RESEARCH

MATERIALS SCIENCE

lonoelastomer junctions between polymer networks

of fixed anions and cations

Hyeong Jun Kim’, Bachong Chen?, Zhigang Suo®*, Ryan C. Hayward'*

Soft ionic conductors have enabled stretchable and transparent devices, but liquids in

such devices tend to leak and evaporate. In this study, we demonstrate diodes and transistors
using liquid-free ionoelastomers, in which either anions or cations are fixed to an elastomer
network and the other ionic species are mobile. The junction of the two ionoelastomers of
opposite polarity yields an ionic double layer, which is capable of rectifying and switching
ionic currents without electrochemical reactions. The entropically driven depletion of mobile
ions creates a junction of tough adhesion, and the stretchability of the junction enables

electromechanical transduction.

ngineered devices for computation and

signal propagation rely predominantly

on electrons as charge carriers, whereas

organisms primarily employ ions ().

This paradigm has begun to shift with
the advent of ionotronic devices based on
soft ionic conductors, such as hydrogels con-
taining dissolved salts (2) or polymeric gels
swollen by ionic liquids (3, 4). These ionic
conductors offer characteristics not easily
accessible with electronic conductors, includ-
ing intrinsic stretchability, optical transpa-
rency, and biocompatibility (5, 6). Examples
of such devices are transparent loudspeakers
(2), stretchable touch pads (7), artificial axons
(8), skin-like displays (9), and soft actuators
(10, 11).

The selective transport of holes and electrons
in p- and n-type semiconductors, respectively,
and the rectifying behavior of p-n junctions,
provide the diodes, transistors, and logic ele-
ments that underly modern electronics (72). By
analogy, ion pumps and selective ion channels
allow for precise control of ion flow into and
out of cell membranes, enabling sophisticated
signal processing by nervous systems (6). Thus,
the development of soft ionic analogs is ex-
pected to enable devices for computation, signal
processing, and memory that are inherently
deformable.

Efforts to rectify ionic currents within syn-
thetic systems extend back 60 years to work by
Lovrecek et al. (13) on aqueous solutions of
high-molecular weight polyelectrolytes separated
by a membrane. Later, bipolar membranes (74)
and charged microchannels (15) were used to
rectify and switch ionic currents, followed by
applications in biosensors (16), logic gates (17),
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and power generators (I18). More recently,
solid-state ionic diodes (19, 20) and transistors
(21, 22) have been demonstrated with the use
of polyelectrolyte gels. These previous devices,
however, suffer from key limitations inherent
to liquid electrolytes, which can easily leak or
evaporate. Moreover, they have exclusively relied
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on faradaic electrochemical processes to convert
between ionic and electrical currents, limiting
the signal response time by the electrochemical
redox reaction rate (19) and complicating sus-
tainable operation because of electrode disso-
lution, gas generation, and changes in chemical
composition (5).

In this work, we demonstrate stretchable
ionic devices using ionoelastomers, in which
either anions or cations are fixed to an elas-
tomer network but their counterions are mobile,
making them ionic analogs of p- and n-type elec-
tronic semiconductors, respectively. A polyanion/
polycation heterojunction leads to an ionic dou-
ble layer (IDL), much like the depletion layer at
a p-n semiconductor junction (Fig. 1A). By ex-
ploiting the wide electrochemical window of
ionic liquid moieties, coupled with high-surface
area carbon nanotube electrode/ionoelastomer
interfaces, we demonstrate entirely non-faradaic
rectification. This outcome enables stretchable
ionic circuit elements, including diodes, tran-
sistors, and electromechanical transducers.
The ionoelastomers consist entirely of cross-
linked polyelectrolyte networks and associated
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Fig. 1. Formation of an IDL at the interface of two oppositely charged ionoelastomers.
(A) Schematic illustration of a polyanion/polycation junction. High-surface area carbon
nanotube electrodes are embedded within each ionoelastomer, resulting in low-impedance
(high-capacitance) EDLs. (B) Chemical structures of the polyanion ES and polycation AT.
(C) Nyquist plot and (D) Bode phase plot of ac-impedance measurements. The inset in

(C) shows an enlargement of the Nyquist plot in the low-impedance region. Gray lines
represent fits of the equivalent circuit model shown in the inset of (D) to the ac-impedance
data, where R¢, Rg, and Cg correspond to contact resistance, bulk resistance, and bulk
polarization capacitance, respectively. A constant phase element (CPE) is used to describe
the EDL (for ES/ES and AT/AT) or the IDL (for ES/AT). Z', real part of complex impedance;

Z", imaginary part of complex impedance.
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Fig. 2. Non-faradaic rectification by ionoelastomer diodes. (A) Current
density of an ES/AT junction under a forward bias of +0.35 V and a reverse bias
of -~0.35V, applied at O s. The inset shows a longer time period. (B) Q-V curves
for ES/ES, AT/AT, and ES/AT. Error bars indicate SDs from more than five
measurements for each point. (C) Rectification by ionoelastomer junctions under

counterions and contain no liquid compo-
nents; thus, they are inherently not subject to
leakage or evaporation.

We prepare polyanionic and polycationic
ionoelastomers by polymerization of 1-ethyl-3-
methyl imidazolium (3-sulfopropyl) acrylate (ES)
and 1-[2-acryloyloxyethyl]-3-butylimidazolium
bis(trifluoromethane) sulfonimide (AT), respec-
tively (Fig. 1B), following modified literature
procedures (23, 24). The low glass transition
temperatures (7;) of these ionoelastomers enable
selective ion conduction at ambient temper-
ature by segmental motion of polymer chains
(25). Lightly cross-linked ionoelastomers are
highly stretchable [up to a uniaxial stretch
ratio (\,) of 2.2], compatible with demands for
flexible and wearable devices (26). In addition,
whereas hydrogel devices rapidly lose water
in ambient conditions and are challenging
to seal, ionoelastomers are nonvolatile and
have a wide electrochemical window (+~3 V)
compared with polyelectrolyte hydrogels
(<+1 V). Detailed experimental procedures
and characterization of ionoelastomers are
described in the supplementary materials (figs.
S1 to S9).

After joining ES and AT ionoelastomers,
mobile counterions near the interface dif-
fuse into the opposite domain in a process
driven by entropy. Excess fixed polyanionic
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and polycationic charges on the ES and AT
sides, respectively, are left behind. Because
the cross-linked networks do not permit
long-range motion of the fixed ions, an in-
terfacial electric field directed from AT to ES
is developed, leading to a drift current of the
mobile ions that exactly counterbalances
their diffusion current at equilibrium (fig. S10),
as described by extension of the classical
model (12) of p-n semiconductors (see sup-
plementary text for details).

The depletion of mobile ions and excess
of fixed ions provides strong electrostatic
adhesion between the two layers, such that
peeling of an ES/AT junction leads to co-
hesive failure of the layers themselves with
a toughness of G. = 400 = 24 J/m>, whereas
ES/ES and AT/AT homojunctions peel easily
along the interface with G, ~ 40 J/m? (fig.
S11). In contrast to electronic semiconductor
junctions, which typically require multistep
lithographic fabrication processes, stretch-
able and robust ES/AT junctions can be
easily prepared by attaching two preformed
ionoelastomers.

We compare ES/ES and AT/AT homo-
junctions to ES/AT heterojunctions by ac-
impedance measurements (Fig. 1, C and D).
Impedance data are described using the
equivalent circuit model in Fig. 1D (27),

14 February 2020

an alternating potential of £0.35 V at 0.05 Hz. Applied voltage is plotted on

the top; the corresponding current is shown on the bottom. (D) Nyquist plot and
(E) Bode phase plot from ac-impedance measurements of ES/AT under dc biases.
(F) Nyquist plot of ES/AT under +1 V. The equivalent circuit model for an ES/AT
junction under dc bias is shown in the inset of (F). R, interfacial resistance.

with fitted parameters in table S2. Capaci-
tance values for ES/ES and AT/AT homo-
junctions are 150 + 30 and 100 + 20 uF/cm2,
respectively—roughly 100 times as large as
the ~1 uF/cm? values typical of ionic liquid
electrolytes with planar electrodes (27)—owing
to the high surface areas of the carbon nano-
tube electrodes in our work. In stark contrast,
the capacitance of an ES/AT heterojunction is
0.7+ 0.2 uF/cm?, clearly revealing the presence
of the low-capacitance planar IDL at the
ES/AT interface.

We characterize ionic rectification by ap-
plying dc biases of opposite signs to ES/AT
heterojunctions. As shown in Fig. 2A, a
forward bias voltage (V) of +0.35 V yields
an exponential decay of current over a time
(1) of 71.0 = 0.3 s, whereas a reverse bias of
—0.35 V leads to a 200-fold more rapid decay
(t = 0.32 £ 0.01 s). The total associated
charges (Q) by integrating these curves are
33 = 5and 0.7 = 0.1 pC/cm? for + 0.35 V and
-0.35 V, respectively. Full Q-1 curves of all
ionoelastomer junctions, summarized in Fig.
2B, show that ES/ES and AT/AT homo-
junctions have ideal linear capacitance
curves (C = Q/V), with respective slopes
of 220 and 170 uF/cm?, of similar magnitude
to the values from ac impedance. On the
contrary, clear asymmetry is observed for
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Fig. 3. lonoelastomer transistor. (A) Device structure and circuit diagram of an ES/AT/ES ionoelastomer transistor connected in a common-emitter
configuration. (B) Output characteristic (Igc-Vec) curves as a function of input current (/gg). (C) Switching characteristics of an ES/AT/ES transistor

under ac voltage of 0.35 V at 0.05 Hz.
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Fig. 4. lonoelastomer electromechanical transducer. (A) Schematic illustra-
tion of an ES/AT electromechanical transducer. (B) Dependence of Rg and
CipL on uniaxial stretch ratio A,. Cyclic uniaxial stretching from 2, = 1.2 to

1.5 yields V. and Js. under (C) 0.05-Hz square-wave strain and (D) 1-Hz

ES/AT heterojunctions. The slope from —0.5
t0+0.2Vis2.1+0.2 uF/cm2, comparable to the
IDL capacitance from ac impedance, whereas
from +0.2 to +0.5 V the slope increases sub-
stantially to 170 uF/ch, characteristic of a
high-surface area electric double layer (EDL)
capacitance.

When a reverse bias is applied to ES/AT
junctions, mobile ions are pulled away from
the interface, charging the IDL capacitor, with
a correspondingly short resistor-capacitor
time (tgc) and small Q due to its low capaci-
tance. Under forward bias, however, mobile

Kim et al., Science 36'7, 773-776 (2020)

Load resistance (kQ)

ions are pushed from ES to AT and vice versa;
once the bias exceeds the built-in potential
of =0.2 V, the IDL is destroyed and the in-
terface behaves resistively. Then, the ES/AT
circuit effectively contains only the high-
capacitance EDLs, resulting in an increase in
tre and @ by roughly two orders of magni-
tude. Exploiting this asymmetry, we demon-
strate a rectifying solid-state ionic diode based
on non-faradaic processes (Fig. 2C). The rec-
tification ratio (Q;/Q, where Q; and Q, re-
spectively denote the charge at forward and
reverse bias) at +0.35 V is 50, comparable to
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sinusoidal strain. (E) Power (W) output under 1-Hz sinusoidal stretching as a
function of load resistance. Optimized peak (red) and average (blue) W are
achieved at 270 kilohms. (F) V,. and peak-to-peak V. during 3500 cycles of
operation at 1-Hz sinusoidal deformation.

the ratio for previously reported faradaic
ionic diode systems (I+/I. = 2 to 40, where I;
and I, respectively denote the current at
forward and reverse bias) (20, 28). Moreover,
the rectification ratio of ionoelastomer di-
odes can readily be tuned by the capacitance
asymmetry of the EDL and IDL, enabling an
increase to 550 by using microporous car-
bon electrodes with EDL capacitance an
order of magnitude higher than that of the
IDL (fig. S12). This quality, coupled with
their soft, elastic, and liquid-free nature, makes
such ionoelastomer diodes highly attractive
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as components for controlling ionic currents
in integrated circuits, soft actuators, energy
conversion and storage applications, and
wearable or implantable devices.

A more detailed explanation of the diode
behavior is provided by ac impedance of
ES/AT junctions under dc biases in Fig. 2,
D to F. To capture the IDL response to ap-
plied bias, we develop an equivalent circuit
model (Fig. 2F, inset; see supplementary text
for details) containing elements that rep-
resent the interfacial capacitance (CPE;p;)
and resistance (Ry). With increasing forward
bias, R; rapidly decreases as mobile ions ac-
cumulate at the interface to destroy the
IDL (fig. S13). This reduction in interfacial
resistance results in decreased low-frequency
(<100 Hz) impedance (red line in Fig. 2D) and
a pronounced decrease in the low-frequency
peak in phase angle corresponding to the IDL
capacitance (Fig. 2E).

We next fabricate an ES/AT/ES ionoelasto-
mer transistor (Fig. 3A). Two ES layers serve
as the emitter (E) and collector (C), and an AT
layer serves as the base (B). We ground the
emitter, supply the emitter-base input current
(Igp), and record the emitter-collector output
characteristic curves (Iyc-Vgc) on the basis of
cyclic potential sweeps from -1Vto1Vat0.1V/s
(Fig. 3B). When Igp = 0, either the E/B or C/B
interface is always under reverse bias during
the sweep of Vg, leading to a small [;c limited
by the IDL capacitance. However, with nega-
tive Iz, mobile anions in AT are pushed to the
E/B and C/B interfaces, destroying the IDLs and
enabling a regime of linear resistive Igc-Vgc
curves_On the basis of the output character-
istics (full data in fig. S14:), we demonstrate
switching of non-faradaic ac currents (Fig. 3C).
The ratio of root mean square currents be-
tween the on (Igg < -1 pA) and off (/g = O uA)
states is measured to be =40, comparable to
values of 35 to 100 for polyelectrolyte hydrogel
transistors (21, 22). Again, however, this value
is limited by the electrode capacitance and can
be improved to =150 with the use of micro-
porous carbon electrodes (fig. S15). In addition
to the ability of the ionoelastomer transistor to
function under uniaxial stretching up to A, =
1.6 (fig. S16), its non-faradaic and liquid-free
nature offer a critical step toward ionic logic
devices with robust and long-term sustained
operation.

A distinctive advantage of ionoelastomer
devices is that they are elastic and deform-
able. As shown in Fig. 4A, an ES/AT junction
is uniaxially stretched to A, times its initial
length, and the corresponding changes in
bulk resistance (Rg) and capacitance of IDL
(Cip1) are measured using ac impedance
(fig. S17). Assuming that both materials are
incompressible, the resistance should de-
crease as 1/, owing to the decrease in thick-
ness and increase in in-plane area by /Ay,

Kim et al., Science 36'7, 773-776 (2020)

whereas the latter effect should provide a
corresponding increase in Cypy. Both expecta-
tions are in agreement with the measure-
ments in Fig. 4B. Stretching of ES/ES and
AT/AT homojunctions (fig. S18) yields a de-
crease in Ry that is consistent with the ex-
pected 1/A, dependence, whereas the EDL
capacitances remain nearly constant because
the rigid carbon nanotubes are simply re-
aligned along the stretching direction and
the true contact area with the soft ionoelas-
tomer matrix is unchanged.

Deformation of ES/AT junctions leads to
an electrical response, enabling the transduc-
tion of mechanical movements into electrical
signals for sensing and energy harvesting.
We monitor the open-circuit voltage (V)
and short-circuit current density (J.) of ES/
AT junctions under cyclic uniaxial stretch-
ing from A, = 1.2 to 1.5 (0.05-Hz square-wave
profile in Fig. 4C). From one cycle of stretch-
ing, a peak-to-peak V. of 46 + 2 mV and a
peak-to-peak Jy. of 0.18 + 0.01 pA/cm? are
generated (see fig. S19 for additional data).
Similarly, the electrical response under sinu-
soidal deformation at 1 Hz (Fig. 4D) yields
AVoe = 373 mV and AJg. = 0.20 + 0.05 nA/
cm? (table S4). Meanwhile, ES/ES and AT/AT
homojunctions showed negligible responses
(AVoe < 1 mV and AJy < 5 nA/cm?) for the
same conditions (fig. S20), revealing the key
role of the IDL in the electromechanical
response of ES/AT junctions.

The power (W) generated by deforming
ES/AT junctions is shown in Fig. 4E as a
function of load resistance, with an optimum
value of W = 1.6 nW/cm? at 270 kilohms for
sinusoidal stretching at 1 Hz. This operat-
ing frequency is well matched with ambient
mechanical sources (fig. S21) such as ocean
waves, wind, and human motion, whereas
most existing mechanical energy harvest-
ers, including piezoelectrics and ferroelec-
trics, are inherently limited at <5 Hz (29, 30).
In addition, power generation from ES/AT
is stable over at least 3500 cycles (Fig. 4F).
Although the power output must be improved
by several orders of magnitude to be com-
petitive with that of existing technologies,
the electrical response of only a thin interfacial
layer is currently used for energy harvesting.

An ionoelastomer heterojunction exhibits
entropic depletion of mobile ions, forms an
ionic double layer, and adheres spontane-
ously with high toughness. By using high-
surface area carbon nanotube electrodes,
we demonstrate liquid-free ionoelastomer
diodes, transistors, and electromechanical
transducers based on capacitive non-faradaic
processes. Nature offers only one species of
electron but numerous species of ion, which
may soon translate to ionoelastomer devices
with a wide range of physicochemical and
biological activities.
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and transparent devices, but leaks from these materials is a concern. Kim et al. demonstrate ionic elastomeric diodes
and transistors that harness ionic double layers to rectify and switch ionic currents (see the Perspective by Gao and Lee).
This is achieved without trapped liquids by fixing the anions or cations to an elastomer network while the other species of
ions remain mobile.

Science, this issue p. 773; see also p. 735
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