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Materials and Methods

1. General

Unless otherwise noted, commercially available reagents were used without further
purification. Thermal initiator 2,2’-azobisisobutyronitrile (AIBN, Sigma-Aldrich, 441090-25G)
was recrystallized from methanol before use. Poly(ethylene glycol) diacrylate (PEGDA, average
M, 250, Sigma-Aldrich, 475629-100ML) was purified by passing through an activated basic
aluminum oxide (Sigma-Aldrich) short column. Glass substrates were fluorinated using silane
chemistry as follows. Microscope slides (Fisher Scientific, 1 mm thickness) were cleaned
thoroughly with ultrasonication in acetone, DI water, and isopropanol. Each side of the glass slide
was subjected to UV-Ozone treatment for 15 min followed by exposing to tridecafluoro-1,1,2,2-
tetrahydrooctyl dimethyl chlorosilane (Gelest, SIT8170.0) vapor at 100°C overnight. Next,
fluorinated glass slides were thoroughly washed with ethanol and dried at 60°C in an oven.

2. 1-ethyl-3-methyl imidazolium (3-sulfopropyl) acrylate (ES)

ES was synthesized following the previous work (Fig. S1A) (23). We mixed 6.3 g (43.0
mmol) of 1-ethyl-3-methylimidazolium chloride ([EMIM]CI, Iolitec Inc., IL-0093-HP) and 10.0
g (43.0 mmol) of 3-sulfopropyl acrylate potassium salt (K[SPA], Sigma-Aldrich, 251631-100G)
in 30 mL of acetonitrile. In the presence of 10 mg of methoxyphenol (Sigma-Aldrich, 54050-
100G) as an inhibitor, the mixture was vigorously stirred overnight at room temperature. The
precipitated potassium chloride (KCl) was filtered and solvent was removed via a rotary
evaporator. A crude solution was dried under 10! torr for complete evaporation of acetonitrile. A
residual liquid was re-dissolved in fresh dichloromethane (DCM) and the solution was kept at <0
°C overnight. Precipitated salts were filtrated. After complete removal of DCM, a viscous yellow
oil product was obtained (6.8 g, yield 52%). Purity > 98 % as calculated by 'H-NMR (Fig. S1B,
500 MHz, D;0O): 8.61 (s, 1H, H2 (imidazole)), 7.39 (s, 1H, H4 (imidazole)), 7.32 (s, 1H,
H5(imidazole)), 6.37-5.88 (m, 3H, CH,=CH-), 4.21 (t, 2H, CO-O-CH>-), 4.15-4.11 (m, 2H, N-
CH»-), 3.79 (s, 3H, N-CH3), 2.94 (t, 2H, -CH»-S), 2.08-2.03 (m, 2H, CO-O-CH>-CH>-), 1.40 (t,
3H, N-CH»-CH3).

3. 1-[2—acryloyloxyethyl]-3—buthylimidazolium bis(trifluoromethane) sulfonimides (AT)

The synthetic scheme for AT is shown in Fig. S2A. Under N> atmosphere, 5.0 g (27.9 mmol)
of 2-bromoethyl acrylate (stabilized with 900-1500 ppm of 4-methoxyphenol, Alfa Aesar, L12502-
06) and 3.64 g (29.31 mmol, 1.05 eq) of 1-butylimidazole (Sigma-Aldrich, 348414-100G) was
mixed in 30 mL of fresh acetonitrile and stirred overnight at 60 °C. After reaction, acetonitrile was
removed via a rotary evaporator. 1-[2-acryloyloxyethyl]-3—buthylimidazolium bromide
([AEBI]Br) was extracted by DI water followed by washing with DCM at least three times. Then,
8.0 g (27.9 mmol, 1 eq) bis(trifluoromethane)sulfonimide lithium (Li[ TFSI]) salt (Sigma-Aldrich,
544094-25G) was added to the aqueous solution of [AEBI|Br and stirred overnight at room
temperature. After ion-exchange, water immiscible AT was extracted with DCM and washed with
DI water at least three times. Residual water in the organic layer was then dried over MgSOa.
Drying of final product AT under vacuum < 10! torr resulted in a slightly yellow transparent liquid
(5.7 g, yield 41%). The monomer so obtained contains < 10 mol % of 1-butylimidazole as an
impurity, which is removed in a subsequent step by DCM extraction after polymerization of AT.
'"H-NMR (Fig. S2B, 500 MHz, D¢-DMSO): 9.23 (s, 1H, H2 (imidazole)), 7.81 (d, 2H, H4 H5
(imidazole)), 6.35-5.99 (m, 3H, CH>=CH-), 4.51-4.49 (m, 4H, CO-O-CH2-CH>), 4.19 (t, 2H, N-




CHz-), 1.79-1.73 (m, 2H, N-CH2-CH>»), 1.25-1.20 (m, 2H, N-CH>-CH>-CH>-), 0.89 (t, 3H, -CH3).
YF-NMR (Fig. S2C, 500 MHz, Ds-DMSO): 8 =79.9 (s, 6F, -CF3).

4. Preparation of carbon nanotube/glass substrate

Carboxylic acid functionalized (> 8%) multi-walled carbon nanotubes (Sigma-Aldrich,
755125-1G) were dispersed in dimethylformamide (2 mg/mL). The solution was subjected to horn
sonication (Qsonica) for 1 h. Undispersed carbon nanotubes were separated from the solution by
centrifugation for 10 min at 5000 rpm. A glass substrate with the dimension of 2.5 cm x 4 cm was
held at 150 °C on a hotplate, and the carbon nanotube solution was sprayed using a commercial
air-brush (Iwata Eclipse HP-CS) at a distance of ~ 15 cm and pressure of ~ 25 psi following the
previous work (32). The weight increases of substrates after coating with various amounts of
carbon nanotube solution were measured (Table S1). Four-point probe method (The Pro4) was
used to measure corresponding sheet resistance. For ionoelastomer devices, we used 5 mL of
carbon nanotube solution for spray coating, resulting in a weight increase by 0.7 + 0.3 mg and
sheet resistance of 549 + 27 Q/sq. An SEM image (Magellan 400) of the deposited carbon nanotube
film is shown in Fig. S3A and the distribution of sheet resistance in the film is shown Fig. S3B.

5. Preparation of ionoelastomer devices

A schematic illustration of the preparation of ionoelastomer junction is shown in Fig. S4. We
vigorously mixed 0.2 g of ES (or AT) with 2 mol% purified PEGDA. Next, 0.5 mol% of AIBN
solution in ethanol (10 mg/mL) was added. After mixing, ethanol was removed under vacuum of
< 10! torr at room temperature. The viscous mixture was then injected into a glass mold of carbon
nanotube/glass and fluorinated-glass separated by 250 um thick poly(tetrafluoroethylene) (PTFE)
spacers. Free radical polymerization was initiated at 60 °C under N,. After reacting overnight,
unreacted monomers were extracted by washing with DCM. The extracted fraction was measured
to be ~ 2 wt% for ES and ~ 10 wt% for AT. Finally, ionoelastomers were dried at 60 °C in a
vacuum oven to remove residual solvents and water before use.

We note that the AT ionoelastomer is hydrophobic due to the use of a fluorinated TFSI anion,
and incorporation of a small amount of PEGDA (2 mol%) does not induce measurable absorption
of water (Fig.S6, S8). However, ES ionoelastomer is hygroscopic; it can absorb up to ~30 wt% of
water in ambient conditions. Therefore, we stored ES in a desiccator with drying agent and heated
to 60 °C under vacuum for 3 h prior to use. After drying, a small amount of residual water (< 2
wt%) was observed in ES, as evidenced by thermogravimetric analysis (TGA) (Fig. S6B) and
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) (Fig. S6C). Ionic
conductivity changes of ionoelastomers stored in ambient condition (23 °C and 33 % RH) over
time are shown in Fig. S6D. Hydrophobic AT shows almost no change in ionic conductivity for
96 h. However, ES absorbs water molecules and its conductivity increase by a factor of 4 (to 2.4
x 103 mS/cm) compared to the initial value (5.7 10* mS/cm) after 96 h of exposure.

We observed that the carbon nanotube layers were successfully transferred from the glass
substrate and embedded on one side of the resulting ionoelastomers. SEM images of the carbon
nanotube embedded side of the ES and AT are shown in Fig. S3C, S3D, respectively. After drying,
free standing ionoelastomers of ES or AT (1 cm x 1 cm % 250 um) were carefully peeled off of
the substrate, and bilayer junctions of ES/ES, AT/AT and ES/AT were then prepared by simply
attaching the two bare surfaces of the ionoelastomers. For ionoelastomer transistors, two ES (0.5
cm x 1 cm x 250 um) layers separated by a lateral gap of < 1 mm were attached on an AT film (1




cm x 1 cm % 250 um). Finally, all devices were encapsulated between two layers of VHB 4905
adhesive (3M) to electrically insulate the ionoelastomer junction devices.

6. Preparation of ES/AT ionoelastomer devices with microporous carbon electrode

Microporous layer (MPL) carbon electrodes (39BC, Sigracet; Fig. S12A) were applied to
increase the capacitance asymmetry between EDL and IDL. ES (or AT) monomer was mixed with
2 mol% PEGDA and 0.5 mol% AIBN. Then, 0.1 g of this solution was diluted with 500 uL of
ethanol and drop-casted onto a 2.5 cm % 4 cm piece of MPL electrode. The ethanol was allowed
to evaporate for 12 h at room temperature followed by polymerization under N> condition in a 60
°C oven for overnight. After this first polymerization step, the coated MPL electrode was placed
between two fluorinated glass slides separated by 250 um PTFE spacers. Then the ES (or AT)
monomer solution with PEGDA and AIBN was injected into this mold and a second
polymerization was conducted under Nz in a 60°C oven overnight. Unreacted monomers were
extracted by washing with DCM, and the ionoelastomer layers were dried at 60 °C in a vacuum
oven to remove residual solvents and water before use.

7. Preparation of polyelectrolyte hydrogels

Two oppositely charged polyelectrolyte hydrogels (K[SPA] and [AETA]CI) were prepared
following a previous report (20) with modifications. For polyanion hydrogel (K[SPA]), 3-
sulfopropyl acrylate potassium salt (0.6 g) was dissolved in 2.6 mL of DI water (> 18.0
MQ). Polycationic hydrogel ([AETA]CI) solution was prepared by dissolving 0.6 g of [2-
(acryloyloxy)ethyl]trimethylammonium chloride (Sigma-Aldrich, 496146-200ML) in 3.1 mL of
DI water. Then, 10 mol% of purified PEGDA and 0.5 mol% of 2-hydroxy-4’-(2-hydroxyethoxy)-
2-methylpropiophenone (I-2959 photoinitiator, Sigma-Aldrich, 410896-10G) were added to the
solution and vigorously mixed. Nitrogen gas was sparged in the solutions for 10 min to remove
dissolved oxygen. The mixtures were then injected into a glass mold of carbon nanotube/glass and
fluorinated-glass separated by 1 mm thick glass spacers. Free radical polymerization was initiated
by exposure to UV light (Flood Exposure Source, Newport) for 20 min. After polymerization, free
standing hydrogels (1 cm x 1 cm % 1 mm) were peeled off of the substrate and bilayer junction of
K[SPA]/K[SPA] and [AETA]CI/[AETA]CI were prepared.

8. Dynamic mechanical analysis.

Rheological properties of ionoelastomers were measured by dynamic mechanical analyzer
(DMA 850, TA instruments) with uniaxial tensile geometry. ES and AT without carbon nanotube
electrodes are prepared in a glass mold of two fluorinated-glasses separated by 500 um thick PTFE
spacers. After polymerization, followed by washing with DCM and drying, ES and AT
ionoelastomers were cut into the dimension of 25 mm in length and 5 mm in width. For frequency
sweep (Fig. S5), 0.01 Hz to 10 Hz oscillational stress were applied with stress amplitude of 4 kPa.
We apply 0.1 N pre-load and temperature is maintained at 25 °C.

9. Thermal analysis

Thermograms of ES and AT were measured by differential scanning calorimetry (Q200, TA
instruments). ES and AT ionoelastomers (~15 mg) in standard aluminum DSC pans were heated
from - 60 °C to 40 °C at a scan rate of 10 °C/min. Second heating cycle is shown in Fig. S6A. TGA
of ES and AT were conducted using Q500 (TA instruments). lonoelastomer samples (~ 15 mg)
were heated to 700 °C at a rate of 10 °C/min under N> condition.




10. Fourier-transform infrared spectroscopy (FTIR)
Attenuated total reflectance (ATR)-FTIR spectrometer (Spectrum 100, PerkinElmer) was
used to measure infrared absorption spectra of ionoelastomers.

11. Peel test

To test adhesion, we used a 180° peel test (33). Filter paper (Whatman, Grade 1, 180 um
thickness) was cut into pieces of 50 mm in length and 5 mm in width and placed between two
fluorinated glass slides separated by 250 um PTFE spacers. ES (or AT) monomer solutions mixed
with 2 mol% PEGDA and 0.5 mol % AIBN were injected into the molds and infiltrated into the
filter paper. After polymerization in a 60 °C oven under N> overnight and washing unreacted
monomers with DCM, led to ionoelastomer layers with filter paper embedded on one side. Then,
ES/ES, AT/AT and ES/AT junctions were created by contacting the two ionoelastomers on the
faces opposite to the filter paper. The peel test was performed using a tensile testing machine
(TA.XT PlusC, Stable Micro Systems) with a rate of 0.1 mm/s. Critical strain energy release rate
(Ge) is calculated by G. = 2P/W, where P is the load and W is the sample width.

12. Electrochemical analysis

Unless stated otherwise, the positive terminal (or working electrode) was connected to ES
and negative terminal (or counter and reference electrodes) to AT for electrochemical analysis.
AC-impedance spectra were measured using a Reference 600" instrument (Gamry Instruments)
over a frequency range of 1 MHz to 0.1 Hz and an amplitude of 40 mV. A source meter (2635A,
Keithley) was used for measuring the current density of ionoelastomer junction as a function of
time under various DC biases. Cyclic voltammetry curves with constant voltage ramp and AC
current were measured using a Reference 600". The input current (or voltage) was generated by a
potentiostat (WaveNow, Pine Research Instrumentation).

Cyclic strain of ionoelastomer junctions was induced using a BiSlide positioning motor stage
(Velmex). We pre-stretched ES/AT to Ay =1.2 to minimize global buckling during the multiple test
cycles. During each cycle, the open circuit voltage (Voc) between working (ES) and counter (AT)
electrodes was measured by Gamry Reference 600" potentiostat, while the short circuit current (Jsc)
was separately measured using a Keithley 4200 analyzer. For Jsc measurements, the positive and
negative electrode leads were shorted together inside the instrument, i.e., the potential drop
between ES and AT electrodes was set to zero, and the current flow measured.

Experimental impedance data were fitted using the ZView software (Scribner Associates,
version 3.4b). For fitting of ES/AT ionoelatomer junction under DC bias, we performed the fitting
by assuming that only the interfacial circuit elements (CPEpr and Ry) are changed by the external
DC biases. The other parameters (Rc, R, Cg, and CPEgpr) are fixed to the fitting results under
+1V (Table S3).




Supplementary Text

1. Equivalent circuit model of ionoelastomer junctions

To analyze AC-impedance result of ES/ES, AT/AT and ES/AT junctions, we adopted the
equivalent circuit model used previously (27), as shown in the inset of Fig. 1b. The model contains
a dielectric capacitance (Cg) corresponding to the polarization of the ionic monomer moieties at
high frequency. In addition, a resistor (Rg) is connected in parallel that reflects the drift of free
ions at moderate frequency. At low frequency, free ions accumulate at the interface resulting in
the formation of an electric or ionic double layer that can be described by a constant phase element
(CPE). The impedance of a CPE is defined as Zcpe= Qu™'(j@)* where Qq is a constant, ; is the
imaginary number, o is the angular frequency, and a is a constant ranging from 0 to 1. Another
resistor accounting for contact resistance (Rc) is added in series with the equivalent circuit model.
In a Nyquist plot of ionoelastomer junctions (Fig. 1C), the semi-circle at high frequency
corresponds to the parallel connection of Rg and Cg, while the series connection of Rg and CPE
results in a tilted line at low frequency. Based on the fitting parameters (Table S2), two important
variables can be derived—the ionic conductivity (o) of the ionoelastomers and the capacitance of
the EDL (Cepv). First, o was calculated from the R using following equation; 6 = p! = LA 'Rg!,
where p is the resistivity, £ is a thickness of the sample (£ = 250 x 2 um) and A is an area (A =1
cm?). Values of ¢ for ES/ES and AT/AT homo-junctions are (1.4 +0.1) x10* mS/cm and (4.2 +
0.2) x10* mS/cm, respectively, in good agreement with previous reports (23). For the ES/AT
hetero-junction, an intermediate value of (2.5 + 0.5) x 10 mS/cm is obtained. On the other hand,
effective equivalent EDL capacitance can be estimated from the characteristics of the CPE used in
the equivalent circuit model, following the Brug model (34-36): Cepr= Qu'* Rol/®-11 where
Raq represents the resistive limit of the CPE at @ — oo, herein Rq = Ra.

2. Equivalent circuit model of ES/AT junction under DC bias

To reflect the response of the IDL formed at ES/AT junctions to DC bias, we develop a new
equivalent circuit model. Two interfacial circuit elements are added: a CPE (CPEpr) describing
the IDL capacitance and a resistor (R1) accounting for interfacial ionic current. CPEipL and Ry are
connected in parallel and added in series with ES and AT (Fig. 2F inset). The Nyquist plot of
ES/AT under +1V bias (Fig. 2F) shows three different frequency regimes: 1) a semi-circle at high
frequency (10 MHz — 800 Hz) corresponding to the parallel connection of Rg and Cg, 2) a second
semi-circle at middle frequency (800 Hz —1 Hz) corresponding to the parallel connection of CPEpL
and R; and 3) a tilted line in the low frequency regime at low frequency (1 Hz — 0.1 Hz) reflecting
the series connection of R¢, Rg, CPEgpL and R;.

Considering that the equivalent circuit model of ES/AT is composed of three impedance
components connected in series (Z = Za + Zp+ Zc), where Za is Re, Zp is the total impedance of
the series combination of Rg and CPEgpL connected with Cg in parallel, and Z. is the parallel
circuit of CPEpL and Ri1. The impedance of each component can be described as follows:

Rp + Q)™ _ R, Q5 (jw) ™"

Z, =R, 7o = , = Eq.2.1
4 ¢ S + jwRpCp + CpQpp, (jw)~o+1 ¢ R;+Qip GGw)7* a
Then, the total impedance (Z) can be expressed as
Rp + Qzt, w)™@ R0 (jw)™*
Z=R.+ 5+ Qpp,(jw) 1Qip1 () Fq.2.2

1+ jwRsCp + CpQzp, (@)™~ Ri+Qpp; (jw)™*



From the fitting results, we observed that R; is significantly altered by the applied DC bias (Fig.
S13). Under forward bias, R; = 0. Then, the total impedance (Eq. 2.2) becomes

Rg + Qb (jw)™
1+ jwRgCp + CBQEDIL(jw)_a+1

In contrast, under reverse bias, R; = oo. Then, Eq.2.2 becomes

Rg + Qg (jw) ™
Z,=R;+ + Qi Gw) ™k Eq.2.4
r ¢ty + jwRgCp + CpQzh, Gw)—o*1 QpL(w) q

Since Cg is relatively small (Cp<< Qmr<<QepL, as shown in Table S3), and we are interested in
the low frequency regime, we can simplify Eq. 2.3 and Eq.2.4 as

Zs = Rc + Rg + Qgp,(jw)™® Eq.2.5
Zy =~ Rc + Rg + Qb (jw) ™ + Qpr w) ™ Eq.2.6

Since the last term in Eq. 2.6, corresponding to the IDL capacitance represents a much larger
impedance than the other three terms, we can see that Z: >> Z, providing the basis of non-Faradaic
rectification by the ES/AT ionoelastomer diode.

3. A thermodynamic model for ionoelastomer junctions.

The classical thermodynamic model for electronic p-n semiconductor junctions (/2) is
modified to describe the built-in potential of an ionoelastomer junction. Before the polyanion ES
and polycation AT layers are joined, some population of ions are expected to be freely dissociated,
while the remainder are associated as neutral aggregates. This dissociation can be described by the
following chemical equilibria:

ES < EMIM™* + SPA~ Egq. 3.1
KEgs

AT < AEBI* 4+ TFSI~ Eq. 3.2
Kar T

We note that there is some disagreement as to the degree of ionization of pure ILs in the literature
(37-39), but as long as the degree of ionization is not too large, then we can effectively make the
following approximation.

The initial concentrations of [EMIM*] and [SPA"] in the ES domain can be written as

[EMIM*1ES ~ \[Kus[ES], [SPA]AT ~ \/Ky5|ES] Eq. 3.3

Similarly, the initial concentrations of [AEBI*] and [TFSI'] in the AT domain can be written as



[AEBIT1AT ~ JK,r[AT],  [TFSI"]4T ~ /K, [AT] Eq. 3.4

After joining ES and AT, the freely dissociated EMIM" mobile cations from the ES and TFSI*
anions from the AT close to the interface diffuse to mix in a process driven by the entropy and
form EMIM" TFSI" (ET) IL with dissociation constant Kgr.

ET < EMIM™* + TFSI~ Eq. 3.5

KgT

Diffusion of EMIM™ and TFSI" leaves behind excess fixed SPA- charges on the ES side, and excess
fixed AEBI" charges on the AT side, yielding an electric field E directed from AT to ES. Since no
net current can flow at equilibrium, the current due to the drift of mobile ions in response to the
electric field and that due to diffusion must be equal. This balance is described by the Nernst-
Planck equation.

dcC(x
J=q|uC(x)E(x) — D% =0 Eq.3.6
drift diffusion

where, | is the mobility, C(x) is the concentration, D is the diffusion coefficient, and x is the
position along the direction perpendicular to the ES/AT interface. Using Einstein’s relation u/D =
q/kgT and E(x) = —dV /dx, eq 3.6 becomes

q dV(x) 1 dC(x)
— = Eq. 3.7
kgT dx C(x) dx

Boundary conditions are the potential on either side of the IDL (Vis and Var) and mobile ions
concentrations at the edge of IDL region on either side. Integration of eq. 3.7 with those boundary
conditions gives eq. 3.8.

q Var [EMIM*]ES
T dv = f —dC (EMIM*cation)

kT VEs [EMIM+]AT

Eq. 3.8

q Var [TFSI~]AT
- dV = f —dC (TFSI anion)

kT VEs [TFSIT]ES C
The potential difference Vat - Vs is the built-in potential Vg, and at the same time, drift and
diffusion current from the both cation and anion must be canceled at equilibrium

_keT [EMIM*I® _ koT [TFSITJAT _ kT
B= g MEMIMYAT T g T[TFSIIES T g

Iny Eq.3.9

where 7 is the Gibbs-Donnan ratio

[EMIM*1ES  [TFSI™]AT
[EMIM*]AT ~ [TFSI*]ES

We assume that a small amount of ET is generated at the interface, resulting in a low concentration
of [ET] in both ES and AT, and the initial concentration of majority free ions, i.e., [EMIM*]*S and
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[TFSI]AT, is given by Eq. 3.3 and Eq. 3.4. Then the concentration of minority free ions can be
estimated as Eq. 3.11 and Eq. 3.12, respectively.

[TFSIT|ES ~ Ker ET] Eq.3.11
VKzsIES]

Kgr [ET
[EMIM*AT ~ —2L LET]

"~ Kar |JTAT]

Using the concentration of majority and minority free ions in Eq. 3.9, then

LLEN v KesKar +/ [ESIIAT]
q Kgr [ET]

Eq.3.12

Eq.3.13

We can re-write Eq.3.13

kgT /[ES][AT] kgT | /KgsKar
Vg =V, + In where V, = In Eq.3.14
? ° q [ET] ° q Kgr

Bulk densities of ES and AT were measured to be 1.42 g/cm?® and 1.50 g/cm?, respectively,
corresponding to [ES]=4.7M and [AT] = 3.0 M. We measured Vg of ES/AT ~0.2 V. If Kgs and
Kar are of a similar magnitude as Kgr, then the concentration of ET generated by release of
counterions from the interface can be estimated as 1.6 X103 M. We note that this model makes
several additional assumptions, including that ET has equal solubility in the two layers, and that
the polymer network is unable to intermix even on the length-scale of network strands. Both of
these are likely oversimplifications.
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Fig. S1. (A) Synthesis scheme and (B) 'H- NMR spectra of ES: 'H-NMR (500 MHz, D,0): 8.61
(s, 1H, H2 (imidazole)), 7.39 (s, 1H, H4 (imidazole)), 7.32 (s, 1H, H5(imidazole)), 6.37-5.88 (m,
3H, CH,=CH-), 4.21 (t, 2H, CO-O-CH>-), 4.15-4.11 (m, 2H, N-CH>-), 3.79 (s, 3H, N-CH3), 2.94
(t, 2H, -CH>-S), 2.08-2.03 (m, 2H, CO-O-CH2-CHz-), 1.40 (t, 3H, N-CH>-CH3).
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Fig. S2. (A) Synthetic scheme of AT and (B) 'H- and (C) YF-NMR of AT: '"H-NMR(500 MHz,
Ds-DMSO): 923 (s, 1H, H2 (imidazole)), 7.81 (d, 2H, H4 H5 (imidazole)), 6.35-5.99 (m, 3H,
CH,=CH-), 4.51-4.49 (m, 4H, CO-O-CHa-CH>), 4.19 (t, 2H, N-CH>-), 1.79-1.73 (m, 2H, N-CH-
CHa), 1.25-1.20 (m, 2H, N-CH,-CH2-CH>-), 0.89 (t, 3H, -CHz) and F-NMR(500 MHz, D-
DMSO): 6 =79.9 (s, 6F, -CF3).
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Fig. S3. SEM images of (A) a glass substrate coated by carbon nanotubes. (B) distribution of sheet
resistance (mean value = 525 + 69 Q/sq) in the carbon nanotube coated glass substrate (2.5 cm x
4 cm), as measured by a four-point probe method with total number of measurements = 100. SEM
images of the carbon nanotube-containing sides of (B) ES and (C) AT layers showing transfer
from the glass substrate to both ionoelastomers.
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Fig. S4. Schematic illustration of the preparation of ES/AT junctions. A layer of 8% carboxylic
functionalized carbon nanotubes was first deposited on a glass substrate using an air-brush method.
AT (or ES) was mixed with 2 mol% PEGDA as a crosslinker and 0.5 mol% AIBN as an initiator.
The viscous mixture was then injected into a sandwiched glass mold of carbon nanotubes/glass
and fluorinated-glass separated by 250 um thick poly(tetrafluoroethylene) spacers. Polymerization
of the mixture was conducted under Ny at 60 °C. After polymerization, ES/AT was obtained by
simply attaching the two bare surfaces of ES and AT.
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Fig. S5. Dynamic storage (G") and loss (G"") moduli of (A) ES and (B) AT ionoelastomers and (C)
ES/AT heterojunction. For all samples, typical rheological characteristics of lightly-crosslinked
elastomers are observed, as indicated by weakly frequency dependent rubbery plateaus in G’ at
low frequencies (o < 10 rad/s), and glass transition region (o > 10 rad/s) with slightly higher G”
than G'. The chain relaxation time (1) is estimated by 1.=2m/wo, where o is the frequency at the
cross point of G’ and G, and similar 1. of 0.6 s is estimated for ES and AT ionoelastomers and

ES/AT heterojunction.
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Fig. S6. (A) The second heating cycle of differential scanning calorimetry (DSC) thermograms
for ES and AT ionoelastomers with a heating rate of 10 °C/min. The glass transitions of ES and
AT are observed at temperatures of -20 °C and -10 °C, respectively. (B) Thermogravimetric
analysis (TGA) of ionoelastomers with a heating rate of 10 °C/min. A small amount of residual
water in ES can be seen from the =~ 2 wt% weight loss at 100 °C. (C) The vibration peak of water
molecules in the range of 3300 - 3500 cm™! is observed for ES in attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR). (D) Ion conductivity (o) changes of ES/ES
and AT/AT stored at 23 °C and 33% RH.
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Fig. S7. Stress-strain curves of ES and AT. Young’s modulus of ES and AT are measured to be
100 kPa, along with the elongations at break of ~120 % for ES and ~140% for AT.
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Fig. S8. Weight loss of ionoelastomer and hydrogel layers in ambient conditions. The weight of
[AETA]CI hydrogels rapidly decreases below 20 wt% after 6 h. In stark contrast, no weight
changes are observed from the ionoelastomer. The insets show photographs of the [AETA]CI
hydrogel and AT ionoelastomers stored in ambient conditions.
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Fig. S9. Electrochemical window of ionoelastomers and polyelectrolyte hydrogels with carbon
nanotube electrodes. Chemical structures of (A) polycationic AT ionoelastomer and [AETA]CI
hydrogel and (B) polyanionic ES ionoelastomer and K[SPA] hydrogel. To measure the
electrochemical window, cyclic voltammetry curves of (C) polycations and (D) polyanions are
measured with the voltage scan rate of 5 mV/s. Both hydrogels undergo electrochemical redox
reactions less than + 1 V, resulting in a rapid increase of slope in current density, while
ionoelastomers show wider electrochemical window of about + 3 V.
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Fig. S10. Ionoelastomers form a heterojunction by balancing two concurrent processes: the
diffusion of mobile ions due to the entropy of mixing, and the drift of mobile ions due to the electric
field of the excess polyions. (A) In an ES ionoelastomer, some of the EMIM™ cations dissociate
from the SPA" polyanions. In an AT ionoelastomer, some of the TFSI" anions dissociate from the
AEBI" polycations. (B) When the two ionoelastomers are brought into contact, the entropy of
mixing drives the dissociated EMIM" cations to diffuse from ES into AT, and drives the
dissociated TFSI- anions to diffuse from AT into ES. Near the interface, the mobile EMIM™ and
TFSI" form an ionic liquid (ET). The entropic depletion of mobile ions leaves behind excess SPA"
polyanion chains on the ES side, and excess AEBI" polycation chains on the AT side. By contrast,
the polyion chains are restrained by the crosslinked networks and do not undergo long-range
motion. (C) These excess fixed charges yield an electric field directed from AT to ES, leading to
a drift current of the mobile ions in the direction opposite to their diffusion current. (D) At
equilibrium, the drift currents balance the diffusion currents, leading to a depletion of mobile ions
from the interface and corresponding double layer of fixed ions.
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Fig. S11. (A) Critical strain energy release rate (Gc¢) of ES/ES (red) and AT/AT (blue)
homojunctions and ES/AT (black) heterojunction during the peel test. ES/ES and AT/AT
homojunctions peel easily along the interface but peeling of ES/AT heterojunction leads to
cohesive failure. (B) Average G, value from the peel test (number of samples = 5). Inset shows a
photograph of peel test of an ES/AT junction, showing cohesive failure due to strong adhesion of
the ES/AT interface.
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Fig. S12. (A) SEM images of microporous layer (MPL) carbon electrodes. (B) Nyquist plot of
AC-impedance measurement of ES/ES, AT/AT and ES/AT ionoelastomer junctions with MPL
carbon electrodes. Gray lines represent fits of the equivalent circuit model shown in the inset of
Fig. 1D. Capacitance values for ES/ES and AT/AT homojunctions from the fittings are 4.1 + 0.3
mF/cm? and 2.1 + 0.4 uF/cm?, respectively; these values are roughly one order of the magnitude
larger than the ~ 0.1 mF/cm? values with carbon nanotubes, while the capacitance value for ES/AT
remains the similar ~ 1 uF/cm?. (C) Current density of an ES/AT junction under forward bias of
+0.35 V and reverse bias of -0.35 V, applied at 0 s. The total associated charges (Q) determined
by integrating the current density curves are Qr = 0.6 = 0.1 mC/cm? and Q; = 1.1 £ 0.3 pC/cm?.
(D) Rectification by ionoelastomer junctions with MPL electrodes under the alternating potential

of £ 0.35 V at a frequency of 0.05 Hz.
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Fig. S13. Inverse of interfacial resistances (R1) determined by the fitting the AC-impedance data

for ES/AT interface under DC bias using the equivalent circuit model shown in Fig 2F. We

performed the fitting by assuming only interfacial circuit elements (CPEpL and Rp) are changed

by the external DC biases while the other parameters (R¢, Rg, Cg, and CPEgpr) are fixed using the
fitting results under +1V shown in Table S3.
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Fig. S14. (A) Output characteristic (Iec-Vec) curves of ES/AT/ES ionoelastomer transistor,
operated with voltage input (Veg). Cyclic potential sweeps from Vec =-1 V to 1 V with a constant
rate of 0.1V/s were applied. (B) Switching characteristics of ES/AT/ES device under 0.05 Hz AC

potential with 0.35 V amplitude.
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Fig. S15. (A) Output characteristic (Iec-Vec) curves of ES/AT/ES ionoelastomer transistor with
microporous carbon electrode, operated with current input (Igg). (B) Switching characteristics of
ES/AT/ES device under 0.05 Hz AC potential with 0.35 V amplitude. On-off ratio of root mean
square currents between the on (Ies <-15 pA) and off (Ieg > 0 pA) states is measured to be = 150.
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Fig. S16. (A) Schematic illustration of an ES/AT/ES ionoelastomer transistor and uniaxial
stretching of the transistor. Output characteristic (Iec-Vec) curves operated with different uniaxial
stretch ratio of (B) Ay= 1.0, (C) Ay= 1.2, (D) \u= 1.4, and (E) A= 1.6. (F) On-off ratio (= Iec®"/Igc°"

, where Igc®" is on-current at [gg = -2 pA and Veg = 1V, and Igc

Ve = 1V) is plotted as a function of stretching ratio A,

°ff is off-current at Igg = 0 pA and

25



-Z"(MQ)

0.0 01 02 03 04 05 06 07 08
Z'(MQ)

Fig. S17. Nyquist plot of for an ES/AT ionoelastomer junction uniaxially stretched by a factor of
Au.
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Fig. S18. Nyquist curves of (A) ES/ES and (B) AT/AT with uniaxial stretching by a factor of A,
and corresponding (C) Rs(\y) and (D) Cepr(Au). While ES/ES and AT/AT homo-junctions showed
a 1/Ay decrease of Re(\y) in good agreement with expectations, both Cepr remained nearly constant
because there was no actual area increase of the ES/carbon nanotube and AT/carbon nanotube
interfaces as the devices were stretched.
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Fig. S19. Electromechanical response of ES/AT ionoelastomer junctions under various
deformation programs. P1: different magnitude of uniaxial stretching from A, = 1.2 to Ay =1.3, 1.4,
1.5 and 1.6 with displacement rates of 3 mm/s, 6 mm/s, 9 mm/s and 12 mm/s, respectively. P2:
step increase by 0.1 from A, = 1.2 to 1.6 with a displacement of rate of 3 mm/s. P3: uniaxial
stretching from A, = 1.2 to A, = 1.5 with displacement rates of 9 mm/s, 4.5 mm/s, 1.5 mm/s, 0.38
mm/s, respectively.
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Fig. S20. V. and Jsc generated by (A) ES/ES and (B) AT/AT under 0.05 Hz of cyclic step strain
with the displacement rate of 12 mm/s. Electric response of (C) ES/ES and (D) AT/AT under 1
Hz sinusoidal strain. ES/ES and AT/AT interfaces generated negligible electrical signals (AV,. <
1 mV and Al < 5 nA/cm?).
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Table S1. Weight increase and sheet resistance for air-brush coated layers of carbon nanotubes
and capacitance of EDL from homojunction of ES/ES and AT/AT

Amount of Weight

spraying increace’) | Sheet resistance R Cepr of ES/ES© CepL of AT/AT?

b

1 mL <0.3 mg 1413 +£192 Q/sq (82+1.0) x 10°F/em®> (9.4 £ 0.8) x 10”° F/cm?
2.5mL 04+02mg 958+113Q/sq  (1.2+0.5) x 10*F/em®> (7.3 £ 1.0) x 10° F/cm?
5mL 0.7+03mg  549+27Q/sq  (1.5+£0.3)x 10*F/em®>  (1.0£0.2) x 10*F/cm?
10 mL 1.0£08mg 407 +22Q/sq (2.6+0.3)x 10*F/em?  (1.5+0.3) x 10*F/cm’

9 Average of 5 different samples. ®10 measurements for each of 5 different samples. ¥ 250 pm thick ES and AT
layers are prepared on the carbon nanotube coated-glass substrates and capacitance of EDL from ES/ES and AT/AT

homojunctions are measured by AC-impedance using the circuit model shown in Fig. 1.
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Table S2. AC-impedance fitting parameters for ES/ES, AT/AT and ES/AT shown in Fig. 2C and
2D.

CPE

Rc (kQ.) Rs (kQ) Qc. o Cs (pF)
ES/ES 262+12 1708+1.7 (3.9+0.3)x10°  0.54+0.05 46.1+1.0
AT/AT 283+£2.6 56.2+0.7 (72+0.1)x10°  0.79+0.01 55.7+1.5
ES/AT 23.1£09 1022+1.1 (9.5+0.)x107  0.83+0.01 62.6+1.7
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Table S3. Fitting parameters for the circuit components in the equivalent circuit model for IDL
under +1 V of forward bias.

Rc Rs CPErpL Cs CPEipL Ri
(kQ) (kQ) QepL a (pF) QL k (k)
ES/AT 22.9 59.6 (1.3£0.1) 0.71 47.3 (4.0£1.3) 0.89 16.2
+1V +0.8 +0.8 x10* +£009 =+£1.5 x107 +0.06 +1.0
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Table S4. ES/AT electromechanical transducer devices under 1Hz sinusoidal stretching from Ay
12toA=1.5

Sample # #1 #2 #3 #4 #5 #6 #7 #8 average
Peak-to-peak

Vo, (V) 35 35 36 37 41 45 34 38 3743
Peak-to-peak 022 015 030 019 020 018 023 012 020=0.05
Jsc (WA/cm?)
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