sodium salicylate (NaSSA, Rhawn), and
polysorbate 80 (T80, Sinopharm) served respectively as
the oxidant, dopant, and template. Anhydrous ethanol,
glycerol, chloroform, and sodium perchlorate (NaClO4)
were obtained from Sinopharm Chemical Reagent Co.
and used without further purification.

2.2 | Synthesis of the PPy membrane

FeCl3 (0.21 M), NaSSA (0.16 M), and T80 (3.375 g L−1) were
dissolved in 320 mL of ultrapure water to prepare the
aqueous phase. The aqueous phase was carefully layered
onto the Py‐dispersed chloroform phase (0.29 M, 150 mL)
to form a liquid–liquid interface. The interfacial polymer-
ization was allowed to proceed for 48 h at 4°C. The
resulting membrane was collected, thoroughly washed
several times with water and ethanol alternately, and then
transferred onto a Teflon plate for drying under ambient
conditions.

2.3 | Fabrication of the PPy/PI actuator

The curved actuator was fabricated by attaching the
smooth surface of the PPy membrane to a PI tape with a
thickness of 32 μm. The PI was selected as the substrate due

to its well‐documented combination of properties that are
crucial for cryogenic actuation applications. These prop-
erties include exceptional mechanical strength and
toughness maintained across a wide temperature range,23

and its commercial availability as a flexible tape with a
reliable pressure‐sensitive adhesive layer for simple yet
effective actuator assembly. The PPy/PI actuator had di-
mensions of 2 mm × 25 mm, with 5 mm at one end
clamped during electrochemical characterization, the
effective working area of the PPy/PI actuator was 40 mm2.

2.4 | Physicochemical characterizations
of the PPy membrane

The morphologys of the PPy membrane was observed by
scanning electron microscope (SEM, Hitachi SU8010)
coupled with energy dispersive X‐ray spectroscopy (EDX).
Surface chemical compositions were analyzed by Fourier
transform infrared spectroscopy (FTIR, Antaris II, Thermo
Fisher Scientific), Raman micro‐spectroscopy (inVia‐Re-
flex, Renishaw; equipped with a 633 nm He–Ne+ laser),
and X‐ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Fisher Scientific). The hydrophilicity of the
PPy membrane was evaluated using the captive bubble
method with a contact angle measurement instrument
(Dataphysics OCA15EC). The mechanical properties of
membrane specimens (5 mm× 20 mm) were tested using a
mechanical testing machine (XQ‐1C, Shanghai Xinxian
Instrument Co.) at a gauge length of 10 mm and a cross-
head speed of 10 mm min−1. The thermal properties of
the PPy membrane were analyzed using differential scan-
ning calorimetry (DSC, NETZSCH, 300 Caliris). The

F I GURE 1 Schematic illustration of the design strategy for a low‐temperature‐tolerant actuator based on the polypyrrole membrane.

10 - LAN ET AL.
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electrochemical impedance spectroscopy (EIS) measure-
ments were performed using a CHI660E electrochemical
workstation (CH Instruments).

2.5 | Actuation characterization of the
PPy/PI actuator

The driving characteristics of the PPy/PI actuator were
evaluated using a CHI660E electrochemical workstation
under electrochemical stimulation. Electrochemical
actuation at room temperature was carried out in a three‐
electrode setup using 1 M NaClO4 aqueous solution as
the electrolyte. The PPy/PI actuator, Ag/AgCl electrode,
and a 2 cm × 2 cm platinum sheet served as the working,
reference, and counter electrodes, respectively. Electro-
chemical actuation at low temperatures was conducted in
5 M NaClO4 solution under a dry ice cooling environ-
ment. The electrolyte was composed of 90% water and
10% glycerol to ensure sufficient ion mobility while
lowering the freezing point. The bending displacement of
the PPy/PI actuator was recorded using a digital camera
at 30 frames per second. Facilitate the calculation of
central angles (θ, °) by custom Python scripts. The cur-
vature (K, mm−1) and apparent strain (ε, %) were calcu-
lated using Equations (1) and (2), respectively.

K =
θ
L
, (1)

ε = K ⋅
d
2
× 100%, (2)

where d and L represent the thickness (mm) and the
length (mm) of the PPy/PI actuator, respectively. A
detailed provided in Supporting Information S1. The ratio
of power consumption per strain (mW cm−2 %−1) was
calculated using Equation (3).

Power consumption/strain =

∫ VΔεmax
V0

IdV
Δεmax × A

, (3)

where Δεmax is the maximum strain (%), and A (cm−2) is
the effective working area of the PPy/PI actuator.

3 | RESULTS AND DISCUSSION

3.1 | Comprehensive structural and
physicochemical characterization of PPy
membrane

As illustrated in Figure 1, freestanding PPy membranes
were fabricated via a TIP strategy. A mixture of FeCl3 and

NaSSA, acting as a mild oxidant, was dissolved in an
aqueous solution of T80. The contact between the aqueous
solution and Py‐containing chloroform phases led to the
formation of a well‐defined liquid–liquid interface. Py
monomers diffused across the interface from the organic
to the aqueous phase, initiating interfacial polymerization.
The T80 micelles served as soft templates, directing the
assembly of PPy into hollow vesicle structures with coral‐
like branches. As shown in Figure 2A, the PPy membrane
presents asymmetric morphologies on its two opposing
surfaces, with a vesicle‐covered surface developed in the
aqueous phase (PPy‐W) and a flat surface formed in the
organic phase (PPy‐O). The PPy‐W surface is decorated
with uniformly distributed vesicles, which cover coral‐like
dendritic frameworks, and hollow structures are observed.
In contrast, the PPy‐O surface displays a relatively smooth
morphology, which facilitates subsequent lamination with
the PI tape. The PI/PPy bilayer exhibits strong interfacial
adhesion without evident delamination, which is essential
for ensuring stable actuation performance.

Figure 2B displays elemental mapping obtained via
EDX, confirming the uniform spatial distribution of
heteroatoms throughout the PPy membrane. FTIR
spectra collected from both sides of the PPy membrane
(Figure 2C) reveal characteristic vibrational modes
associated with the conjugated polymer backbone,
including C=C stretching, C–N bending, and in‐plane
ring deformations.24 Notably, the spectrum correspond-
ing to the rough surface with vesicular morphology (PPy‐
W) exhibits a consistent blue shift relative to the
smoother side (PPy‐O), implying elevated vibrational
energies and stronger bond interactions at the roughened
interface.25 Raman spectra (Figure 2D) further corrobo-
rate the extended π‐conjugation. The prominent peak at
1583 cm−1 arises from symmetric/asymmetric stretching
of the Py ring, while the band at ~1370 cm−1 corresponds
to C–C stretching vibrations, indicative of polaron and bi‐
polaron formation upon anionic doping. Additional
peaks observed at 1077 cm−1 and 934 cm−1 are attributed
to C–H deformation modes of polarons and ring defor-
mation of bi‐polarons, respectively.26

XPS survey spectrum confirms the successful incor-
poration of dopant species into the PPy matrix (Figure 2E).
As shown in Figure 2F, deconvolution yields peaks at
397.81 and 399.79 eV, assigned to imine and amine nitro-
gen, respectively, while peaks at 401.19 and 402.68 eV are
characteristic of positively charged nitrogen species
(–N+–). The calculated N+/N ratio reaches 27.19%,
reflecting a relatively high doping level at the PPy mem-
brane. High‐resolution S2p spectra (Figure 2G) reveal two
main components at 167.6 and 168.78 eV, corresponding to
sulfur in sulfide and sulfonate/sulfate environments,
respectively. These sulfur species are introduced during

LAN ET AL. - 11
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oxidative polymerization through doping with sulfosali-
cylic acid (SSA−), which can facilitate ionic transport
within the PPy matrix. The deliberate incorporation of
nucleophilic heteroatoms is anticipated to enhance the
electrochemical responsiveness of the PPy layer by facili-
tating charge storage and ion/electron transport at the
molecular level.

Both surfaces of the PPy membrane exhibit distinct
hydrophilic characteristics, as evidenced by contact angle
measurements (Figure 3A). Specifically, the water con-
tact angle on the PPy‐W side is approximately 41°,
compared to ~50° on the PPy‐O side, indicating enhanced
surface wettability on the former. This difference is

primarily attributed to the coral‐like branched architec-
ture of the PPy‐W surface, which facilitates water droplet
infiltration into the hollow vesicle structures and im-
proves ionic accessibility. Such surface morphology is
expected to promote efficient ion transport and boost
electrochemical activity within the PPy layer. As
demonstrated by the stress–strain curves (Figure 3B), the
dry PPy membrane exhibits a tensile strength of
143.93 kPa at a fracture strain of 5.1%, whereas the wet
PPy membrane shows a tensile strength of 102.43 kPa at a
strain of 5.35%. The slight increase in fracture strain
under wet conditions is likely due to the plasticizing ef-
fect of absorbed water molecules, which softens the

F I GURE 2 Hierarchical structure and chemical composition of the PPy membrane. (A) Scanning electron microscope images of PPy
structures: (I–IV) branched rod‐covered bubble‐like morphology on the PPy‐W surface; (V) smooth compact morphology on the PPy‐O
surface; (VI–VII) cross‐sectional views of PPy membranes; (VIII) laminated interface of the PPy/PI actuator with PI adhesive. (B) EDX
mapping images of C, N, O, and S elements. (C) FTIR spectra of PPy‐W and PPy‐O surfaces. (D) Raman spectra and (E) X‐ray photoelectron
spectroscopy spectra of PPy membranes. (F) N1s and (G) S2p high‐resolution spectra. EDX, energy dispersive X‐ray spectroscopy; PI,
polyimide; PPy, polypyrrole.
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polymer network.27 The favorable mechanical strength of
the membrane ensures excellent processability and
structural adaptability. It can be readily laminated and
rolled into tubular configurations while maintaining high
radial integrity and elastic recoverability. Notably, the
tubular membrane withstands mechanical loading
without rupture and fully recovers its original shape upon
unloading (Figure 3C). Moreover, the membrane retains
its flexibility and mechanical resilience even at sub‐zero
temperatures, remaining twistable and undamaged at
−24°C (Figure 3D and Video S1). This exceptional low‐
temperature performance originates from its inherent
thermal properties. DSC measurements reveal a glass
transition temperature (Tg) of approximately −84°C
(Figure 3E). From Tg to room temperature, the polymer
chains maintain significant segmental mobility, which
effectively suppresses brittle fracture and ensures durable
compliance under intended service conditions.

The exceptional ion‐transport properties of the hier-
archical PPy membrane are corroborated by previous
systematic research,28 which quantitatively compared
different PPy morphologies, including nanoparticle ag-
glomerates, microporous structures obtained after vesicle
removal, and the vesicle–coral branched hierarchy

utilized in this work. EIS analysis demonstrated that the
hierarchical structure exhibits the lowest charge transfer
resistance (Rct) and Warburg impedance, confirming its
ability to serve as an effective electrolyte reservoir and to
significantly shorten ion diffusion paths. In addition, this
structure was found to possess the largest specific surface
area, offering abundant electrode/electrolyte interfacial
sites that facilitate rapid ion transport. Remarkably, the
vesicle–coral branched PPy membrane also retained
87.2% of its initial capacitance after 5000 cycles, under-
scoring the exceptional electrochemical stability impar-
ted by its hierarchical architecture.

To further evaluate the low‐temperatures electro-
chemical performance, EIS measurements of the PPy
membrane were performed in a 1 M NaClO4 electrolyte
at different temperatures (25, 0, and −24°C). As illus-
trated in Figure 3F, as the temperature decreased from 25
to −24°C, the solution resistance (Rs) increased moder-
ately from 1.87 to 2.85 Ω, while the Rct increased from
1.13 to 7.95 Ω. Despite the elevated charge transfer
resistance at low temperatures, the Rct at −24°C
remained relatively low, suggesting well‐maintained ion
transport kinetics. Together with insights from earlier
work,28 these new results provide compelling and direct

F I GURE 3 Multifunctional properties of the PPy membrane. (A) Water wettability of the PPy membrane (inset images: contact angle
of water vapor bubbles). (B) Stress–strain curves in dry and wet states (inset: fractured specimen post tension). (C) Digital images
illustrating the mechanical processability and flexibility of the PPy membrane. (D) Deformation modes including bending, curling, and
structural recovery in liquid ethanol at −24°C. (E) Thermal stability of the PPy membrane. (F) Nyquist plots depicting impedance
characteristics at different temperatures. PPy, polypyrrole.
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evidence for the outstanding low‐temperature actuation
performance reported here, affirming that the hierarchi-
cal structure enables highly efficient and rapid ion
transport even under cryogenic conditions.

Collectively, these synergistic features render the PPy
membrane a highly promising candidate for electro-
chemical actuators operable under low‐temperature en-
vironments, where the simultaneous requirements of
mechanical compliance, charge transport efficiency, and
environmental tolerance are particularly critical.

3.2 | Actuation behavior of the PPy/PI
actuator at room temperature

Actuation performance and angular velocity of the PPy/PI
actuator were investigated under room temperature con-
ditions (25± 1°C) using a three‐electrode configuration via
chronoamperometry. As shown in Figure 4A, the time and
potential required to reach an angular displacement of 30°
were recorded under a series of constant current inputs
ranging from 0.6 to 6 mA. A clear linear correlation be-
tween the angular velocity and the applied current was
observed (Figure 4B), indicating that the actuation rate of
the PPy/PI actuator increases proportionally with current
density.29 Moreover, as depicted in Figure 4C, the total
charge consumed to achieve a 30° angular displacement
remains nearly constant across the tested current values.
This suggests that the angular displacement of the PPy/PI
actuator is primarily governed by the amount of charge
involved in the redox reaction.30 Each specific amount of
charge corresponds to a defined angular displacement,
irrespective of the initial position or the current applied.
These results underscore the Faradaic motor‐like behavior
of the PPy/PI actuator, where both angular velocity and
displacement are precisely regulated by the applied cur-
rent. This enables excellent controllability over both dy-
namic and static motion parameters.

Furthermore, the cyclic voltammetry response of the
PPy/PI actuator was systematically characterized at scan
rates ranging from 2 to 100 mV s−1. As shown in Figure 4D,
the cyclic voltammetry curves exhibit distinct cathodic
peaks that are typical of the pseudocapacitive behavior,
indicating a relatively constant current throughout the
potential window. For pseudocapacitive charge‐transfer
processes governed by ion diffusion in the electrolyte, the
peak current is expected to scale with the square root of the
scan rate linearly, in accordance with the Randles–Sevcik
equation.31 A strong linear correlation between the peak
current and the square root of the scan is observed in
Figure 4E, confirming that the redox reactions of the PPy/PI
actuator are predominantly controlled by ion diffusion
kinetics. Under this mechanism, ion insertion/extraction

induces volumetric changes in the electroactive PPy layer,
whereas the electrochemically inert PI layer remains
dimensionally stable. The resulting strain mismatch be-
tween the two layers leads to the bending deformation of the
PPy/PI actuator.32

As observed in Figure 4F,G and Video S2, the PPy/PI
actuator exhibits excellent bending actuation perfor-
mance within a potential window of −1 to 1 V at a scan
rate of 5 mV s−1. Figure 4H further illustrates the corre-
sponding bending angles at various potentials under this
scan rate. During the initial anodic scan from −1 to 0 V,
the actuator displays a modest bending angle of only ~6°,
accompanied by a relatively slow actuation rate. As the
potential increases toward 1 V, the bending velocity is
markedly enhanced, which is attributed to the increased
ion diffusion rates both at the actuator–electrolyte inter-
face and within the actuator layer at higher potentials.33

Upon reaching a reversed potential of 0.65 V during the
cathodic scan, the actuator achieves a maximum bending
angle of approximately 84°. Subsequently, when the po-
tential is further reversed back to −1 V, the PPy/PI
actuator gradually returns to its original configuration,
indicating fully reversible bending deformation under
continuous redox cycling.

For electrochemical actuators, the actuation strain
and the power consumption per generated strain are
important indicators to evaluate the actuation perfor-
mance. The strain–potential response curve was recorded
at a scan rate of 5 mV s−1 (Figure 4I), from which a
maximum actuation strain of approximately 36% was
derived, surpassing that of several electrochemical actu-
ators operating in liquid electrolytes (Table S1).34–46

Notably, the power consumption per unit strain of the
PPy/PI actuator under maximum strain was calculated to
be 0.07 mW cm−2 %−1, which is substantially lower than
that reported for actuators functioning in ambient air
(Figure 4J).46–50 This enhanced performance is attributed
to the branched nanorod hollow structure of the pristine
PPy layer, which offers a large electrochemically active
surface area, thereby facilitating efficient ion exchange
and storage within the electrode layer. The low power
consumption per strain unit underscores the practical
potential of the PPy/PI actuator.

3.3 | Actuation behavior of the PPy/PI
actuator at low temperature

Due to the excellent low‐temperature flexibility and
conductivity of the PPy film, the actuation behavior of the
PPy/PI actuator was further investigated under low‐
temperature conditions (below −24°C). The cyclic vol-
tammetry curves recorded at scan rates ranging from 5 to

14 - LAN ET AL.
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100 mV s−1 consistently exhibited characteristic pseudo-
capacitive features (Figure 5A). Compared to the cyclic
voltammetry response at room temperature, the enclosed
area under low‐temperature conditions was reduced,

which can be attributed to the sluggish electrochemical
kinetics and suppressed electron/ion transport at reduced
temperatures.51 Nevertheless, a clear linear relationship
between the peak current and the square root of the scan

F I GURE 4 Electrochemical actuation behavior at room temperature of the PPy/PI actuator. (A) The chronopotentiometry responses
of the PPy/PI actuator obtained between 0.6 and 6 mA to reach an angular displacement of 30° in 1 M NaClO4 aqueous solution; the
relationship between (B) the angular rate or (C) the consumed specific charge and the electric current. (D) The cyclic voltammetry response
of the PPy/PI actuator to potentials ranging between −1 and 1 V in 1 M NaClO4 aqueous solution at 2–100 mV s−1. (E) The relationship
between peak current and square root of scan rate. (F) The cyclic voltammetry curve, (G) digital photographs of the actuating process,
(H) bending angle, and (I) calculated deformation strain vs. potential at 5 mV s−1. (J) Comparison of the power consumption per strain of
the PPy/PI actuator and different types of soft electrochemical actuators. PI, polyimide; PPy, polypyrrole.

LAN ET AL. - 15

 28369106, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/flm

2.70032 by C
ochraneC

hina, W
iley O

nline L
ibrary on [08/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



rate was maintained (Figure 5B), indicating that the redox
processes in the PPy/PI actuator remained predominantly
diffusion‐controlled by ions from the electrolyte. These
results indicate that the decrease in temperature does not
affect the actuation mechanism dominated by ion diffusion
between electrodes and electrolytes.

The low‐temperature actuation behavior of the PPy/PI
actuator was further analyzed using cyclic voltammetry,
coulomb‐voltammetric, dynamic bending voltammetry,
and dynamic bending charge response at a scan rate of
5 mV s−1 (Figure 5C–F). As illustrated in Figure 5G and
Video S3, the angular motion of the PPy/PI actuator was
recorded, with the snapshots extracted from the video to
represent 10 key states corresponding to the electro-
chemical profiles. In the reversible cyclic voltammetry test

(Figure 5C), the potential scan starts at the cathodic
potential of −1 V (point 1). An oxidation peak appears at
0.57 V (point 5), indicating that the PPy/PI actuator rea-
ches its maximum oxidized state. Upon reversing the
potential to −0.27 V (point 9), a reduction peak is
observed, with the actuator progressively reducing the
reaction until the potential returns to −1 V (point 10). The
corresponding coulomb‐voltammetric response
(Figure 5D) reveals a nearly closed loop, signifying
balanced charge storage and release during oxidation and
reduction, and confirming a highly reversible redox pro-
cess.52 Oxidation initiates after the minimum specific
charge is reached (point 3), and completes at the
maximum specific charge (point 7) on the reversible tra-
jectory. During the oxidation process, the PPy/PI actuator

F I GURE 5 Electrochemical actuation behavior at low temperature of the PPy/PI actuator. (A) The cyclic voltammetry responses at
5–100 mV s−1. (B) The relationship between peak current and square root of scan rate. (C) The cyclic voltammetric, (D) cyclic coulomb‐
voltammetric, (E) dynamic bending‐voltammetric, (F) dynamic bending‐charge responses; and (G) snapshots of the angular displacements
of the PPy/PI actuator at the potentials corresponding to points 1 to 10 between −1 and 1 V in 5 M NaClO4 solution. PI, polyimide; PPy,
polypyrrole.
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was bent clockwise by consuming the specific charge.
When the oxidation process proceeded to the anodic po-
tential of 0.72 V (point 7), the highest oxidation level was
reached, and the maximum bending angle of approxi-
mately 98° was obtained by consuming a specific charge of
169.71 mC mg−1 (Figure 5E). The actuator then reverses
its bending direction to return to its initial configuration.
Moreover, under low‐temperature conditions, the PPy/PI
actuator demonstrates a large actuation strain of 37% and
a low specific power consumption of 0.12 mW cm−2 %−1,
highlighting its excellent efficiency and potential for cold‐
environment applications.

The nearly overlapping dynamic bending–charge
response curves (Figure 5F) suggest an approximately
linear relationship between the consumed charge and the
bending angle.32 Under such conditions, the charge
consumed per unit can be proportionally converted into
angular displacement, indicating that the PPy/PI actuator
is capable of functioning as a Faradaic motor for
displacement control even at subzero temperatures. A
slight difference is observed in the amount of charge
required to reach the same bending angle during oxidation
(points 3–7) and reduction (points 1–3 and 7–10), which
can be attributed to dynamic osmotic pressure differences
arising from the influx and efflux of anions and water
molecules during the redox processes.53 The slope of the
linear fit to the flat hysteresis loop corresponds to the dy-
namic coulombic efficiency.54 Notably, the PPy/PI actu-
ator achieves a high dynamic coulombic efficiency of
approximately 1.76 mC mg−1 deg−1 during anion exchange
below −24°C, which has never been reported in the liter-
ature to the best of our knowledge. As summarized in Table
S2,32,53–57 this performance surpasses that of several

electrochemical actuators operating at room temperature.
Performance data are reported as mean values (standard
deviations are provided in Figure S1).

At low temperatures, the electrolyte viscosity in-
creases due to higher salt concentration and the addition
of glycerol as a freezing point depressant. Despite this,
the PPy/PI actuator still exhibits high actuation strain,
significant angular deformation, high coulombic effi-
ciency, and low power consumption per unit strain in
these conditions. As illustrated in Figure 6, the robust
performance can be attributed to two principal de-
terminants. (1) The material exhibits exceptional thermal
stability (from −84°C to room temperature), underpinned
by an intact π–π stacked conjugated network, which
ensures highly efficient charge transport at low temper-
atures.58 This is directly evidenced by the exceptionally
low charge transfer resistance (7.95 Ω) measured at
−24°C, guaranteeing that electrical signaling for actua-
tion remains highly efficient under cold conditions. (2)
Structurally, the hollow vesicles function as localized
electrolyte reservoirs, mitigating the slowed ion diffusion
caused by increased viscosity at low temperatures,21,22

while the coral‐like morphology maximizes the electro-
active surface area,28 which collectively ensures sufficient
ion flux and rapid electrochemical response for high
actuation performance even when chilled.

4 | CONCLUSIONS

In summary, we have fabricated a PPy/PI actuator based
on a self‐supporting PPy membrane, featuring coral‐like
branches enclosing hollow vesicles and enabling stable

F I GURE 6 Mechanism of low‐temperature‐resistance actuator under −24°C.
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operation in cold environments. The actuator exhibits
excellent electrochemical actuation performance at tem-
peratures below −24°C, including large and reversible
deformations (driving strain: ~37%, bending angle: ~98°),
low power consumption per unit strain (0.12 mW cm−2

%−1), and high coulombic efficiency (1.76 mC mg−1

deg−1). Such high performance can be ascribed to the
hierarchical structure, continuous electron pathways,
and favorable electrochemical properties of the PPy
membrane. Functioning as a Faraday motor, the PPy/PI
actuator demonstrates outstanding performance and
precise displacement control at low temperatures. To the
best of our knowledge, this is among the first demon-
strations of a PPy‐based actuator capable of efficient
operation under cryogenic conditions. We anticipate that
the implementation of hierarchical architectures will
inspire the next generation of soft actuators and advance
the development of cryogenic actuation technologies.

While this work demonstrates the potential of hierar-
chically structured PPy membranes for low‐temperature
actuation, their practical deployment in extreme environ-
ments requires coordinated advances across several fronts.
The current liquid electrolyte system must be replaced
with stable freeze‐tolerant alternatives to prevent issues
related to evaporation and freezing. At the device level,
robust and flexible encapsulation strategies need to be
developed to protect the active materials from harsh
external conditions and maintain a stable internal oper-
ating environment. Furthermore, system integration with
miniaturized, low‐temperature‐compatible energy sources
is essential for achieving autonomous operation. These
interconnected challenges, encompassing materials, in-
terfaces, and system integration, will be the focus of future
research, thereby paving the way for the real‐world appli-
cation of low‐temperature soft actuators.
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