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Supplementary Notes

Model description

A 1-D isothermal multiple-physical model was performed to describe the water dissociation
reactions and electrical fields produced at the CEL/AEL interface'2. The schematic for the
modeling domains is shown in Supplementary Fig. 2. The modeling domains comprise two
electrolyte boundary layers with 10 ym thickness, an anion exchange membrane layer
(AEL) and a cation exchange membrane layer (CEL) with 5, 10, or 20 um thicknesses, an
AEL|CEL junction layer with 10 nm thickness. Supplementary Tables S1 and S2 provide
the relevant model parameters and equations, respectively.

Supplementary Table 1. Modeling parameters

Parameter Description Value
Lmem Membrane thickness 4.9,9.9,19.9 (um)
Lsa Diffusion boundary 10 (um)
Co Initial concentration 0.5 (mol L")
®o Initial cell voltage 0 (V)
CiixCEM CEM Membrane fix charge 2.0, 1.5 (kmol m~3)
CfixAEM AEM Membrane fix charge 2.0, 1.5 (kmol m3)
Kwo Water dissociation constant at zero 10.64x10- (m3 s™' mol™")
Backward rate constant water
Kw, 5.20x10" (m3 s™" mol™")
dissociation
T Temperature 298.15K
A Wien effect coefficient 0.5 (K2m V)
epsr Permitivity 78
D Diffusivity 9.31x107% (cm? s™")
Don Diffusivity 5.26%107% (cm? s)
Dna Diffusivity 1.33%x10-% (cm? s7")
Dso. Diffusivity 1.07x107% (cm? s7")
£ Electrolyte volume fraction 1
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Supplementary Table 2: Summary of governing equations.

Electric field E = —d(phil, x)

Forward rate constant (kwy) kws = Kw X kw,

Kw = Kwy X max(besselj(1, (2 x sqrt(2 x b) x 1))/(i
Bessel function (Kw)
X sqrt(max(b, eps))),1) X sqrt(1/2)

Reaction rate (rw) rw = Kwy — Kw,, X max(cop, eps?) x max(cy, eps?)

Help variable (b) b = max(A x abs(E)/eps,/T?, eps)
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Supplementary Figures
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Supplementary Fig. 1 Schematic illumination of the water dissociation at the BPM interface
layer and ion and water transport within the monopolar membrane layers (indicated by
different colors). Under reverse bias (with AEL and CEL facing the anode and cathode,
respectively), OH- and H* are generated by water dissociation at the AEL|CEL interfacial
layer and migrate outward through the monopolar membrane layers, while water
permeates through the monopolar membrane layers and replenishes into the interfacial

layer under the osmotic drive.
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Supplementary Fig. 2 The simulated 1-D multiple-physical model is presented, which
includes an AEL (5 ~ 20 um), a CEL (5 ~ 20 ym), and a junction layer (10 nm) with two

additional diffusion boundary layers (10 ym).
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Supplementary Fig. 3 Synthesis routes of the anion- and cation exchange ionomers. (a)

Synthetic pathways to bromoalkyl-tethered precursor polymer (p-TPBr) and quaternary
ammonium-tethered anion exchange ionomer (p-TPQA). (b) Synthetic pathways to

sulfonate-tethered proton exchange ionomer (p-TPSA).
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Supplementary Fig. 4 '"H NMR spectra of the ionomers (p-TPSA and p-TPQA) and polymer

precursors (p-TPBr and p-TPTA).
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Supplementary Fig. 5 lonic conductivity of the monopolar ion exchange membranes. (a)
Proton and hydroxide conductivities of the cation (light green) and anion exchange
membranes (orange). The error bars represent standard deviations over at least three tests.
Photographs of the (b) cation exchange membrane and (c) anion exchange membrane.

Source data are provided as a Source Data file.
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Supplementary Fig. 6 Swelling ratio and water uptake of the AEMs (orange) and PEMs
(light green) at different temperatures (20 ~ 80 °C). The error bars represent standard

deviations over at least three tests. Source data are provided as a Source Data file.
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Supplementary Fig. 7 Mechanical properties of the monopolar ion exchange membranes.
Stress—strain curves of the (a) anion exchange membranes and (b) cation exchange
membranes. (c) Tensile strength (orange) and elongation at the break (light green) of the
monopolar ion exchange membranes. The error bars represent standard deviations over

at least three tests. Source data are provided as a Source Data file.
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Supplementary Fig. 8 Morphology characterization of the BPM. (a) SEM cross-sectional
image and (b—d) elemental mappings of the TPSn-BM before the long-term water

dissociation operation.
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Supplementary Fig. 9 Schematic illumination of the custom-made four-electrode setup for
I-V and EIS measurements. During the electrochemical measurements, the BPMs were
stuck in the middle of two symmetrical compartments with an effective area of 3.14 cm?,
both the two compartments filled with 0.5 mol L= aq. Na>SOa4. Two Pt electrodes placed
outboard act as working electrode and counter electrode. Two reference electrodes
(Ag/AgCl) were respectively placed inside the Luggin capillary that contacts the surface of
BPMs. During long-term operation, electrolytes of both sides were fully circulated and

refreshed to minimize the effects of polarization.
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Supplementary Fig. 10 Water dissociation performance of the TPSn-BMs. (a) I~V (at
current densities of 0 ~ 100 mA cm2) and (b) the corresponding derivative curves of the
TPSn-BMs with different thicknesses (dark cyan, light green, and orange represent 40, 20,

and 10 ym, respectively). Source data are provided as a Source Data file.
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Supplementary Fig. 11 Comparison of the U1go and lim1 values between the TPSn-BM and

previously reported BPMs.
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Supplementary Fig. 12 Comparison of the transmembrane voltage between the TPSn-BM

and previously reported BPMs at relatively high current densities (= 400 mA cm™).
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Supplementary Fig. 13 Morphology characterization of the BPM. (a) SEM cross-sectional
image and (b—d) elemental mappings of the TPSn-BM after the long-term water

dissociation operation.
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Supplementary Fig. 14 Schematic illumination of the BPM electrodialysis six-compartment
setup. The BPM was placed at the center of the setup, with the CEL orientated facing the
anode and the AEL facing the cathode. At a current density of 100 mA cm~2 (a typical value
for industrial BPM-integrated applications), the generated H*/OH- fluxes move out from the
BPM catalytic interface layer and combine with the salt ions (SO42-/Na*) at the acid/base

compartments for producing H.SO4 and NaOH, respectively.
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Supplementary Fig. 15 In-situ acid—-base generation performance of the TPSn-BM and
commercial Neosepta BP1. (a) The electrodialysis cell voltage and concentrations of acid
(solid circle) and base (hollow circle) versus operating time. Orange and light green
represent the TPSn-BM and Neosepta BP1, respectively. The error bars represent
standard deviations over at least three tests. (b) The energy consumption (orange) and
current efficiency (light green) of the electrodialysis cells equipped with TPSn-BM and
commercial Neosepta BP1. The error bars represent standard deviations over at least

three tests. Source data are provided as a Source Data file.
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Supplementary Fig. 16 The BPM flow-cell water electrolyzer setup. (a) Schematic
illumination of the pure water electrolyzer, which was composed of two Ti flow fields as the
endplates and current collectors, two gaskets, two gas diffusion layers, and a BMEA
equipped with a reverse bias configuration (the AEL and CEL face cathode and anode).
The pure water (60 °C) is supplied to the cathode and anode through a double-channel
peristaltic pump, and the generated Hz (cathode) and O (anode) are collected via a double
inlet buffer bottle. (b) Photography description of the flow-cell water electrolyzer. (c)

Photography description of the double inlet buffer bottle for gas collection.
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Supplementary Fig.17 Gas chromatograms of the BPM water electrolyzer cathode
products versus operating time. The gas chromatograms of the water electrolyzers
equipped with (a) Neosepta BP1 and (b) TPSn-BM. Source data are provided as a Source

Data file.
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Supplementary Tables

Supplementary Table 3 Comparison of BPM water dissociation performance.

Sample lim1 (MA cm~2) U100 (V) Ref.
TPSn-BM 2.71 0.71 This work
FumaTech FBM 7.81 0.81 Commercial
Neosepta BP1 2.71 0.88 Commercial
Fe203:@GO - 0.89 Ref. 3
PIL-BPM 9.62 1.87 Ref. 4
BPM-2D 5.5 1.2 Ref. 5
BPM-3D 5.9 0.95 Ref. 5
0.5hFCBM 54 0.75 Ref. 6
MBM 4 0.76 Ref. 7
CIBM 3.43 1.1 Ref. 8
SBM-NC2.0 5 1.4 Ref. 9
SBM-D1.0 1.22 24 Ref. 9
SCBM 6 1.1 Ref. 10
Fe(lll)@PEI BPM 25 1.8 Ref. 11
Co-electrospun 3D bpm 5 1 Ref. 12
4GO-BPM 3 1.45 Ref. 13
LBL film 3 1.6 Ref. 14
GO-BPM 0.5 22 Ref. 15
MIL 101-BPM 19 4.2 Ref. 16
EBPM-2 10.5 24 Ref. 17
Intermediate BPM 7 3.9 Ref. 18
LBL interface BPM 8 3.8 Ref. 18
LBL & intermediate BPM 10 21 Ref. 18
BiOCI/BPM (irradiation) 7 5.2 Ref. 19
BiOCI/BPM (no irradiation) 7 6 Ref. 19
[-BiOCI BPM 9 5.1 Ref. 19
BPM-ZrOH 0.424 9 Ref. 20
BPM-SiOH 0.5 10 Ref. 20
BPM-TiOH 0.46 12 Ref. 20
BPM-2000 0.48 3.6 Ref. 21

BPM-3400 0.53 3.5 Ref. 21
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Supplementary Table 4 Comparison of BPM electrolyzer performance and stability.

Current density  Operating  Temperature

BPM-based application Ref.
(mA cm~2) time (h) (°C)
Water electrolysis 300 ~ 500 1000 60 This
Water electrolysis
20 12 25 Ref. 22
(Acid-base feed)
Water electrolysis 500 - 60 Ref. 23
Water electrolysis
400 500 80 Ref. 24
(Bipolar interface)
Water electrolysis 1000 4 50 Ref. 25
Water electrolysis 500 - 50 Ref. 26
Water electrolysis 500 ~ 60 55 Ref. 27
Ammonia electrosynthesis 1000 110 - Ref. 7
Ammonia electrosynthesis 1000 210 - Ref. 8
COz electrolysis 100 2.5 - Ref. 28
COg electrolysis 300 25 - Ref. 29
COz electrolysis 150 145 - Ref. 30
COg electrolysis 300 14 - Ref. 31
COz electrolysis 150 11 - Ref. 32
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