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reactive electrode materials and extreme
operating conditions often required for
these applications can result in faster battery degradation[6] and increasingly energetic failure events.[7]
For one, self-discharge and calendar
life loss must be paid close attention to
in large-scale and electric vehicle (EV)
ESSs, particularly when operating under
elevated temperatures.[8,9,10] The two primary degradation mechanisms during
storage are the parasitic oxidation reactions of the electrolyte at the cathode
surface, where Li+ can then reintercalate
into the cathode upon combination with
liberated electrons,[11] and dissolution of
cathode transition metal ions into the
electrolyte, which then crossover to and
are reduced by the anode.[12] The compromised solid electrolyte interface (SEI) then
consumes more active charges in order
to self-repair. This results in lost capacity
from the cathode itself, generation of a thicker and more resistive SEI on the anode surface, and irreversible consumptions of
total Li capacity available in the cell.[6] Battery management systems can disconnect the electronic pathway between electrodes
and selective ion barriers have been developed to suppress
unwanted crossover;[13,14] however, there remains no simple and
reversible method to ionically isolate the two electrodes thereby
avoiding this problematic crosstalk during storage.
Furthermore, extremely rapid self-discharge can occur in the
event of an internal electrical short. This short can be the result
of mechanical damage to the cell or from an internal defect
while operating under normal conditions.[15] These short circuits can result in dangerous thermal runaway as evident by the
recent ignition of EV’s battery packs[16] or the Boeing Dreamliner aircraft’s auxiliary power unit forcing multiple emergency
landings.[17] During these severe shorting events, rapid selfdischarge and Joule heating can quickly raise temperatures
above the melting point of the separator and begin decomposing the electrode materials (150–250 °C), in turn triggering
a chain of exothermic reactions and thermal runaway.[18,19] The
use of lithium metal anodes, the demand for rapid charging,
and ever thinning separators all increase the likelihood of dendrite growth and other defect-induced shorting in addition to
increased risk from mechanical deformation. To improve safety
performance of high energy density cells, current collectors

Battery separators are a critical component that greatly determine cell calendar life and safety. Generally, these separators are passive with no ability to
reversibly change their properties in order to optimize battery performance.
Here, an iongate separator is demonstrated, which allows ion transport
while in the oxidized “on” state but limits ion transport when switched to the
reduced “off” state. This is achieved by depositing a dense 300 nm thin film of
polypyrrole:polydopamine (PPy:PDA) on a conventional polyolefin separator.
By using this iongate separator as a third electrode, a rapid and reversible
order of magnitude increase of iongate resistance is achievable. The iongate
battery shows similar cycling performance to a normal battery while in the
“on” state, but cycling can be reversibly shut-off when the iongate separator is
reduced to the “off” state. During elevated temperature storage with the iongate separator in the “off” state, battery capacity loss is decreased by 37% and
transition metal crossover is greatly suppressed when compared to a normal
battery without the iongate. Additionally, rapid shut-off during discharge is
demonstrated by directly shorting the iongate separator to the anode.

1. Introduction
Over the past three decades, lithium-ion batteries (LIBs) have
fundamentally changed society by enabling portable consumer electronics.[1] Within the next three decades, LIB price
($ kWh−1) is projected to decrease by nearly 80%,[2] while production is expected to increase 30% year-to-year.[3] LIBs remain
the leading candidates for vehicle electrification[4] as well as
grid-scale energy storage.[5] The demand for increased energy
density coupled with ever-developing applications that require
energy storage systems (ESSs) continues to drive battery innovation and optimization. However, if left unaddressed, the more
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have been designed to fracture upon mechanical deformation,[20] or with thermoresponsive polymers to electrically isolate
active materials in an attempt to reduce the severity of failure
events.[21] Numerous flame-retardant,[22,23,24,25] overcharge protection redox shuttle,[26] or even shear thickening[27] electrolyte
additives have been developed to greatly improve battery safety;
unfortunately, these are often electrochemical unstable at high
voltages and sacrifice overall cell energy density.
The battery separator is a critical component that can be
innovated to address these calendar life and safety challenges.
Ideally, the separator should function as a reversible ion gate.
Ion transport should be shut off during long-term storage or in
the event of an internal short. Conversely, ion transport should
remain on during charge and discharge. Most of the separator
designs lack this reversibility. For example, many common
battery separators go through nonreversible pore collapse at
elevated temperatures, which eliminates ion flux between the
electrodes before thermal runaway begins.[28] Recently, more
advanced features in separators have emerged. One such separator with a metal mesh sandwiched between two porous polypropylene layers acting as a third electrode can detect dendrite
penetration, but the design requires constant monitoring and
does not actually prevent shorting.[29] A similar trilayer separator with reactive nanoparticles sandwiched in the middle layer
was shown to etch away hazardous Li dendrites thus increasing
the time-to-failure. We have recently shown that a bilayer Janus
separator where one side is coated with a partially electronically
conductive can not only detect the onset of dendritic shorting,
but also dramatically slow the rate of self-discharge with minimal temperature rise during severe shorting events.[30]

2. Results and Discussion
To this point, safety design has been largely focused on controlling the electronic pathway, making it very desirable to develop
a novel method that allows reversible and dynamic control
of the ionic conductivity of a cell. If ion flux could be temporarily shut-off during storage, so should the self-discharge and
ion crossover while inherently improving safety. Additionally,
having a mechanism that is electrochemically activated rather

than thermally triggered does not require temperatures to reach
dangerous levels before initiating safety features.
Here, we improve battery control and safety by developing
an iongate separator that exploits the switchable ionic conductivity exhibited in the conducting polymer polypyrrole (PPy)
(Figure 1). By depositing a polypyrrole membrane on a conventional polyolefin separator, it is possible to fabricate an “iongate
separator” that displays low ionic resistance while in its oxidized “on” state, and high ionic resistance while in the reduced
“off” state. This is achieved by the rapid and reversible redox
state transition of PPy where Li+ ions are conducted via mobile
anion dopants along the PPy backbone while in the “on” state,
but are blocked in the nonconductive “off” state as the ions
are expelled upon reduction.[31] In other words, the oxidized
polypyrrole membrane can be converted from a polycationic
exchange membrane to a more neutral state upon reduction, which if sufficiently dense, prevents ion crossover.[32] We
demonstrate this switching can be achieved by ex situ means
using a potentiostat connected to a third iongate electrode or
by directly shorting the iongate material to the anode. Previous
reports show a PPy iongate electrode can successfully prevent
transient ion crossover in aqueous solutions;[32,33] however, the
concept has never been demonstrated in organic electrolytes or
in a battery configuration to the best of our knowledge.
Polypyrrole is a well-known battery and pseudocapacitor
material owing to its high conductivity, chemical, and electrochemical stability.[34] Within batteries, PPy has found use in
modifying electrode surfaces to improve performance of both
cathode[35,36] and anode materials,[37] and even as an electrode
material itself.[38,39] Additionally, electrochemical polymerization
provides a simple and versatile method to conformally deposit
PPy films in a variety of configurations and morphologies.[40]
Unfortunately, PPy suffers from poor adhesion due to lack of
strong intermolecular interactions between PPy and common
electrode surfaces. Polydopamine (PDA) has found use as a
stable adhesive polymer for a number of applications;[41] specifically, recent reports found introducing dopamine (DA) during
pyrrole (Py) electropolymerization dramatically improves
adhesion while maintaining electrochemical properties.[42,43]
Using a ratio of 2:1 Py:DA during electrochemical deposition
(Figure 2a) results in a well adhered polypyrrole:polydopamine

Figure 1. A schematic of the iongate separator in a low resistance oxidized “on” state and a high resistance reduced “off” state. While in the “on” state,
Li+ ions are conducted through the oxidized polypyrrole, whereas Li+ ions are blocked by the reduced polypyrrole in the “off” state.
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Figure 2. a) Polypyrrole:polydopamine (PPy:PDA) iongate membrane electropolymerization scheme and optical photograph of final iongate separator.
b) Focused ion beam (FIB) cross-sectional SEM of iongate thin film polymerized directly on Au-coated Celgard. c) Higher magnification SEM/EDS
elemental mapping showing the roughly 300 nm iongate film has not penetrated into the underlaying separator. N is present in both the PPy and PDA,
which cover the Au current collector to act as a third electrode.

(PPy:PDA) thin film on Au sputter-coated Celgard (Figure 2b).
Higher magnification scanning electron microscopy/energydispersive X-ray spectroscopy (SEM/EDS) elemental mapping
of the iongate separator cross-section (Figure 2c) shows the
300 nm PPy:PDA membrane, with N present in both the PPy
and the PDA polymer, is conformally coated on and makes intimate contact with the underlay Au-coated Celgard without penetrating into the bulk of the Celgard. The Au coating was used
as an electrochemically inert current collector[29] for film deposition and in situ switching of the iongate material, and the
coating process maintains the original porosity of the Celgard
surface (Figure S1, Supporting Information). This Au coating
layer is only ≈50 nm thick and has negligible contribution to
the overall thickness of the separator.
An optimization of the membrane switching ratio versus
thickness was performed and from this 300 nm was chosen as
the final thickness (Figure S2, Supporting Information). As the
layer becomes thinner, more pin holes form in the iongate due
to underlaying surface porosity of the Celgard substrate. This
allows the liquid electrolyte to leak through an ideally dense
iongate layer and decreases the reduced “off-state” resistance.
When the iongate layer becomes too thick, the resistance in
both the oxidized and the reduced state becomes much greater
than that of a conventional cell without the iongate separator
and hinders battery operation at realistic current densities.
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The deposition process for this film requires only 3 min
using a simple potentiostatic deposition method (0.65 V vs
Ag+/AgCl) and occurs in a relatively nonhazard aqueous solution containing 0.1 m Py, 0.05 m DA, and 0.1 m LiTFSI as the
dopant ion (Figure S3, Supporting Information). Raman spectroscopy confirms the copolymerization of PPY:PDA and match
previous reports describing the copolymerization of PPy and
PDA (Figure S4, Supporting Information).[43]
Additional iongate membranes were deposited with and
without DA (Figure S5, Supporting Information). SEM shows
clear delamination from the Au-coated Celgard without
the addition of DA. Furthermore, various ratios of Py:DA
were also examined (Figure S6, Supporting Information),
where the higher the ratio of DA was shown to improve
mechanical adhesion; however, above a 1:1 monomer ratio, an
undesirable porous morphology was observed. The 2:1 ratio
results in the most desirable dense morphology required for
the iongate. Further details can be found in the Experimental
Section.
Due to the hydrophilic nature of PDA, the iongate separator
exhibits exceptional wettability. The iongate membrane over
the top of the hydrophobic polypropylene Celgard dramatically improves the overall wettability of the iongate separator
when compared to a pristine Celgard separator (Figure S7, Supporting Information).
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Figure 3. a) Schematic of three-electrode configuration for both Li/iongate/Li and Li/iongate/NMC cells where an additional contact is made to the
iongate separator. Through this additional contact, various voltages can be applied to reduce (2.2 V) or oxidize (3.6 V) the iongate separator. b) Cyclic
voltammetery of the iongate separator using a Li metal electrode as the counter and reference electrodes. c) DC voltage profile showing resistance
switching between the oxidized “on” state and the reduced “off” state.

To measure the electrochemical performance of the iongate
separators, a three-electrode cell was assembled in both Li/
iongate/Li and Li/iongate/LixNi0.5Mn0.3Co0.2O2 (NMC) configurations as seen in Figure 3a. The potential of the iongate
separator can be controlled through this third electrode contact to reduce or oxidize the iongate material. This is akin to
discharging (reducing) and charging (oxidize) the iongate electrode, wherein discharging dedopes the PPy material switching
it to the “off-state” while charging redopes the PPy switching it
to the “on-state.”
These cells used LP30 as the electrolyte (1 m LiPF6 in ethylene carbonate:dimethyl carbonate (EC:DMC) 1:1 wt%). Pouch
cells were fabricated to have an third electrode[44] contact to
the iongate separator through the exposed Au-coated Celgard
remaining from the deposition process. An additional pristine
Celgard was used to insulate the iongate membrane-coated
side from the other electrodes—the backside of the separator
remains pristine Celgard. Further details can be found in the
Experimental Section.
Cyclic voltammetry (CV) of the iongate separator using
the Li electrode as a counter and reference was performed to
determine the redox properties. Two highly reversible redox
peaks appear around 2.9 V for oxidation and 2.5 V for reduction using a scanning rate of 10 mV s−1 (Figure 3b). There is
a distortion during the 1st reduction compared to subsequent
voltage sweeps likely due to expulsion of TFSI− dopant used
during deposition. Since the overall amount of PPy in the cell
Adv. Funct. Mater. 2021, 2102198

is so small, less than 0.0005 m TFSI− is expected to be in solution and should not result in significant change to the electrolyte. During the following oxidation PF6− from the bulk electrolyte is redoped into iongate membrane and the peaks remain
stable and highly reversible as seen by the 5th and 10th voltage
sweeps. With this information, 3.6 and 2.2 V were chosen as
stable potentiostatic oxidation and reduction switching potentials for the follow across-membrane tests to ensure complete
redox of the iongate.
The Li/iongate/Li configuration was used to measure the
across-membrane DC resistance of the film in the oxidized
“on” state and the reduced “off” state (Figure 3c). After the CV
shown in Figure 3b, the iongate separator was held at 3.6 V for
30 min in order to ensure full oxidation of the iongate material. A DC square-wave current of ±1 mA (0.55 mA cm−2) was
then applied across membrane and a resulting voltage polarization of roughly 250 mV was measured between the two
Li electrodes. The iongate was next held at 2.2 V for 30 min
to reduce the membrane, and again a current of ±1 mA was
applied across membrane resulting in a voltage polarization
of 1500 mV. From this data, the iongate areal resistance of the
oxidized state and reduced state was determined to be 255 and
2443 Ω cm2. These are calculated by subtracting off the average
baseline resistance of 200 Ω cm2 (i.e., a cell with only pristine
Celgard (Figure S8, Supporting Information)) from the resistances measured in the iongate cell while in the on and off
states to determine the added resistance of solely the iongate
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separator, yielding a reversible iongate switching ratio of nearly
10×.
Additional common battery electrolytes were tested to confirm the robustness of the iongate concept. Since the iongate
is deposited in LiTFSI, a 1 m LiTFSI in 1:1 wt% EC:DMC
electrolyte was first tested in the Li/iongate/Li configuration. This similarly exhibited nearly an order of magnitude
switching ratio in the iongate material between the oxidized
and reduces states. The validity in an ether-based electrolyte was also tested using 1 m LiTFSI with 0.5 m LiNO3 in
1:1 1,3-dioxolane:dimethoxyethane. While still showing clear
switching, the magnitude of switching was slightly less—
roughly 5×—owing to increased “off-state” conductivity despite
similar redox characteristics as seen by the cyclic voltammetry.
Further optimization and better understanding of iongate/electrolyte swelling interactions may be required for these systems;
regardless, it appears that the iongate concept can be applied to
numerous electrolyte systems. Detailed results can be found in
Figure S9 in the Supporting Information.
To better understand the doping (oxidation) and dedoping
(reduction) process, which is critically important to iongate
working mechanism, XPS was performed on an oxidized and
reduced sample of the iongate separator (Figure S10, Supporting Information). The doping level of the TFSI− counterion
ion the oxidized state was calculated using the XPS survey scan
to be 23%, or roughly one dopant ion for every four repeat pyrrole units, indicating a highly dope material. The doping level
is effectively 0% for the reduced state indicating full reduction
of the iongate material.

We next evaluated the iongate separator as a barrier for dissolved transitional metal ions, a well-known challenge when
lithium-ion batteries are stored at elevated temperatures.[45]
Here, we choose a Li/iongate/NMC configuration, hereafter
referred to as “iongate battery” (Figure 4). A “normal battery”
was also fabricated without the iongate separate (i.e., only pristine Celgard). Further details of the battery fabrication can be
found in the Experimental Section. It should be noted that to
ensure the iongate material was in a fully oxidized state before
battery cycling, the iongate separator underwent cyclic voltammetry and a 30 min oxidation hold at 3.6 V, as performed in
Figure 3. The cells were then cycled at a rate of C/20 between
2.7 and 4.5 V with a 4.5 V hold until current decayed to C/40 for
the first two cycles and the third charge process. The iongate
was then reduced using a 2.2 V hold and pinned to that potential for storage. Both cells were then stored in this fully charged
state at 55 °C for ≈2 weeks to promote ion dissolution and selfdischarge[46] while measuring open circuit potential (OCP) in
storage (Figure S11, Supporting Information). The iongate cell
measured a higher OCP throughout storage appearing to significantly suppress the initial potential decay by ≈50 mV after
2 days and remained >10 mV higher after 14 days. Cells were
returned to room temperature and the iongate was reoxidized
using a 3.6 V hold for 30 min. After this aging process, the
cells were then discharge using a rate of C/40 at room temperature and the remaining capacity from the previous charge was
96.4% and 94.3% for the iongate battery and the normal battery, respectively (Figure 4a,d). This equates to a capacity loss
reduction of ≈37%. This noticeable improvement in capacity

Figure 4. a) Charge and subsequent aged discharge profile of a battery with an iongate separator after being stored in the charged state for 2 weeks at
55 °C. During storage, the iongate separator was reduced, placing the battery in an “off-state” to limit spontaneous ion crossover and self-discharge.
b) SEM of the Li metal anode surface after the 55 °C storage and discharge showing a uniform and dense SEI layer, and c) EDS elemental survey of
the shown area with almost no transition metals (i.e., Mn, Co, Ni) detected. d) Charge and subsequent aged discharge profile of a normal battery
without an iongate separator stored in the same conditions. e) SEM of the Li metal anode surface after the 55 °C storage and discharge showing a
very nonuniform SEI that greatly varies in thickness. f) The EDS elemental survey of this area with a significant amount of transition metals detected.
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retention is attributed to the reduced state iongate’s ability to
largely limit the crossover of ions across the separator during
high temperature storage.
Our hypothesis is supported by the difference in morphology
and chemical composition of the SEI formed on the Li metal
anode surface during storage. After the final discharge, both
cells were disassembled, and the Li metal anodes were gently
washed using pure DMC solvent. SEM of the anode surface show two very different morphologies: The iongate battery anode has a relatively uniform and dense SEI (Figure 4b)
whereas the normal battery anode SEI is very inhomogeneous
with areas of greatly varying thickness (Figure 4e). It is well
known that nonuniform SEIs are extremely prone to future
dendrite growth due to irregularities in surface resistance and
Li+ ion flux.[47] EDS elemental mapping for these anode areas
(Figure S12, Supporting Information) show the iongate battery
has a uniform distribution of C, O, F, and P—common components of SEI associated with LP30 electrolyte[48]—with almost
no transition metal signal, while the normal battery has high
concentrations of C, O, F, P, and additional signal from Ni,
Mn, and Co in the thicker regions of the SEI. The elemental
survey of the iongate battery anode detects at most 0.03 at% of
any transition metal (Figure 4c) whereas the normal battery has
≈2 at% of the SEI composed of transition metals in a nearly
exact ratio of 5:3:2 (Ni:Mn:Co) that agrees with the cathode
chemistry (Figure 4f). Full elemental survey data can also be
found in Figure S12 in the Supporting Information. Clearly the
iongate effectively suppresses transition metal ion crossover

and dramatically improves SEI formed at these elevated temperatures and during long periods of storage time.
Last, the iongate separator shut-off performance was evaluated in an iongate battery configuration (Figure 5). Again, to
ensure the iongate was in a fully oxidized state before battery
cycling the iongate separator underwent cyclic voltammetry
and a 30 min oxidation hold at 3.6 V, as performed in Figures 3
and 4. Cycling of the cell with the iongate separator in the
“on” state shows performance similar to a conventional cell at
charging rates of C/10, C/5, and C/3 (Figure 5a). All discharge
rates were maintained at C/10. However, when the iongate separators are reduced at 2.2 V for 30 min and cycling is resumed,
negligible capacity is achieved at C/3, effectively resulting in
complete battery shut-off due to large polarization of >1 kΩ.
This is reflected in the cell impedance rise measure by EIS in
Figure 5b. The spectra were best fitted with an equivalent circuit
as shown in Figure S13 in the Supporting Information with 3
RC elements correspond to the cathode, the anode, and the iongate separator, respectively. Fitting results show a large increase
of nearly 10× in the resistive element of the iongate component,
which matches well with the results seen in DC measurements.
This indicates that the iongate in the “off” state shows a dramatically reduced rate for ion transport. This observation is further supported by EIS measurements of the iongate separator
as the working electrode (Figure S14, Supporting Information),
which most notably shows a huge increase (nearly two orders
of magnitude) in the Warburg diffusion tail element when the
material is reduced, denoting the reduced rate of diffusion

Figure 5. a) Cycling and ex operando switching capacity profile of an Li/iongate/NMC cell showing similar performance to a conventional cell while
the iongate is in the oxidized “on” state, but cell shut-off while the iongate is in the reduced “off” state. The dots are measured data points and the
lines are fitted results. b) Full cell EIS spectra showing the cell resistance difference between the two iongate redox states. c) Voltage profile of rapid in
operando cell shut-off achieved by directly shorting the iongate separator electrode to the Li anode. d) Optical images showing iongate color change
after direct shorting at 0 V to the Li anode.
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processes within the iongate material. It is this decrease in diffusion rate in the iongate material itself that translates to the
switching performance observed in the full cell.
Additionally, a cycling stability test was performed comparing
a normal cell without the iongate separator to a cell with an iongate separator that was kept in the oxidized state throughout
the entirety of cycling. The addition of the iongate has a negligible effect on cell capacity and cycling stability although
there is an increase in cell resistance (Figure S15, Supporting
Information).
While 30 min potential holds were applied to the iongate to
ensure full oxidation or reduction during most of our experiments, due to the pseudocapacitive nature of PPy as an electrode material, the majority of switching capacity is achieved in
a matter of seconds (Figure S16, Supporting Information). Considering this rapid oxidation state switching of the iongate, in
situ shut-off of the cell was investigated by directly shorting the
iongate separator to the anode during discharge of the battery
(Figure 5c). By externally shorting the iongate separator to the
0 V Li anode, rapid reduction occurs with concurrent increase in
overall cell impedance. This in turn results in cell shut-off as the
discharge voltage rapidly decayed to the 2.7 V lower cut-off limit.
The inlay of the discharge voltage profile highlights the moment
the iongate is shorted and the fall in cell voltage, where this process only takes tens of seconds. Postmortem optical image of
the reduced iongate separator shows a clear color change from
the original darker oxidized state to a yellowish hue indicating
that the direct contact with Li has indeed fully reduced the
entire separator to an “off” state (Figure 5d). This color change
is to be expected as PPy is a well-known electrochromic material,[49] marking an effective safety mechanism during failure
events such as Li dendrite penetration or mechanical deformation that would short the iongate to the anode.

3. Conclusion
In summary, we have developed an ultrathin (300 nm) polypyrrole/polydopamine (PPy:PDA) iongate membrane coated
directly on a conventional Celgard separator that is capable of
rapid and reversible switching of its ionic conductivity. The
iongate separator maintains flexibility and displays improved
wettability. A switching ratio of 10× was achieved between its
oxidized “on” state and reduced “off” state. This iongate separator represents a novel approach to battery safety and control
by allowing dynamic control of the separator ionic conductivity
and overall ion flux. When storing a battery with the iongate
separator in the reduced “off” state, ion flux can be dramatically suppressed. The iongate battery showed ≈37% reduction
in capacity loss versus a normal cell and nearly completely
eliminated transition metal (Ni, Mn, Co) crossover when stored
at 55 °C for 2 weeks. The iongate battery also displays cycling
performance similar to a normal battery while in the “on” state,
but effectively shuts-off of the cell when the iongate is reduced
to the “off” state. Furthermore, the iongate can be turned off by
directly shorting it to the lithium anode, pointing to its potential as a safety mechanism in the event of an internal short.
Improvements to performance still remain, but there is an
extensive library of conducting polymer materials with similar
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properties that show great promise for future development of
iongate separators for battery and other electrochemical storage
applications.

4. Experimental Section
Au Sputter Coating Celgard: Celgard 2400 was cut into large square
(10 cm × 10 cm) and gently cleaned with ethanol and Kimwipe to remove
any dust and other surface contaminates. These squares of Celgard
were then placed into the vacuum chamber of a Ladd/Hummer 6.2
sputter coat machine equipped with a 99.999% Au target and Ar gas.
The vacuum chamber was evacuated to 80 mTorr with a steady flow of
Ar and 7 min of sputter coating was performed at a current of 20 mA.
This resulted in an ≈10 nm Au coating on the surface of the Celgard
estimated according to the standard deposition rates for the system
published by the manufacturer.
Distillation and Purification of Pyrrole: The pyrrole monomer was
purified before each deposition using a simple distillation process. The
purified pyrrole solution appeared clear and was stored in a refrigerator
in a sealed vial under an Ar blanket to prevent oxidation in ambient air.
Iongate Deposition Solution: The deposition solution was 0.1 m pyrrole
and 0.05 m dopamine for the 2:1 ratio (for other ratios, the pyrrole
concentration remained 0.1 m and dopamine was altered), and 0.1 m
LiClO4 or 0.1 m LiTFSI all dissolved in 18 mΩ water prepared by reverse
osmosis. This solution was stirred for at least 10 min to ensure a wellmixed solution.
Iongate Deposition Process: The Au-coated Celgard was connected to
Gamry Interface 1000 potentiostat as the working electrode, a stainlesssteel shim as the counter electrode, and a Ag/AgCl electrode as the
reference. These were secured in place parallel to each other and dipped
into the deposition solution so that about 6 cm of the Celgard was
submerged and 4 cm was left as exposed Au. To improve deposition
quality, the deposition solution was slightly stirred (magnetic stir bar at
300 RPM) and cooled using an ice bath to reach a temperature below 5 °C.
To electropolymerize the PPy:PDA onto the Au-coated Celgard, a
constant potential of 0.65 V (vs Ag/AgCl) was applied. The deposition
time determined the thickness of the iongate membrane and 180 s
results in the 300 nm LiTFSI-doped membrane.
The deposited iongate separators were removed from the solution
and rinsed in a di-ionized water bath three times to remove excess
monomers and salt. They were dried overnight before assembling into
other electrochemical cells.
XPS Characterization: XPS spectra (Figure S10, Supporting
Information) used to calculate the doping level of iongate material were
performed by a PHI Quantera SXM, Scanning X-ray Microprobe and was
carried out using Al anode source at 15 kV and all the peaks were fitted
based on the reference CC bond at 284.6 eV. All XPS measurements
were collected with a 300 mm × 700 mm spot size using a charge
neutralizer during acquisition. Survey scans were collected with a 1.0 eV
step size, and were followed by high resolution scans with a step size of
0.05 eV for N1s regions.
Li/Iongate/Li Cell Setup: A symmetric three-electrode pouch cell was
used to measure iongate across membrane performance as seen in
Figure 3. Two 15 mm diameter disks of Li were pressed onto Cu foil and
a Ni tab was taped to the backside as a current collector. The iongate
separator was placed between the Li disks and an additional pristine
Celgard separator was used to prevent the exposed PPy:PDA membrane
from contacting the Li metal. An additional Al tab was taped to the
exposed Au-coated Celgard to provide electrical contact to the iongate
separator The entire cell was filled with LP 30 (1 m LiPF6 in 1:1 EC:DMC),
or other electrolyte, and sealed using an MTI vacuum sealer within a Ar
filled glovebox.
CV and the potentiostatic voltage holds to switch the redox states
were performed using the iongate separator/Au contact as the working
electrode and the Li electrode 1 as the counter and reference electrodes.
The CV was performed at 10 mV s−1 sweeping between 2.2 and 3.8 V and
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the voltage holds to reduce and oxidized the iongate were performed at
2.2 and 3.8 V for 30 min to ensure full switching. The working electrode
was then disconnected from the iongate separator and switched to
Li electrode 2. Across membrane DC galvanostatic testing and AC
impedance were performed immediately after the end of the iongate
switching voltage holds. ±1 mA (0.57 mA cm−2) was applied for the
DC measurement and AC impedance was acquired between 7 MHz to
10 mHz at open circuit potential.
Li/Iongate/NMC Pouch Cell Parameters and Testing: Small pouch
cells were assembled with the iongate separator between a Li metal
anode and NMC532 (LixNi0.5Mn0.3Co0.2O2) cathode and used for
testing results shown in Figures 4 and 5. The cathode had a capacity
of 2.2 mAh cm−2 and contained NMC532, carbon nanotubes, and
polyvinylidene fluoride in a mass ratio of 97.5:1:1.5 on Al foil (Hunan
Hong Xiang New Energy Technology Co., Ltd.). These were cut
into 1.77 cm2 disks and contacted with an Al tab tapped to the back.
The anode current collector was a copper sheet with a Ni tab tapped
to the back. 500 µm thick Li disk with an area of 2.27 cm2 was rolled
onto the surface of the Cu inside of an Ar glovebox (O2 < 1 ppm, H2O
< 1 ppm). The iongate separator area was at least 4.2 mm × 4.2 mm
to ensure full coverage of the active area with an additional pristine
Celgard to prevent physical contact with the electrode. An Al tab was
pressed and tapped directly to an area exposed Au that was outside
of the active material area. The laminated pouch cell was sealed using
an MTI MSK-115A-S vacuum sealer in an argon filled glove box after
≈0.5 mL of electrolyte (excess) was added. Parafilm and plexiglass
sheets were used to apply pressure to the cell and iongate contact with
spring-loaded clamps.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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