
UC Berkeley
UC Berkeley Previously Published Works

Title
Asymmetric Electrical Double Layer Charging in Ionomers under Pure Water

Permalink
https://escholarship.org/uc/item/5zc0f3f7

Authors
Kang, Yunseok
Roncoroni, Fabrice
Pendergast, Andrew D
et al.

Publication Date
2026-10-02

DOI
10.26434/chemrxiv.15009777/v1

Copyright Information
This work is made available under the terms of a Creative Commons Attribution 
License, available at https://creativecommons.org/licenses/by/4.0/

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5zc0f3f7
https://escholarship.org/uc/item/5zc0f3f7#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


2 October 2026

Asymmetric Electrical Double Layer Charging in
Ionomers under Pure Water
Yunseok Kang1,2,3,4, Fabrice Roncoroni5, Andrew D. Pendergast1,2, Wenbo Zhang1,2, Mei-Chen Kuo6, Ahmet

Kusoglu2, David Prendergast5, Andrew M. Herring6, Jungki Ryu3,4,7, Shannon W. Boettcher1,2

1. Department of Chemical and Biomolecular Engineering and Department of Chemistry, California

2. Energy Technologies & Systems Division, Lawrence Berkeley National Laboratory

3. School of Energy and Chemical Engineering, Ulsan National Institute of Science and Technology (UNIST

4. Ulsan National Institute of Science and Technology (UNIST

5. Molecular Foundry, Lawrence Berkeley National Laboratory

6. Department of Chemical and Biological Engineering, Colorado School of Mines

7. Graduate School of Carbon Neutrality, Ulsan National Institute of Science and Technology (UNIST

Abstract

Electrode interfaces with ionic polymers (ionomers) create local microenvironments in
membrane electrolysis and other applications, yet the formation and dynamics of electrical
double layers (EDLs) at ionomer|electrode interfaces are incompletely understood. Unlike
traditional aqueous electrolytes with both mobile cations and anions, ionomer interfaces
couple mobile counterion motion to the slower response of tethered polymer-backbone ionic
groups. Studying these solid|ionomer interfaces, with pure water feed as in many technology
applications, is more difficult than with conventional electrolytes due to the lack of a liquid
supporting electrolyte for simple integration of counter and reference electrodes. Here, we
use a membrane-electrode-assembly-inspired architecture with a lateral ionomer strip and a
salt-bridged reference electrode to independently track anodic and cathodic potentials while
sweeping the voltage between the two Pt-solid|ionomer interfaces in pure water. We quantify
electrode-resolved non-faradaic charging and show that fixed polymer charges and mobile
counterions contribute differently to interfacial capacitance. In anion-exchange ionomers,
mobile Cl- responds rapidly, whereas fixed quaternary ammonium groups relax more slowly,
producing a capacitance asymmetry. This asymmetry weakens when sufficient time is allowed
for relaxation and is suppressed by supporting electrolyte. When Nafion cation-exchange
ionomer is used instead, the results show a reversal in the sign of the asymmetry. Supporting
molecular dynamics simulations establish coupled counterion motion and tethered-charge
relaxation as governing features of pure-water ionomer EDLs. The work thus provides a
framework for studying and ultimately designing ionomer microenvironments for membrane
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electrolysis and other applications. The Bigger Picture Pure-water-fed membrane electrolyzers
rely on ionomers to carry charge to catalyst surfaces. Unlike soluble liquid electrolytes, ionomers
contain mobile counterions and oppositely charged groups fixed to a polymer chain. The details
of how these charges form electrical double layers under positive and negative polarization are
not fully understood. We developed a model cell with a solid ionomer electrolyte that senses each
electrode potential separately during cell operation. The measurements show asymmetric, time-
dependent charging in pure water, with mobile counterions responding more rapidly than polymer-
bound charge. Added electrolytes suppress this charging-rate imbalance; reversing the ionomer
charge sign also reverses the asymmetry of the charging response, and a custom-synthesized more-
flexible polymer backbone reduces the rate dependence of the apparent capacitance. The work here
shows how the ionomer is an active part of the electrochemical interface, in addition to an ion
conductor in the bulk. The platform and fundamental principles developed here are relevant to water
electrolyzers, fuel cells, and other membrane-based electrochemical devices.

Keywords

ionomer, electrical double layer, pure-water electrolysis, interfacial capacitance, ionomer-potential
sensing
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Abstract

Electrode  interfaces  with  ionic  polymers  (ionomers)  create  local  microenvironments  in

membrane electrolysis and other applications, yet the formation and dynamics of electrical

double layers (EDLs) at  ionomer|electrode interfaces are incompletely understood. Unlike

traditional  aqueous  electrolytes  with  both  mobile  cations  and  anions,  ionomer  interfaces

couple mobile counterion motion to the slower response of tethered polymer-backbone ionic

groups. Studying these solid|ionomer interfaces, with pure water feed as in many technology

applications, is more difficult than with conventional electrolytes due to the lack of a liquid

supporting electrolyte for simple integration of counter and reference electrodes. Here, we

use a membrane-electrode-assembly-inspired architecture with a lateral ionomer strip and a

salt-bridged reference electrode to independently track anodic and cathodic potentials  while

sweeping the voltage between the two Pt-solid|ionomer interfaces in pure water. We quantify

electrode-resolved non-faradaic charging and show that fixed polymer charges and mobile

counterions  contribute  differently  to  interfacial  capacitance.  In  anion-exchange  ionomers,

mobile Cl⁻ responds rapidly, whereas fixed quaternary ammonium groups relax more slowly,

producing  a  capacitance  asymmetry.  This  asymmetry  weakens  when  sufficient  time  is

allowed  for  relaxation  and is  suppressed  by supporting  electrolyte.  When Nafion  cation-

exchange ionomer is used instead, the results show a reversal in the sign of the asymmetry.

Supporting  molecular  dynamics  simulations  establish  coupled  counterion  motion  and

tethered-charge relaxation as governing features of pure-water ionomer EDLs. The work thus

provides a framework for studying and ultimately designing ionomer microenvironments for

membrane electrolysis and other applications.
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The Bigger Picture

Pure-water-fed membrane electrolyzers rely on ionomers to carry charge to catalyst surfaces.

Unlike  soluble  liquid  electrolytes,  ionomers  contain  mobile  counterions  and  oppositely

charged groups  fixed  to a polymer chain. The details of how these charges form electrical

double layers under positive and negative polarization are not fully understood. 

We  developed  a  model  cell  with  a  solid  ionomer  electrolyte  that  senses  each  electrode

potential  separately  during  cell  operation.  The  measurements  show  asymmetric,  time-

dependent  charging in pure water,  with mobile counterions responding more rapidly than

polymer-bound charge. Added electrolytes suppress this charging-rate imbalance; reversing

the ionomer charge sign also reverses the asymmetry of the charging response, and a custom-

synthesized more-flexible  polymer backbone reduces the rate  dependence of the apparent

capacitance. The work here shows how the ionomer is an active part of the electrochemical

interface,  in  addition  to  an  ion  conductor  in  the  bulk.  The  platform  and  fundamental

principles developed here are relevant to water electrolyzers, fuel cells, and other membrane-

based electrochemical devices.
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1. Introduction 

Electrical double layers (EDLs) are ubiquitous at biological membranes,1,2 mineral–aqueous

interfaces,3,4 and  electrode–electrolyte  interfaces.5,6 The  charge  organization  and  electric

potential  distribution in  these electrochemical  interfaces  are  shaped by ion concentration,

size, and other ion-specific effects7,8 including solvation structure9-11 and field-induced solvent

orientation.12,13 The molecular electrolyte and interface properties ultimately determine how

any interfacial potential drop distributes and control the apparent interfacial capacitance and

its  frequency  dependence.14 These  concepts  have  been  developed  primarily  for  liquid

electrolytes containing a supporting salt, where mobile anions and cations both respond to

interfacial fields and compose the typical compact- and diffuse-layer Gouy–Chapman–Stern

model descriptions as a useful approximation.5,8,15

For  solid  electrolytes,  e.g.,  ionomer  membranes  with  mobile  counterions and

backbone-tethered  ionic  groups,  this  model  requires  modification.16-18 Ionomers  comprise

repeated ionic units connected along chains with varying segmental dynamics affecting ion

dissociation and mobility.16,17 Unlike solvated ions, ionomer polarization proceeds through

segmental rotation and constrained relaxation rather than unrestricted translational motion.19,20

Understanding ionomer-based electrochemical double layers is important for interpreting

interfacial  charging  in  typical  pure-water-fed  proton-exchange-membrane  and  hydroxide-

exchange membrane electrolyzers,  membrane-based fuel cells,  and related electrochemical

devices.21-27 These  interfaces,  which  lack soluble  supporting  electrolyte,  are  distinct  from

conventional salt-containing electrolytes and complicate direct experimental measurement of

the potential  drop and apparent  capacitance  at  each ionomer–electrode interface.20 In this

regime,  counterions  serve  as  the  primary  mobile  charges,  whereas  the  ionomer  charge

remains  attached  to  the  polymer  backbone  with  limited  mobility.17 Therefore,  interfacial
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charging  can  no  longer  be  assessed  directly  using  descriptions  developed  for  liquid

electrolytes dominated by freely mobile ions. In such cases, the ionomer functions as a solid

electrolyte in which electrode charge is compensated by counterion redistribution, interfacial-

water polarization,  and relaxation of polymeric  charges,  rather  than by a diffuse layer of

mobile salt ions.18,28-31

Here,  we  report  a  model  system that  enables  electrode-resolved  quantification  of

anodic  and  cathodic  catalyst–ionomer  interfaces  during  two-electrode  operation  in  pure

water. The system consists of an ionomer membrane sandwiched between two planar metal

electrodes  with  a  reference  electrode  integrated  through  a  membrane  tab  and  electrolyte

bridge. By tracking anodic and cathodic potentials  relative to the reference electrode,  this

platform enables quantification of interfacial capacitive charging at each electrode through

time-dependent  cyclic  voltammetry  and  frequency-dependent  impedance  spectroscopy.

Although  related  reference-based  strategies  have  been  used  in  full-cell  electrochemical

devices,32-34 the present model platform minimizes the transport and ohmic heterogeneity of

practical  porous-electrode-supported  systems,  enabling  more-direct  diagnosis  of  catalyst–

ionomer interfacial charging under pure-water conditions. 

Using  anion-  and  cation-exchange  ionomers,  we  quantify  anodic  and  cathodic

capacitance  contributions  in  pure  water  and  upon  addition  of  a  supporting  electrolyte,

revealing  asymmetric  capacitive  responses  that  distinguish  rapid  counterion  accumulation

from  the  slower  charging  of  polymer-tethered  ionic  groups.  Combined  with  constant-

potential  molecular  dynamics  (MD)  simulations,  these  data  further  show that  pure-water

ionomer EDLs are governed by coupled ionic screening and interfacial water polarization,

which  together  shape  voltage  partitioning  and  capacitance  asymmetry.  These  findings

establish a framework for understanding and quantifying EDL formation and response at
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ionomer–electrode  interfaces  in  pure-water  microenvironments  and  provide  a  basis  for

engineering catalyst–ionomer microenvironments in ionomer-based electrochemical devices

by linking the apparent interfacial capacitance to the local potential drop and the time scales

for ionomer screening.

2. Results and Discussion

Figure  1.  Ionomer-potential-sensing  platform  for  electrode-resolved  measurements  in  a  pure-water

microenvironment. (a) The ionomer thin film is confined between the two Pt electrodes and functions as a

solid electrolyte, whereas the laterally extended strip carries negligible ionic current and therefore remains at an

approximately uniform ionomer electrostatic potential. This configuration enables independent determination of

the anodic and cathodic potentials (Vanode and Vcathode vs. reference) during operation, thereby allowing electrode-

resolved analysis of interfacial charging in pure water. (b) Schematic of the Pt|ionomer|Pt sandwich model cell

used to record the anode and cathode potentials during cell-voltage sweeps in pure water. A laterally extended

ionomer  strip  is  coupled  to  a  salt-bridged  reference  electrode,  enabling  local  potential  sensing  without

introducing supporting electrolyte into the measurement region.

2.1 Resolving Electrode-Specific Charging in Pure-Water Ionomer Microenvironments

To  probe  electrochemical  behavior  within  ionomer  microenvironments  without

soluble  supporting  electrolyte  (e.g.,  in  pure  water),  we fabricated  planar  Pt  thin-film

electrodes on glass slides by electron-beam evaporation (with Ti adhesion layer) and used

them as model electrode surfaces (Fig. 1a). Pt was chosen as the electrode material because it

is a standard catalyst in water electrolysis and has well-characterized interfacial chemistry.35-
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37 Although Pt forms surface oxides under sufficiently positive polarization, we report the

extracted  capacitance  as  apparent  interfacial  values.  PiperION was  spray-coated  onto  the

active Pt region of each electrode under the same conditions, giving dry ionomer films of ~9

μm thicknessm  thickness (Fig.  S1).  On  one  electrode  substrate,  the  ionomer  coating  was  extended

laterally beyond the Pt/Pt overlap region onto the glass slide to form a continuous ionomer-

potential sensing strip. The two coated electrodes were then assembled face-to-face so that

the active Pt regions were separated by the sprayed ionomer film, while the extended strip

remained  outside  the  through-plane  current  path.  A  salt  bridge  connected  this  strip  to  a

reference electrode, providing a probe of the local ionomer potential (like a Luggin capillary)

without  introducing supporting  electrolyte  into  the active  region (Fig.  S2).38 Because the

lateral strip carries negligible ionic current, the in-plane potential drop along the strip is small

compared with the through-plane potential drop across the active Pt|ionomer|Pt region. The

reference electrode is  therefore  expected to report the ionomer potential during cell-voltage

sweeps (Fig. 1b). 
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Figure 2. Double-layer charging in pure water versus supporting electrolyte.  (a) Overall cell voltammetry

of the Pt|PiperION|Pt ionomer-sensing cell in pure water and 1.0 M KCl, showing the non-faradaic response as a

function of cell bias. (b) Current density–scan rate dependence at 0.40 Vcell extracted from (a), used to determine

the apparent double-layer capacitance for each environment.  (c) Chemical structure of PiperION, highlighting

fixed quaternary ammonium (QA+) sites and mobile Cl- counterions,  together with a schematic of ionomer-

mediated EDL formation at the two Pt electrodes.  (d, e) Anodic and cathodic voltammograms obtained by

plotting the measured cell current against Vanode or Vcathode, respectively, at cell scan rates of (d) 5 mV s -1 and (e)

200 mV s-1,  showing the emergence  of scan-rate-dependent  asymmetry between the two interfaces. In  this

experiment, the total potential across both electrodes is swept at the indicated scan rate. As the current is passed,

the potential distributes across the two electrodes with different capacitances at different rates as represented by

8



the asymmetry. (f, g) Corresponding anodic and cathodic CVs in 1.0 M KCl at (f) 5 mV s -1 and (g) 200 mV s-1,

where the presence of supporting electrolyte ions yields nearly symmetric charging behavior over the same

potential window. We also measured 400, 600, 800, and 1000 mV/s, and included these data in the model fit.

(h) Anodic and cathodic current densities at 0.40 Vcell in pure water plotted versus scan rate, extracted from (d,

e), and used to obtain separate double-layer capacitances for each electrode.  (i) Scan-rate-dependent charging

current plots for a device in 1.0 M KCl, showing linear and nearly identical anodic and cathodic responses.

2.2  Pure  Water  Exposes Time-Dependent  Asymmetric Double-Layer  Charging  in

Anion-Exchange Ionomers

Electrochemical measurements of interfacial charging in an anion-exchange ionomer

(AEI)  film  (here,  PiperION)  were  conducted  under  both  pure-water  and  supporting-

electrolyte conditions using the new potential-sensing platform. The cell voltage was swept

between the two Pt electrodes while Vanode and Vcathode were measured relative to the integrated

reference electrode potential. Supplementary Video 1 shows a representative pure-water scan

at 200 mV s-1, with the same measured cell current plotted against Vcell, Vanode, and Vcathode as

the  scan  proceeds.  This  approach  overcomes  the  voltage-partitioning  limitation  of

conventional  two-electrode  measurements  and  enables  quantitative  separation  of  the

individual electrode contributions during operation (Fig. S2). 

Cyclic  voltammetry (CV) was first  performed in a two-electrode mode with scan

rates from 1 to 200 mV s-1 over 0.0–0.8 V to characterize interfacial charging. From linear

fits of capacitive current versus scan rate, the apparent double-layer capacitance (Cdl) was 42

± 3 μm thicknessF cm-2 in pure water and 49 ± 3 μm thicknessF cm-2 in 1.0 M KCl, corresponding to a modest ~16%

increase  upon  introduction  of  supporting  electrolyte  (Fig.  2a,  b).  As  a  benchmark,

measurements in a conventional three-electrode cell yielded single-electrode capacitances of

70.1 and 89.0  μm thicknessF cm-2 in 0.10 M and 1.0 M KCl, respectively  (Fig. S3). A simple series-

circuit estimate, assuming two identical Pt/electrolyte interfaces in such an electrolyte, would
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therefore give ~35 and 45 μm thicknessF cm-2, respectively, bracketing the 42 ± 3 μm thicknessF cm-2 measured in

the  two-electrode  device  platform  with  pure  water  (most  co-ions  from  electrolyte  are

excluded from the ionomer by Donnan effects).

To determine whether the pure-water response of 42 ± 3 μm thicknessF cm-2 could be limited by

the available mobile charge in the ionomer, we performed a simple charge-balance estimate.

The exchangeable Cl⁻ inventory in the ~9 μm thicknessm PiperION film exceeds the charge required to

account for the measured capacitive current by four orders of magnitude (Ncounter ~ 1.4 × 1018

vs. NEDL ~ 1.4 × 1014; Supplementary Note 1), indicating that the response is limited not by

counterion  availability  but  by  how  mobile  ions  and  ionomer-bound  charge  distributions

reorganize near the polarized interfaces. 

Under pure-water conditions,  the  overall  cell CV response became nonlinear  at  a

scan rate of 200 mV s-1, with a decrease in measured capacitance at faster sweeps (Fig. 2b).

At 200 mV s-1  the extracted capacitive current falls below the linear fit by  0.38 μm thicknessA cm-2,

reflecting the inability of the hydrated ionomer to fully reorganize on the relevant time scale

(Fig. S4). In contrast, when a supporting electrolyte is present, the response remains linear,

deviating by only 0.05 μm thicknessA cm-2 from the extrapolated trendline.

Finite-rate ion transport can make CV-derived capacitance dependent on scan rate

even at a planar interface.39 We next calculated the scan-rate-dependent apparent capacitance,

Capp(ν),  from the forward-reverse CV branch separation rather  than assigning a single  Cdl

value to the full scan-rate range.40  To parameterize this behavior with the minimum number

of fitted parameters, we represented the interfacial charging as the sum of a fast component

and a slower relaxing component,  which yields (see Supporting Information)  a scan-rate-

dependent capacitance of Capp (v )=C∞+
C1
1+ (π ντ app ∕ΔE )

2 . For the ion-exchange ionomers, the
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fast response is expected to be dominated by rapid mobile-counterion redistribution together

with  fast  solvent  and electronic  polarization,  whereas  the slower response would include

reorganization of the polymer-tethered fixed-charge species.

The  fits  yielded  C1 =  31.0  and  32.9  μm thicknessF  cm-2 in  pure  water  and  1.0  M  KCl,

respectively, while the fitted high-rate limits, C∞, were 32.9 and 40.7 μm thicknessF cm-2 (Fig. S5a). The

corresponding apparent relaxation times, τapp, were 2.6 s in pure water and 0.6 s in 1.0 M KCl

(Fig. S5b). Within this model,  C∞ represents the capacitance retained in the fitted high-rate

limit,  whereas  τapp characterizes the response time of the slow component  C1. The smaller

value in KCl shifts the attenuation of this contribution to higher scan rates.

To  determine  how  the  overall  cell  response  was  partitioned  between  the  two

interfaces,  we  recorded  Vanode and  Vcathode simultaneously  against  the  integrated  reference

during the same cell-voltage sweep (Figs. 2c–2i). Although the cell was operated in a two-

electrode  mode,  the integrated  reference  allowed us  to  continuously  track  the anode and

cathode potentials during the measurement, thereby providing three-electrode-like access to

the individual electrode responses (Fig. S6). Because the two ionomer–electrode interfaces

are connected in series, the applied cell-voltage sweep is divided between Vanode and Vcathode

while the same current passes through both interfaces. For a representative pure-water scan at

200 mV s-1, linear fits to the increasing and decreasing portions of both potential traces gave

R2 > 0.99 (Fig. S7). For each interface, the local scan rate was taken as the mean absolute

slope of the increasing and decreasing sweeps. The agreement between the sum of the fitted

average local sweep rates and the applied cell scan rate therefore provides an internal check

on the potential-sensing analysis (Fig. S8). Under pure-water conditions at a scan rate  of 5

mV s-1, the reference-tracked anodic and cathodic CVs corresponded to local average sweep

rates of 2.46 and 2.52 mV s-1, respectively (Fig. 2d and Fig. S6). At a high applied cell scan
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rate of 200 mV s-1, a pronounced asymmetry emerged, with an apparent capacitance of 80 ± 8

μm thicknessF cm-2 at the cathode and 120 ± 6 μm thicknessF cm-2 at the anode (Fig. 2h), which in series would give

48 μm thicknessF cm-2, consistent with the measurements above. This divergence indicates that the two

interfaces  no longer respond on the same time scale  under rapid polarization.  The anode

interface exhibited a larger apparent capacitance, consistent with faster accumulation of the

mobile  Cl⁻  counterions,  whereas  the  cathodic  interface  exhibited  a  smaller  apparent

capacitance,  consistent  with  slower  reorganization  under  changing  bias  of  quaternary

ammonium (QA+) groups constrained within the ionomer matrix (Fig. 2h). Under these finite

sweep-rate  conditions,  the  limited  segmental  rearrangement  of  the  hydrated  ionomer  is

expected to hinder complete double-layer reorganization at the cathodic side, producing a

time-dependent asymmetry in the apparent capacitance. 

We then applied  the  same electrode-resolved  analysis  to  the  1.0  M KCl  data  to

determine how dissolved supporting ions affect the charging imbalance observed in the pure-

water system. If the asymmetry in pure water indeed reflects rate-limited charging by the

ionomer-bound species, these dissolved ions should reduce the imbalance by redistributing

more  rapidly  under  applied  bias.  Upon  addition  of  1.0  M  KCl,  the  asymmetry  was

suppressed. At 200 mV s-1, the anodic and cathodic capacitances were similar at 104 ± 3 and

96 ± 3 μm thicknessF cm-2, respectively, yielding nearly symmetric interfacial responses (Fig. 2i). This

result  supports  the  interpretation  that,  in  pure  water,  the  absence  of  freely  mobile  ions

imposes a kinetic limitation on interfacial charging, whereas with electrolyte solutions, the

faster redistribution of dissolved ions compensates for that limitation.

We then repeated the electrode-resolved analysis in additional chloride electrolytes,

including  LiCl,  NaCl,  and  CaCl2, and  compared  the  anodic  and  cathodic  apparent

capacitances through the ratio,  Canode/Ccathode, at both low (1.0 mV s-1) and high (200 mV s-1)
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scan rates (Fig. S9a). At 1.0 mV s-1, all  chloride electrolytes gave ratios near unity. At 200

mV  s-1,  where  the  pure-water  ionomer cell  showed  a  larger  asymmetry, the  chloride

electrolytes kept  Canode/Ccathode within ~10% of unity. LiCl showed the largest residual high-

rate asymmetry and the highest high-frequency resistance (RHFR, see below), whereas NaCl

and KCl  showed more  symmetric  charging,  suggesting  that  stronger  Li+ hydration  limits

cation redistribution within the ionomer at high scan rates. This response indicates that the

reduced  asymmetry  is  not  unique  to  KCl,  but  occurs  generally  when  dissolved  ions  are

available to participate in interfacial screening during the voltage sweep.

We also compared the electrode-resolved capacitance ratios with the  RHFR, extracted

from the two-electrode  EIS fits  under  the same electrolyte  conditions  (Fig.  S9b).  At  the

capacitive current densities used here, the corresponding i·RHFR drops were sub-millivolt, and

the estimated RHFRC time constants were much shorter than the voltage-sweep time. Thus, the

measured capacitance ratios are not controlled by uncompensated high-frequency resistance

and cell capacitance. 
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Figure 3.  EIS analysis  of asymmetric  interfacial  polarization using the ionomer-sensing platform.  (a)

Conceptual  schematic  of the  asymmetric  charging  response,  contrasting  mobile  counterion-controlled  and

backbone-limited  interfacial  polarization.  Mobile Cl- counterions  respond  more  readily  to  the  oscillatory

perturbation  and contribute a  larger  effective  capacitance  within the measurement  window.  In contrast,  the

backbone-coupled  fixed-charge  response  is  more  distributed  and  relaxes  more  slowly,  yielding  a  smaller

effective capacitance within the same frequency window. (b) Representative Nyquist plots acquired at 0.40 Vcell

and used to deconvolute the overall, anodic, and cathodic impedance responses. Impedance spectra were fit with

a Randles-type equivalent circuit  including a constant-phase element (CPE), and the fitted parameters  were

converted  to  effective  capacitance  using  the  Brug  correction.  (c) Bias-dependent  Brug-corrected  effective

capacitances41,42 for the overall cell and the separately extracted anodic and cathodic branches. Under pure-water

conditions, the anodic capacitance exceeds the cathodic capacitance across the examined bias range, consistent

with more readily established counterion-mediated polarization at the anodic interface and a more limited fixed-

charge-associated response at the cathodic interface.

 

Following  the  CV  analysis  in  the  time  domain,  electrochemical  impedance

spectroscopy (EIS) was performed using the same ionomer-sensing platform (Fig. 3b). The

impedance spectra collected at each applied bias were fitted with a Randles-type equivalent

circuit  containing  a  constant-phase  element (CPE) to  account  for  non-ideal  interfacial
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polarization, and the fitted CPE parameters were converted to effective capacitances using

the Brug relation (Fig. S10). Because EIS measurements sample the electrochemical response

over  a  defined  frequency  window,  the  extracted  capacitance  reflects  the  charge  that  can

reorganize  on  the  corresponding  time  scales.  In  the  anion-exchange  ionomer,  mobile  Cl-

redistribution provides a faster screening pathway at the anodic interface, whereas cathodic

screening involving polymer-tethered QA+ groups requires local side-chain and segmental

relaxation within the hydrated ionomer. 

Under  pure-water  conditions,  the  Brug-corrected  capacitances  reproduced  the

polarity of the asymmetry observed by CV (Fig. 3c). Across the examined bias range, the

anodic capacitance was larger than the cathodic capacitance by a factor of ~1.9 on average.

We interpret this frequency-domain asymmetry as a difference in the polarization accessible

within the EIS time scale. Addition of 1.0 M KCl decreased the anodic/cathodic capacitance

difference (Fig. S11), consistent with dissolved ions providing faster charge-compensation

pathways at both interfaces.
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Figure 4.  Interfacial  charging asymmetry in Nafion CEM thin films is reversed relative to PiperION

AEMs. (a) Schematic of the Nafion repeat unit, highlighting fixed sulfonate groups (SO3
-) and mobile protons

(H+), together with an illustration of how the fixed/mobile charge configuration organizes the ionomer–electrode

interface under bias.  (b, c) Anodic and cathodic voltammograms obtained during cell-voltage sweeps at an

overall scan rate of 200 mV s-1 using the integrated reference-electrode sensing method: (b) pure water and (c)

0.50 M H2SO4. The traces show the individual electrode responses resolved within the same cell-bias window.

(d, e) Current–scan rate relationships for the overall, anodic, and cathodic responses derived from (b, c); linear

fits of J versus ν were used to extract Cdl in (d) pure water and (e) supporting electrolyte. In pure water, Nafion

shows a clearer cathode/anode capacitance asymmetry, while retaining an approximately linear  J–ν  response

across  the  examined  range.  (f) Bias-dependent  effective  capacitances  in  pure  water  obtained  from  EIS.

Impedance  spectra  were  fit  with  a  Randles-type  circuit  including  a  constant-phase  element,  and  the  fitted

parameters  were  converted  to  Brug-corrected  effective  capacitances.  The  extracted  values  show  a  larger

capacitive contribution at the cathodic H+-dominated interface than at the anodic sulfonate-governed interface.

(g) Chemical structures of PMB-ran-PVBTMA, with a flexible aliphatic backbone, and PiperION, with a rigid

aromatic  backbone.  (h) Capacitive  current  density  as  a  function  of  scan  rate  for  the  two  anion-exchange

ionomers in pure water.
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2.3  Fixed-Charge  Polarity  and  Polymer  Relaxation  Set  the  Sign  and  Magnitude  of

Ionomer Charging

To test whether the polarity of the pure-water asymmetry is set by the fixed/mobile

charge configuration of the ionomer, we replaced the AEI with Nafion, a cation-exchange

ionomer (CEI).  In Nafion,  this  charge assignment  is reversed relative to PiperION. Here,

sulfonate  groups  (-SO3
-)  provide  the  fixed  negative  charge  and  protons  are  the  mobile

counterions (Fig. 4a). Under pure water, at a scan rate of 200 mV s-1, the separated anodic

and cathodic responses showed a pronounced asymmetry with the opposite polarity from that

observed in PiperION (Fig. 4b, d). The cathodic branch exhibited a lower effective average

scan rate than the anodic branch, 87 versus 113 mV s-1, respectively, which corresponds to a

larger apparent capacitance because  C =  J/ν for a given current magnitude.  This result  is

consistent with more-effective interfacial  charging when the mobile H⁺ species reorganize

more readily than the fixed SO₃⁻ framework under pure-water hydration.

Notably, Nafion retained an approximately linear current–scan rate relationship even

under pure-water-fed conditions (Fig. 4d,  e),  in contrast to the PiperION AEM. For non-

faradaic charging, J = dQ/dt; linear J–ν scaling requires the ionomer charge redistribution that

compensates the electrode charge to reorganize on the time scale of the sweep. The high-rate

roll-off in PiperION indicates that part of this charge response is not accessed within the

scan-rate window. This behavior is consistent with QA+ groups being tied to a rigid poly(aryl

piperidinium) framework,  where interfacial  charge compensation requires  local  motion of

constrained backbone and side-chain segments. In Nafion, the fixed -SO3
- groups reside on

hydrated  perfluorosulfonate  side  chains,  which  appear  to  accommodate  local  interfacial

charge  reorganization  more  readily  over  the  same  scan-rate  range.43,44 The  different J–ν
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responses, therefore, appear to reflect how readily the polymer-tethered charge environment

responds to the imposed sweep, not simply the identity of the mobile counterion.45

Upon introduction of 0.50 M H2SO4, the high-rate asymmetry was reduced (Fig. 4c,

e).  The  cathodic  and  anodic  local  average  sweep  rates  shifted  to  96  and  104  mV  s-1,

respectively, which are closer than the corresponding values in pure water (87 and 113 mV s-

1). This narrowing indicates that dissolved electrolyte ions alleviate the interfacial charging

imbalance imposed by the ionomer-defined charge environment, because mobile small ions

now participate in screening at both interfaces during fast polarization. Complementary EIS

measurements on CEIs reproduced the same polarity-dependent asymmetry observed in the

CV analysis  under  pure-water  hydration.  On average,  the  cathodic  capacitance  was  1.46

times larger  than the anodic capacitance (Fig. 4f),  indicating a larger  interfacial  charging

response on the H⁺-dominated cathodic side than on the -SO₃⁻-defined anodic side. 

To further probe how backbone flexibility influences pure-water EDL formation, we

synthesized an anion-exchange ionomer with a flexible aliphatic main-chain architecture, in

contrast to the ring-constrained framework of PiperION. Nuclear magnetic resonance (NMR)

spectroscopy  confirmed  that  the  resulting poly(methylbutane-ran-

vinylbenzyltrimethylammonium chloride)  (PMB-ran-PVBTMA) contains  a  linear  aliphatic

backbone, with three distinct aliphatic  resonances at 1.24 and 1.55–1.70 ppm assigned to

backbone  methylene  units  (Fig.  S12).  Based  on  its  greater  segmental  mobility,  we

hypothesized that this more compliant backbone would allow interfacial charging to follow

the  applied  bias  more  closely  like  Nafion.  Consistent  with  this  expectation,  PMB-ran-

PVBTMA implemented in the ionomer-sensing platform showed a substantially more linear

J–ν relationship than the rigid aromatic PiperION in the Pt|ionomer|Pt cell (Figs. 4g and h). 
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The sum of these results shows that, in ion-exchange polymer electrolyte systems

without supporting electrolyte, the physical structure of the polymer scaffold influences the

time  scales  by  which  the  ionomer–electrode  interface  reorganizes  under  bias  (Fig.  S13).

These  results  identify  backbone  architecture,  side-chain  connectivity,  and  mechanical

flexibility  as important  design variables  for controlling interfacial  charging,  together with

ion-exchange  capacity  and  conductivity.  A  quantitative  linking  of  these  dynamics  to

molecular  structure,  however,  requires  more  experiments,  for  example  with  temperature

dependence. 

These  concepts  could  be  relevant  under  transient  or  intermittent  electrolysis

operation,  where  repeated  bias  changes  continually  re-establish  non-faradaic  interfacial

charging and relaxation, making the ionomer framework an important determinant of both the

magnitude and time scale of interfacial polarization in membrane-electrode assemblies.46,47

Figure  5.  Molecular  dynamics  analysis  of  bias-dependent  electrostatic  potential  partitioning  and

interfacial ion layering in the cell under pure-water conditions. (a) Planar-averaged electrostatic potential

profiles along the surface-normal coordinate z for the Pt|PiperION|Pt model cell at applied cell voltages of 0.1,

0.3, 0.5, 0.7, and 0.9 Vcell under pure-water conditions. (b) Interfacial potential drops are extracted from (a) by

defining the anodic, cathodic, and bulk ionomer potentials. The quantities Δφanode = |φanode – φbulk| and Δφcathode = |
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φcathode – φbulk| quantify how the total cell voltage is partitioned between the two interfaces and provide a relative

descriptor of interfacial capacitance under the series-charging condition, where a smaller local potential drop

corresponds to a larger capacitance. (c) Representative molecular configuration of the hydrated Pt|PiperION|Pt

cell used in the constant-potential MD simulation. (d) Bias-dependent interfacial layering distances extracted

from  species-resolved  number-density  profiles.  The  distances  from  the  Pt  surface  to  the  first  and  second

interfacial density maxima were quantified for the ion species forming the electrode-side accumulation layers

over 0.1–1.0 Vcell.

2.4 Molecular Dynamics Simulations of Interfacial Charging in Hydrated Ionomers

To  understand  the  origin  of  the  capacitance  asymmetry  observed  experimentally

under  pure-water  conditions,  we  performed  constant-potential  MD  simulations  of  a  Pt|

PiperION|Pt system hydrated with pure water under applied bias. Bias-dependent electrostatic

potential  profiles  and  species  density  distributions  were  extracted  to  examine  how  the

interfacial EDL develops across the ionomer film.

To  probe  voltage  partitioning  across  the  fully  hydrated  Pt|PiperION|Pt  interface

under applied bias, we extracted bias-dependent electrostatic potential profiles from constant-

potential  MD  simulations.  When  the  full  electrostatic  potential  profile,  including  the

contribution  of  interfacial  water,  was  analyzed,  the  resulting  voltage  partitioning  was,

surprisingly,  opposite to  the  experimental  capacitance  ordering  (Fig.  5a,  b).  In  a  series-

capacitor  picture,  the  bulk-referenced  potential  drop was  larger  at  the  anode than  at  the

cathode, which would imply a larger cathodic capacitance. Because the equal-area electrodes

carry equal and opposite charges under the series-charging condition, the potential-of-zero-

charge-referenced interfacial potential drops provide integral-capacitance descriptors. 

We  therefore  separated  the  water  dipole  contribution  to  the  calculated  electric-

potential  distribution  and  re-examined  the  voltage  partitioning.  In  the  water-excluded

profiles, the experimental ordering was recovered and the potential drop was smaller at the

anode and larger at the cathode, consistent with Canode > Ccathode (Fig. S14). This comparison
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does not mean that water is absent from the real interface. Instead, the decomposition shows

that  interfacial-water  polarization  makes  a  major  contribution  to  the  calculated  potential

profile  and  can  mask  the  ionic  component  of  voltage  partitioning.48 The  disagreement

between the full potential profile and experiment indicates that the present classical water

model does not quantitatively reproduce the measured voltage partitioning. Possible sources

include  the  simulated  charge-potential  relationship  and  the  omission  of  electronic

polarization, charge transfer, and electron spillover at the Pt–water interface.49-51

To further assess ionic compactness at the two interfaces, we analyzed the N⁺ and Cl⁻

element-density profiles over the full bias range from 0.10 to 1.0  Vcell (Fig. S15). For each

electrode, we defined  d1 and  d2  as the distances from the Pt surface to the first and second

ionic maxima, respectively, thereby providing a common structural descriptor of near-surface

charge organization (Fig. 5d). At the anodic interface, both d1 and d2 remain shorter than the

corresponding distances  at  the cathodic interface,  indicating a more compact  near-surface

screening structure at the anode and a more spatially extended one at the cathode. Although

these  distances  do  not  define  the  EDL thickness  rigorously,  they  provide  a  comparative

measure consistent  with thinner anodic and thicker  cathodic interfacial  screening regions.

This  structural  asymmetry  is  consistent  with  the  experimentally  observed  capacitance

ordering  and  identifies  unequal  ionic  compactness  as  a  key  origin  of  the  pure-water

capacitance asymmetry.
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3. Conclusion

We  established  an  ionomer-sensing  platform  that  resolves  anodic  and  cathodic

potentials in a Pt|ionomer|Pt cell with a lateral reference electrode, enabling analysis of pure-

water electrochemical double layers in ionomer thin films. Using anion-exchange ionomers,

we show that pure water gives rise to polarity-dependent,  time-  and frequency-dependent

capacitance asymmetry.  The mobile  Cl⁻ at the anodic interface responds rapidly,  whereas

charging associated with quaternary ammonium sites relaxes more slowly. This asymmetry is

suppressed by supporting electrolyte. Reversing the ionomer polarity with cation-exchange

ionomers reverses the sign of the asymmetry, while comparison with a flexible aliphatic AEI

shows  that  the  magnitude  of  the  kinetic  distortion  depends  on  how readily  the  polymer

framework relaxes under bias. Together with molecular dynamics simulations showing that

ionic screening and interfacial water polarization jointly determine voltage partitioning, these

results establish that pure-water EDL formation in ionomer films is governed by fixed-charge

polarity, counterion mobility, polymer segmental dynamics, and water response rather than

by  ion  concentration  alone.  This  framework  identifies  ionomer  structure  and  local  ionic

environment  as  coupled  design  variables  for  electrode  coatings  and  interfacial

microenvironments in pure-water electrolysis and related zero-gap electrochemical devices.
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