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MATERIALS AND METHODS 

Section S1: Determination of sulfonation level 

As described in the Materials and Methods Section of the main manuscript, copolymers were 

dissolved in Acetone-D6 and characterized using 1H-NMR. Gaussian curves were fitted to each of 

the three peaks (Figure S1). The areas underneath the peaks (a, b, c) were analyzed and used to 

calculate SL = (c/2)/(c/2+b/2), as indicated in the inset. 

 

Figure S1: Example 1H-NMR spectrum used to determine the sulfonation level, SL, of PS-

r-SPSH statistical copolymers. 

Section S2: Analysis of membrane surface morphology and thickness correction 

The morphology of fabricated PS-r-SPS membranes was probed by scanning electron microscope 

(SEM, Zeiss Sigma VP, Oberkochen, Germany). Hydrated membranes were frozen in liquid 

nitrogen and then cut with a blade to expose the cross sections. Samples were mounted onto 

specimen holders with carbon tapes, with ≈10 nm Au coating applied (108 auto sputter, 

Cressington, UK) before imaging. The cross-sectional micrographs reveal that one surface of the 

membranes shows a wavy pattern of non-uniform thickness, with one representative repeating 

pattern exhibited in Figure S2A. The irregular thickness is due to the uneven surface of the custom-

made polytetrafluoroethylene (PTFE) mold used for solvent evaporation during membrane 
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fabrication. Further analysis of the SEM micrographs indicates that variations within crest 

thickness and within trough thickness are relatively small between the repeating wavy 

microstructures. Membrane thickness at the crest of the wavy microstructure, averaged from SEM 

micrographs, is in close agreement with the value characterized by a digital micrometer (difference 

<10%). Because of the unevenness, the membrane thickness measured with the digital micrometer 

cannot properly represent the effective thickness for ion transport during ionic conductivity 

characterizations. 

 

Figure S2: A) A representative cross-sectional view of SEM micrographs of the fabricated 

PS-r-SPS membranes. B) Schematic illustrating the approximation of effective membrane 

thickness, where lc, lt, and W denote the crest thickness, trough thickness, and width, 

respectively, of the repeating unit of wavy microstructure. 

To approximate a relation between the effective membrane thickness and the crest 

thickness, the repeating unit of wavy microstructure displayed in Figure S2A is simplified as the 

schematic in Figure S2B. Here, lc, lt, and W are the crest thickness, trough thickness, and width, 

respectively, of the repeating microstructure unit. Assuming the resistivity of the membrane 

material to be , the resistance of a repeating unit, R, can be calculated as1 
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where y(x) is the membrane thickness at coordinate x. For a rectangular prism resistor with the 

same  and W but a thickness of le, the resistance Re is 
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Equating R and Re in Eqs. S1 and S2, respectively, and solving for le gives the effective thickness 

of the fabricated membrane. 

Cross-sectional SEM micrographs of 10 locations of a fabricated membrane were analyzed 

for average values of lc, lt, and W. The ratio of the effective thickness to the crest thickness, e cl l , 

is the correction factor relating the thickness measured by digital micrometer to the effective 

thickness of the membrane. e cl l  is determined to be 0.857. As the crest thickness and trough 

thickness each have a relatively small coefficient of variation (< 8.8%), the correction factor can 

be applied to all fabricated membranes with reasonable accuracy. Multiplying the digital 

micrometer thickness by the correction factor yields the effective membrane thickness, which is 

used in Eq. 5 of the main manuscript to determine the membrane ionic conductivity. 

Section S3: Characterization of ion transport selectivity 

A 3D-printed four-chamber cell was used to characterize the selective transport between different 

counterions through the IEM under an applied electric field (Figure S3A). Figure 3B shows a 

schematic of the electrodialysis setup for a representative experiment to determine selectivity 

between Li+ and K+. The feed chamber (3) and receiver chamber (2) are separated by the cation 

exchange membrane, CEM, to be evaluated and abutted by two anion exchange membranes, 

AEMs (Selemion AMV). The feed chamber contains 5.0 mL of 0.050 eq L−1 LiCl and 0.050 eq L−1 

KCl solution, whereas the receiver chamber has 5.0 mL of NH4Cl solution at the same total 

concentration as the feed solution. The setup is bookended by chambers (1) and (4), each with a 

Pt-coated Ti mesh as a working or counter electrode. The cation of the nitrate solutions in chambers 

(1) and (4) is purposefully selected to prevent interference with the measurement of target ion 

concentrations in chamber (2), e.g., Na+ for Li+/K+ selectivity characterizations. 
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Figure S3: (A) Computer-aided design schematic of the 3D-printed four-chamber 

electrodialysis cell. (B) Schematic of the electrodialysis setup to characterize counterion 

transport selectivity.  
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RESULTS AND DISCUSSION 

Section S4: Water content of fabricated membranes 

The experimentally determined λ may slightly underestimate the actual water environment in the 

membrane matrix, because some water might remain tightly bound to the charged polymer even 

after the drying process in SD characterization.2,3 Hence, the numerical values of the hydration 

analysis (e.g., 11.2 and 8.6 for Li+ and K+, respectively, in the main manuscript) should be taken 

as nominal. Additionally, water in the membrane may be hydrating other moieties besides the 

counterions and fixed charges, such as hydrophilic groups of the polymer backbone and trace 

concentrations of co-ions. Nevertheless, these uncertainties are relatively minor and do not change 

the overall conclusions. 
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Figure S4: Swelling degree, SD, as a function of sulfonation level, SL, for PS-r-SPSLi, Na, 

and K membranes (orange square, green circle, and red triangle symbols, respectively).  
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Section S5: Ion selectivity data 

Table S1: Ion concentrations in the receiver solution at different operation durations of the 

K+/Li+ transport selectivity experiments (Eqs. 8 and 9 of the main manuscript). Each 

concentration is the mean of duplicate samples analyzed by ion chromatography. 

Water 

per fixed 

charge, λ 

(-) 

 K+ concentration 

(×10−3 mol L−1) 

 Li+ concentration 

(×10−3 mol L−1) 

 K+/Li+ 

transport 

selectivity 

(-) 
 30 min 60 min  30 min 60 min  

6.28  4.94 10.02  1.58 3.29  3.08±0.05 

7.88  5.59 11.12  1.82 3.71  3.04±0.06 

8.79  6.56 12.78  2.22 4.47  2.91±0.07 

  15 min 30 min 45 min  15 min 30 min 45 min   

8.87  1.94 3.81 5.81  0.65 1.25 1.92  3.02±0.03 

9.59  2.97 5.72 8.58  1.02 2.01 3.08  2.84±0.05 

12.20  4.55 8.43 12.18  1.79 3.44 5.15  2.45±0.09 

Table S2: Ion concentrations in the eluent of the K+/Li+ sorption selectivity characterization 

(Eq. 10 in the main manuscript). 

Water per fixed 

charge, λ (-) 

K+ concentration 

(×10−3 mol L−1) 

Li+ concentration 

(×10−3 mol L−1) 

K+/Li+ sorption 

selectivity (-) 

6.28 4.94 2.44 2.03 

7.88 10.58 5.45 1.94 

8.79 10.12 5.25 1.93 

8.87 5.89 3.07 1.92 

9.59 10.22 5.43 1.88 

12.20 12.76 7.04 1.81 
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Section S6: Ion mobility, transport number, and bulk solution transport selectivity 

Ion electrical mobility, u, and diffusion coefficient, D, are related by the expression4 

 
z F

u D
RT

  (S3) 

where z is ion valence, F is the Faraday constant, R is the ideal gas constant, and T is absolute 

temperature. When electromigration is the dominant transport mechanism, i.e., diffusion due to 

ion concentration gradient is negligible, the Nernst-Planck equation for ion flux in the bulk solution 

and IEM matrix, J, simplifies to4,5 

 
DFzc d

J
RT dx


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where c is ion concentration and d dx  is the electric potential gradient. The transport number 

of ion i is defined as5,6 
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where the denominator is the summation across all ions. The transport selectivity, /i jS , between 

two ionic species i and j in the bulk solution is7,8 
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where superscript s denotes bulk solution phase. Essentially, /i jS  is the ratio of transport numbers 

normalized by the ratio of equivalent ion concentrations in the solution. Substituting Eqs. S3-5 

into S6 yields 
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The electrical mobilities K and Li in bulk solution are 7.62 ×108 and 4.01 ×108 m2 s−1V−1, 

respectively.9 Therefore, the K/Li transport selectivity in bulk solution is 1.9, as presented in 

Figure 3 of the main manuscript. 
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Section S7: Influence of diffusive ion transport on experimental selectivity characterization 

Ion flux in IEMs, Jm, can be described by the Nernst-Planck equation5 

 
m m m m

m m dc D Fzc d
J D

dx RT dx


    (S8) 

where superscript m denotes membrane phase. The first and second terms in Eq. S8 represent 

diffusion driven by ion concentration gradient and electromigration under the electric field, 

respectively. The expression relating ion sorption selectivity, mobility selectivity, and transport 

selectivity, / / /i j i j i jS K u   (Eq. 11 of the main manuscript), implicitly assumes electromigration 

to be the dominant transport mechanism and diffusion is relatively small, i.e., can be neglected.10 

Although diffusive fluxes are not completely eliminated in the electrodialysis characterizations for 

ion transport selectivity (dcm/dx for K and Li are nonzero), adequately large external electric 

potentials were rationally chosen for the experiments such that the driving force for 

electromigration is the dominant transport mechanism over ion diffusion. Therefore, 

/ / /i j i j i jS K u   is generally valid.  



S10 

Section S8: Ion-exchange capacity analysis 

The IEC determined using sulfonation level, SL, from 1H-NMR results, IECNMR, is calculated 

using 

 
NMR

PS SPSM(1 )

SL
IEC

SL MW SLMW


 
 (S9) 

where MWPS is the molar mass of repeating styrene unit (104 g mol−1), and MWSPSM is the molar 

mass of sulfonated styrene unit neutralized by cation M (M = Li, Na, or K). 
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Figure S5: (A) Ion-exchange capacity characterized using the titration method, IECtitr, 

normalized by the value determined using 1H-NMR, IECNMR, (B) membrane ionic 

conductivity, κ, and (C) apparent permselectivity, α, as a function of sulfonation level for 

PS-r-SPSNa membranes. Gray symbols denote membranes with negligible IECtitr. 
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Figure S6: (A) Ion-exchange capacity characterized using the titration method, IECtitr, 

normalized by the value determined using 1H-NMR, IECNMR, (B) membrane ionic 

conductivity, κ, and (C) apparent permselectivity, α, as a function of sulfonation level for 

PS-r-SPSK membranes. Gray symbols denote membranes with negligible IECtitr. 
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Figure S7: Ion-exchange capacity, IEC, as a function of sulfonation level, SL, for PS-r-

SPSLi, Na, and K membranes (orange square, green circle, and red triangle symbols, 

respectively) characterized by acid-base titration (Eq. 1 of the main manuscript). Black 

dashed line is the IEC for PS-r-SPSNa calculated using SL determined using 1H-NMR (Eq. 

S9).  
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Section S9: Conductivity and permselectivity 
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Figure S8: (A) Representative plot of voltage drop as a function of applied current for ionic 

conductivity analysis of functional membranes. The IEM is a PS-r-SPSK membrane with 

SL = 0.19 in 1.0 mol L−1 KCl solution. (B) Representative plot of imaginary impedance, -

Im(Z), as a function of real impedance, Re(Z), i.e., Nyquist plot, for electrochemical 

impedance spectroscopy analysis of membranes with very high ionic resistance. The IEM 

is a PS-r-SPSK membrane with SL = 0.109 in 1.0 mol L−1 KCl solution. Representative 

plots of transmembrane electric potential difference as a function of time for (C) PS-r-

SPSNa with SL = 0.19 and (D) PS-r-SPSNa with SL = 0.101 in permselectivity 

characterizations of functional and non-functional membranes, respectively. The 

membranes are separating 0.50 and 0.10 mol L−1 NaCl solutions.  
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Section S10: Wide-angle X-ray scattering (WAXS) analysis 

As discussed in the main manuscript, the micro- and nanostructure of the PS-r-SPS random 

copolymer membranes were characterized using a laboratory wide-angle X-ray scattering 

(WAXS) system with a Cu Kα source, Pilatus 300k detector, and a variable sample-to-detector 

distance. Two separate sample-to-detector distances, 180.2 mm, and 521.4 mm, were used to 

collect scattering data with optimal signal-to-noise from 0.16 < q < 17 nm−1. 2D scattering images 

(.tiff) were averaged over 300 s (180.24 mm) and 600 s (521.44 mm). Pixels corresponding to the 

beam-stop and malfunctioning regions were subtracted from the .tiff images using the pyFAI 

package with the AzimuthalIntegrator class and associated methods.11 Error in the scattering data 

was estimated using the variance along the azimuthal angle. Data from the two separate sample-

to-detector distances were stitched together at q = 1.4 nm−1 based on the normalized scattering 

intensity in the nearest five-point range. 

Figure S9A shows a representative X-ray scattering spectrum for a dry, neutralized PS-r-

SPSNa copolymer. During the solvent casting and subsequent annealing steps, the disparate 

polarity between SPS and PS drives the formation of clusters of SPS monomers and their 

neutralizing counterions.12,13 It is generally accepted that scattering between clusters produces the 

ionomer peak at q ≈ 2 nm−1 in Figure S9A.14,15 
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Figure S9: (A) A representative wide-angle X-ray scattering (WAXS) spectrum of 

neutralized PS-r-SPSNa membranes with SL = 0.19. Power-law, Lorentzian, and ionomer 

fits (dotted, dash-dotted, and dashed lines, respectively) are summed in the overall model 
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(blue dashed line). Fitted radii, R, and volume fractions, ϕ, of the ion clusters and Percus-

Yevick hard-spheres (denoted by subscripts c and CA, respectively) are indicated. (B) 

Normalized WAXS spectra for PS-r-SPSLi membranes with SL between 0.05 and 0.22. 

Dashed lines signify the model fittings (Eq. S10). 

In order to isolate and model the scattering arising from the ion clusters for each neutralized 

copolymer, the additional scattering features first need to be accounted for. At high scattering 

angles, there are two peaks that correspond to the highly local structure of the polymer glass. The 

polymerization peak at q ≈ 7 nm−1 results from correlations between monomers on the polymer 

chain, and the amorphous halo at q ≈ 13 nm−1 corresponds to the highly local, amorphous structure 

of the polymer.16,17 Both peaks are present in polystyrene prior to sulfonation, and are accounted 

for using Lorentzians poly

LorI  and AH

LorI  (black dash-dotted line in Figure S9A). At low-q, an 

exponential increase in the scattering intensity is attributed to nonhomogeneous distributions of 

ions with large correlation lengths, which is accounted for using a power-law expression with 

exponent m ≈ 3 and front coefficient A (black dotted line).18,19 This allows the isolation of the 

scattering from the ionomer peak, which is modeled using a Percus-Yevick hard-sphere structure 

factor (PY-HS, black dashed line), a slight modification of the model proposed by Yarusso and 

Cooper.20–22 Parenthetically, we note that past studies have found good agreement between the 

results of the Yarusso-Cooper model with high-angle annular dark-field transmission electron 

microscopy (HAADF-TEM) images after accounting for the finite thickness of the microtomed 

samples.23–25 

The overall expression is shown below, with the four terms on the right-hand side 

representing the nonhomogeneous distributions of ions, the ionomer peak, the polymerization 

peak, and the amorphous polymer structure peak, respectively: 

        
2m PY poly AH

c c c c CA Lor Lor, ,I q Aq v F qR S q R I I        (S10) 

where  is the scattering length density difference (reflects the electronic density difference 

between the clusters and the surrounding PS-rich matrix), F(qRc) is the analytical form factor for 

scattering from monodisperse spheres of radius Rc, and SPY(q, c, RCA) is the PY-HS structure 

factor for hard-spheres with radii RCA (Figure S10) and volume fraction CA. The sulfonated 

monomers form clusters with a characteristic radius, Rc (Figure S10), volume, c, and volume 
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fraction, c. In the absence of interactions from adjacent, spherical clusters (i.e., in the dilute limit), 

scattering from these spheres is described by a monodisperse, spherical form factor, F(qRc). 

Correlations between spheres are described by the PY-HS structure factor, which is an analytical 

closure to the Ornstein-Zernike equation. The PY-HS only requires two parameters: the hard-

sphere radius RCA, which dictates the separation between neighboring, spherical clusters, and the 

hard-sphere volume fraction, CA = c(RCA/Rc)
3, which determines the height of the peak and its 

behavior in the limit of low-q. Thus, after separately regressing parameters for the Lorentzian 

functions ( poly

LorI  and AH

LorI ) and the power-law scattering (Aq−m), the ionomer peak is modeled using 

only four adjustable parameters: , Rc, RCA, and c. The final parameter () vertically scales the 

data, has no q-dependence, and reflects the electronic density difference between the clusters and 

the surrounding PS-rich matrix. The blue dashed line in Figure S9A illustrates an example fit. In 

order to probe the correlation between the four adjustable parameters and uncertainty distributions 

in the ion cluster model, , Rc, RCA, and c, the bumps python package was used. Representative 

glove curve-fitting results are shown below in Figure S11. 

 

Figure S10: Schematic illustrating the ion cluster radius, Rc, and the half distance of the 

closest approach between ion clusters, RCA, i.e., the hard sphere radius in the PY-HS 

structure factor. 
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Figure S11: Representative global curve-fitting results26 for WAXS spectra presented in 

Figure 5 of the main manuscript. (A) Correlations between parameters, where circular heat-

maps suggest ideal decoupling of model parameters. (B) Histogram of model-fit parameter 

values with indicated expected value (labeled by “E”) and best-fit value (vertical green 

lines). Shaded 68% confidence intervals were used to estimate uncertainty in best-fit 

parameters. 

The analytical procedure was applied to the dry PS-r-SPS copolymers with the three 

different neutralizing cations (Li, Na, and K) and sulfonation levels between 0.05 and 0.22. The 

scattering data of PS-r-SPSLi across the SL range, normalized at q = 1.4 nm−1, is shown in Figure 

S9B (black dashed lines indicate model fittings). WAXS spectra and fittings for PS-r-SPSNa and 

PS-r-SPSK are displayed in Figures S12A and S12B, respectively. Two qualitative features can be 

immediately identified. Firstly, as more sulfonate groups are added to the copolymer, the relative 

contribution of the ionomer peak increases. Secondly, the average d-spacing, i.e., 2π⁄qmax 

decreases. 

A) B)
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Figure S12: Normalized WAXS spectra for (A) PS-r-SPSNa and (B) PS-r-SPSK 

membranes with SL ranging from 0.049 to 0.22. 

Section S11: Membrane conductivity trend analysis 

As discussed in the main manuscript, the fitted κ0s are 8.5, 19.3, and 39.3 S m−1 for PS-r-SPSLi, 

Na, and K membranes, respectively. This trend is attributed to the difference in mobility and 

concentration of counterions within the membrane. As ion mobility within the membrane is 

proportional to the mobility in bulk solution phase,27,28 which ranks Li+ < Na+ < K+, the 

orderings of κ0 and κ are, thus, consistent with the bulk ion diffusion coefficients (Einstein 

relation). Additionally, because the membrane water content follows PS-r-SPSLi > PS-r-

SPSNa > PS-r-SPSK (Figure S4), the fixed charge density of the IEMs neutralized by different 

counterions is ordered Li+ < Na+ < K+, which is essentially the ranking of counterion 

concentration in the membrane (due to electroneutrality), i.e., PS-r-SPSK membranes have the 

highest concentration of mobile charge carriers whereas PS-r-SPSLi membranes have the 

lowest density, contributing to the κ0 and κ trends.  
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