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ted crossover of organic redox
anions across a proton-exchange membrane†

Penghui Ding,a Mikhail Vagin, *ab Mohammad Javad Jafari,d

Aleksandar Y. Mehandzhiyski,a Viktor Gueskine, ac Tobias Abrahamsson, a

Igor Zozoulenko, ac Thomas Ederth d and Reverant Crispinabc

The two-electron oxygen reduction reaction (ORR), powered by affordable renewable energy, presents

a more promising and sustainable approach to hydrogen peroxide production than traditional methods.

In this study, we introduce a membrane electrolyzer for ORR-to-H2O2 generation. The conducting

polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) acts as the cathode that

aids the oxygen reduction reaction through a two-electron pathway to produce H2O2. At the anode, we

employed the oxidation of a model organic molecule, 4,5-dihydroxy-1,3-benzenedisulfonic acid

disodium salt monohydrate (tiron). This catalyst-free anode process, as an alternative to the sluggish

water oxidation reaction commonly used in classical electrolyzers, reduces voltage loss to release

protons, cross the membrane, and feed the ORR at the cathode. Our study investigated the often-

neglected issue of organic crossover during electrolyzer operation and its significant impact on transport

behavior. This research paves the way for the development of crossover-free flow cells, extending the

realm of electrochemical devices based on the electrolyte fed and the membrane.
1 Introduction

Hydrogen peroxide (H2O2) is a powerful oxidant considering its
relatively high oxidation potential (e.g. for the half reaction
H2O2 + 2H+ + 2e− / 2H2O, the equilibrium potential (Eeq) is
+1.763 V vs. reversible hydrogen electrode (RHE)). It is utilized
in wood pulp bleaching processes to increase the brightness of
paper, which accounts for more than 40% of worldwide
production. The combination of the liquid form of oxidants
with water as the only product of oxidation makes H2O2 an
increasingly attractive reagent in a wide range of oxidative
transformations in the synthesis of ne chemicals.1–4 Moreover,
H2O2 is considered an advantageous discharge product in the
emerging eld of high energy-density rechargeable metal–air
batteries.5–7

The anthraquinone oxidation process, the industrialized
route for H2O2 production, suffers from many disadvantages
due to the use of hydrogen gas for the unsafe transportation of
ent of Science and Technology, Linköping

E-mail: mikhail.vagin@liu.se; Tel: +46

Sustainability, Department of Science and

g 60174, Sweden

g University, 60174 Norrköping, Sweden

Biology, Linköping University, 58183

tion (ESI) available. See DOI:

24, 8, 4882–4892
highly concentrated H2O2. Electrication of the chemical
industry is one of the biggest steps towards a carbon neutral
economy, which uses electricity from renewable sources to
synthesize desired products compared to the processes driven
by fossil fuels.8 This technological route enables the production
of desired chemicals in a sustainable, decentralized and on-
site/-demand way. The electrochemical synthesis of H2O2

combines O2 from air, water and green electricity through a two-
electron oxygen reduction reaction (O2-to-H2O2).

The recent surge in studies onH2O2 electrosynthesis ismainly
focused on the design of cheap and advanced catalysts aiming to
achieve high activity and selectivity for O2-to-H2O2 conversion.
Metal alloys, oxidized carbons, and macrocyclic complexes are
representative catalysts for ORR-to-H2O2 generation.9

Conducting polymers (CPs), such as PEDOT:PSS, have been
recently identied as another group of materials for ORR-to-
H2O2 generation.10–12 Their molecular defect-free structures can
be synthetically designed to tune electronic transport, and
primary and secondary dopants dene ionic transport. The
modulation of either electrical or ionic charge within a CP
phase results in the appearance of compensational ionic or
electrical transport, respectively, which denes the CP as
a mixed ionic–electronic conductor.13,14 These properties make
CPs a versatile self-suspended electrode15 for the elucidation of
reaction mechanisms.16–19

In parallel to the catalyst development, the optimization of
the electrolyzer's design is needed for the commercialization of
such sustainable technology.20,21 Here, little attention is paid to
This journal is © The Royal Society of Chemistry 2024
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the oxidation at anodes, the auxiliary half-reaction for the main
productive ORR-to-H2O2 process. The oxygen evolution reaction
(OER), the most used anode oxidation process in H2O2 elec-
trolyzers, has a signicant voltage loss and needs expensive
catalysts based on platinum group metals.22 The use of the
organic oxidation process with the possible generation of value-
added products instead of the OER could reduce the costs of
technology.23–25
Scheme 1 Processes occurring in the electrolyzer under zero current ((

This journal is © The Royal Society of Chemistry 2024
The forest and paper industries are the major sources of
biopolymers. The lignin-rich waste product called black liquor
with a global production of ca. 170 million tonnes per year is
a side-product of paper making. The de-polymerization of lignin
started to attract attention due to the possibility of obtaining
aromatic alcohols26,27 including benzenediols such as cate-
chols.28 Ortho- and para-benzenediols are the molecules of high
energy density because they can accommodate and release two
A) pure water; (B) 1 M H2SO4) and non-zero current (C) conditions.
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Scheme 2 Membrane electrolyzer based on the proton-exchange
membrane.
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electrons per aromatic ring via two proton-coupled electron
transfers: benzenediol 4 benzenedioloxidized + 2e− + 2H+. The
proceeding of this reaction on the electrode in acidic media,
which enables the carbon-neutral use of wood-derived organics,
has few advantages in comparison with the OER, which are as
follows: (1) it is fast enough on graphite enabling catalyst-free
electrodes in contrast to the OER, which relies on the noble
catalysts; (2) it proceeds at potentials lower than the onset of the
OER (e.g. for tiron: Eeq = +0.908 V vs. RHE, for OER: Eeq =

+1.23 V vs. RHE), which reduces the voltage losses; and (3) it is
reversible, which opens the possibility for the redox regenera-
tion of anode reagents.

Importantly, the strategy to use a specic reagent to drive the
anode oxidation implies the asymmetry in its concentrations
applied across the membrane of the electrolyzer. The cross-
contamination of the cathode compartment with the anode
reagent is unfavorable for H2O2 production. This species the
membrane selectivity: to maintain the transport of ions
involved in charge compensation between the reactions at the
cathode and the anode and to prevent the contamination of
cathode compartment by anode reagents.

In this work, we chose tiron as an anode oxidation reagent
because of its low cost and high solubility in water. The oxida-
tion of tiron on graphite was used as an auxiliary process to
compensate the ORR-to-H2O2 half-reaction occurring on the
cathode. The goal of this study is to investigate the transport of
tiron across the proton-exchange membrane (Naon 115) in the
absence and presence of membrane electrolysis (Scheme 1).
Crossover is a collective term describing all unwanted transport
of species through the membrane-based electrochemical
devices. Most membrane studies focus the diffusional transport
under zero current conditions only. However, crossover has
another contributing factor: migration. For the charged mole-
cules during membrane cell operation, the former could not be
ignored. We found a remarkably different transport behavior of
the dianion tiron between diffusion and operation cells,
demonstrating the importance of migration in the design of
membrane electrolyzers fed with electrolytes.
2 Experimental section
2.1 Reagents and chemicals

Dimethyl sulfoxide (99.9%), 4,5-dihydroxy-1,3-
benzenedisulfonic acid disodium salt monohydrate (tiron,
97%), and Naon 115 membrane were provided by Sigma-
Aldrich. PEDOT:PSS (Clevios PH 1000) was purchased from
Heraeus. High-purity oxygen (O2) was supplied by Linde Gas AB.
All reagents and chemicals were used directly without any
purication processes. Deionized (DI) water was used in all
experiments.
2.2 Electrolyzers

The cathode of the electrolyzer was fabricated by spray-coating
25 mL of PEDOT:PSS containing 2% DMSO onto a piece of
carbon paper (5 × 5 cm, AvCarb MGL 190, Fuel Cell Store Inc.)
followed by drying at 50 °C overnight. The anode was
4884 | Sustainable Energy Fuels, 2024, 8, 4882–4892
unmodied carbon paper (5 × 5 cm, AvCarb MGL 190, Fuel Cell
Store Inc.). The electrolyzer (Scheme 2) was assembled using
a C-Flow LAB 5 × 5 plastic electrochemical cell (C-Tech Inno-
vation Ltd). The graphite felt (AvCarb G200, 6.5 mm thickness,
FuelCellStore (TX, USA)) used as the diffusion layer of the
electrolyzer was hydrophilized by immersion in concentrated
H2SO4 for about 5 seconds followed by washing with an excess
of water. A solid graphite plate (6 mm thickness) was used as an
endplate. Constant current electrolysis at 2 mA (current density
of 0.08 mA cm−2) was carried out at room temperature using
a BioLogic SP-200 potentiostat. The Naon 115 membrane is
pre-treated according to the established procedures.29 The
geometrical area of Naon membrane (6.2 × 6.2 cm) was
dened by a square-shaped stencil provided by C-Tech Inno-
vation, which is slightly larger than the electrode area (5 × 5
cm). The PEDOT:PSS-modied carbon paper was placed on
a membrane (the modied side facing the membrane). The
cathode compartment was supplied with 45 mL of liquid (water
or 1 M H2SO4) by a peristaltic pump with constant oxygen ow
bubbled through the liquid in the tank. The anode compart-
ment was supplied with 45 mL of 0.05 M tiron solution in water
or in 1 M H2SO4 by a peristaltic pump. The ow rate is 7.8 mL
per minute for both cathode and anode compartments.
2.3 H2O2 detection

First, 10 mL of aliquot from the cathode compartment was
collected every hour. Then 290 mL of a stirred freshly prepared
solution of HRP (0.75 ng mL−1) and TMB (30 mg mL−1) in
a 0.1 M phosphate-citrate buffer solution of pH 6 was added to
the collected analytes. Then the absorbance of the mixture was
This journal is © The Royal Society of Chemistry 2024
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measured (at 653 nm) using a plate reader (BioTek Synergy H1
Hybrid Multi-Mode Reader). Finally, the concentration of H2O2

was determined from the calibration line with known H2O2

concentrations (0 mM, 10 mM, 20 mM, 30 mM, and 40 mM).

2.4 Crossover experiments

Tiron crossover experiments in the absence and presence of
current were conducted using an electrolyzer, as shown above.30

The anode compartment was supplied with 45mL of 0.05M tiron
either in pure water or in 1 M H2SO4 using a peristaltic pump.
The cathode compartment was supplied with 45 mL of pure
solvent (pure water or 1 M H2SO4) using a peristaltic pump. An
aliquot was collected from the cathode compartment for further
analysis every one hour. The UV-vis absorbance spectra were
recorded using a spectrometer (Lambda 900, PerkinElmer). The
actual tiron concentration was calculated from the calibration
curve obtained for the specic media (pure water or 1 M H2SO4).

2.5 Attenuated total reection-Fourier-transform infrared
(ATR-FTIR) measurements

For ex situmeasurements, a Naon 115 lm was clamped onto an
ATR prism.Measurements were carried out using a PIKEMIRacle
ATR accessory in a Bruker Vertex 70 spectrometer, with a DLaTGS
detector. IR spectra were recorded at 4 cm−1 resolution. Baseline
correction and vector normalization were applied to all spectra.
To observe the changes, all spectra were subtracted from the
pristine spectrum. The in situ measurements were carried out
using a Naon 115 lm clamped using a plastic lid comprising
cathode and anode compartments (Fig. 3A), enabling ATR-FTIR
data acquisition combined with chronopotentiometry on the
applied constant current. The distance from the anode
compartment to the detection zone of ATR-FTIR prismwas 1mm,
while the similar distance to cathode was ca. 1 cm. Two ags of
graphite paper were utilized as electrodes. A tiron solution in 1 M
H2SO4 was used in the anode compartment. The solution of ali-
zarine red S in 1 M H2SO4 was used in the cathode compartment
to enable the proton-coupled electron donor process similar to
the ORR in the electrolyzer. The cell was under open circuit
conditions for 15 minutes and then a constant current (0.5 mA)
was applied, while the FTIR spectra acquisition in the spectral
range of 3700–600 cm−1 was carried out continuously.

2.6 1H-nuclear magnetic resonance (1H-NMR) spectroscopy

The samples of electrolyte from the anode compartment (200 ml)
were diluted with 900 ml of D2O.

1H-NMR measurements were
carried out for the dry samples obtained aer solvent removal
by rotary evaporation at 500 MHz using an Inova Varian Oxford
AS500 spectrometer. The analysis was performed in CDCl3 with
chemical shis referenced against the CDCl3 residual peak at
7.26 ppm or DMF at 8.02 ppm.31,32 The data were processed
using MestReNova 12.04-22023 (Mestrlab Research).

2.7 Modelling

To model the ux of species across the membrane and the
device using COMSOL Multiphysics® v. 6.2., the 1D model
This journal is © The Royal Society of Chemistry 2024
based on the generalized Poisson–Nernst–Planck equations was
created (ESI Note 1†). The model consists of two porous elec-
trode domains (anode and cathode) and a membrane domain
placed in-between the two electrodes, as depicted in Fig. 4A. The
anode and cathode consist of solid (carbon felt) and liquid
(electrolyte) phases with volume fractions of 0.1 and 0.9,
respectively. In our model, the electrolyte in the cathode
contains icathode = H+, HSO−

4 , SO4
2−, O2 and the electrolyte in

the anode contains ianode = H+, HSO4
−, SO4

2−, tiron2− species.
The tertiary current distribution, Nernst–Plank–Poisson inter-
face was used for simulating the transport of species.

3 Results and discussion

To investigate the processes occurring during the membrane
electrolysis, we constructed an electrolyzer (Scheme 2) based on
the proton-exchange membrane (PEM) sandwiched between
two electrodes. The compression applied between two elec-
trodes assures minimization of ohmic losses during electrol-
ysis. The electrodes were integrated in two compartments
separated by PEM and fed independently by two ows of
aqueous media. The application of the electricity from the
external source on the positive and negative electrodes of elec-
trolyzer results in oxidation and reduction, respectively. The
functionality of PEM includes (1) maintenance of the proton
transport to achieve electroneutrality on the electrolyzer and (2)
prevention of the cross-contamination of two ows of aqueous
media. To estimate the contributions of the different tiron
transport processes across the PEM, such as diffusion and
migration, we investigated the time dependencies of cross-
transported tiron concentration under the conditions of zero
and non-zero current (the absence and presence of electrolysis,
respectively).

3.1 Zero current conditions

We utilized the electrolyzer cell to estimate the rate of the tiron
transport in the absence of electrolysis (Scheme 1A and B), i.e.
without applying any current. Both cathode and anode
compartments of electrolyzers were fed with identical solvents,
either pure water or 1 M H2SO4. Additionally, the anode
compartment contains 0.05 M of tiron solution to create the
concentration gradient across PEM as a driving force for the
tiron diffusion. The appearance of tiron at the cathode
compartment of the electrolyzer aer crossing over the
membrane was quantied by ultraviolet-visible (UV-vis) spec-
trophotometry (Fig. 1A, B and ESI Note 2†). Tiron has a specic
optical absorption band at 208 nm. The difference in tiron
absorption spectra obtained in pure water and 1 M H2SO4

implies the different interactions with the media.
We investigated the rates of tiron transport in the absence of

electrolysis (Fig. 1A and B). Assuming the constant ux of
transported tiron assured by constant gradient of concentration
across PEM, the permeability of tiron was estimated as
follows:33

ln

�
1� CcathodeðtÞ

Canode

�
¼ � AP

LVcathode

ðt� t0Þ (1)
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Fig. 1 The effect of electrolysis and electrolytes on tiron transport across the PEM. The UV-vis spectra of cathode electrolyte samples obtained
after (A) with water (in both anode and cathode compartments) and absence of electrolysis (Scheme 1A); (B) with 1 M H2SO4 (in both anode and
cathode compartments) and absence of electrolysis (Scheme 1B); (C) with water (in both anode and cathode compartments) and active
electrolysis (0.08 mA cm−2); and (D) with 1 M H2SO4 (in both anode and cathode compartments) and active electrolysis (0.08 mA cm−2; Scheme
1C).
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where Canode is the tiron concentration at anode compartment
(0.05 mol L−1, so-called feed concentration), Ccathode(t) is the
tiron concentration at the cathode compartment as a function
of time (mol L−1, so-called permeate concentration), A is the
geometrical area of the PEM (25 cm2), L is the membrane
thickness (0.0127 cm for Naon 115), Vcathode is the liquid
volume of the cathode compartment (45 cm3) and (t − to) is the
elapsed time (min). The permeability value, P, for tiron through
Naon 115 estimated for pure water is 2.56 × 10−8 cm2 min−1,
which is in close agreement with the published value.34 Strik-
ingly, the presence of electrolytes in feed, namely 1 M H2SO4,
led to an increase in tiron permeability through Naon 115 up
to 3.98 × 10−7 cm2 min−1. Considering the geometrical area of
the PEM, thickness (0.0127 cm), specic gravity (1.98), and
available acid capacity (0.9 meq. g−1), one can estimate its
volume, mass and molar concentration of anionic groups as
3.18 × 10−4 L, 0.628 g and 1.78 M.35 Importantly, the electro-
lyzer lled with 1 MH2SO4 in the absence of electrolysis showed
more than 15 times higher rate of tiron transport in comparison
with the device lled with water (at equal starting tiron
concentrations at the anode compartment). The concentration
of the electrolyte used in the experiments for the estimation of
tiron permeability is comparable with the concentration of
immobile anions within the PEM phase, which are available for
4886 | Sustainable Energy Fuels, 2024, 8, 4882–4892
ion exchange and responsible for selectivity to cations. There-
fore, the loss of selectivity to cations observed for PEM with the
increase in di-anion diffusion rate upon the electrolyte addition
is due to the screening of immobile anions.

The appearance of dissociated sulfonic groups as a result of
the hydration of Naon in the absence of electrolysis was
observed by ex situ ATR-FTIR study of the PEMs (ESI Note 3†).
3.2 Non-zero current conditions

We performed similar experiments on the identical electrolyzer
under the electrolysis conditions (Scheme 1C). The proton
transport across the PEM in the parallel direction to tiron
transport was established by the proton-coupled donor process,
namely tiron oxidation at the anode (Eeq = +0.908 V vs. RHE):

Tiron / tironoxidized + 2e− + 2H+ (2)

and the coherent proton-coupled acceptor process: oxygen
reduction to H2O2 at the cathode (Eeq = + 0.695 V vs. RHE)

O2 + 2H+ + 2e− / H2O2 (3)

with an overall process similar to enzymatic oxidase-type
reaction:
This journal is © The Royal Society of Chemistry 2024
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Tiron + O2 / tironoxidized + H2O2

The H2O2 was detected in cathode liquids under both water
and acid conditions (Fig. 2A). The linear increase in the H2O2

concentration observed in both cases implies the pseudo-
steady-state conditions of electrolysis with time. The faradaic
efficiency (FE) of the H2O2 electrosynthesis process was calcu-
lated as follows:

FE ¼ 2FCH2O2
Vnegatrode

It
� 100%

where F is the Faraday constant (96 485.3 A mol s−1), CH2O2
is the

concentration of H2O2 (mol L−1), I is the current (A) and t is the
time of electrolysis (s). The electrolysis in pure water showed
very low faradaic efficiency (below 20%, Fig. 2B) of the H2O2

electrosynthesis. Persuasively, the addition of electrolyte, 1 M
H2SO4, led to the visible mitigation of the electrical losses on
H2O2 electrosynthesis represented as ca. 20% cell voltage
Fig. 2 H2O2 electrosynthesis at the cathode. The time dependencies
of H2O2 concentration (A) and faradaic efficiency (B) of H2O2 elec-
trosynthesis in pure water and 1 M H2SO4.

This journal is © The Royal Society of Chemistry 2024
decrease (Fig. S3A†) as well as higher rate capabilities and effi-
ciency improvement (up to ca. 50% in Fig. 2B).

In the electrolyzer fed by ionically non-conducting media,
pure water (with only a low concentration of tiron as the elec-
trolyte), faradaic reactions (2) and (3) can only proceed at the
triple points of physical contact of electronic (porous electrode),
ionic (PEM), and reagent/product (solution) transporting pha-
ses, which are located at a very thin close-to-2D zone dened by
the direct contact between the porous electrode and the PEM.
However, when the liquid phase is a good electrolyte itself (tiron
in 1 M H2SO4), the whole electrode surface is made available for
the reaction by additional ionic transport to a thicker 3D region,
which is visualized by the higher capacitive currents recorded at
short times aer the beginning of electrolysis (Fig. S3B†). The
transition from 2D to 3D caused by electrolyte addition leads, at
the same applied current, to a notable decrease in current
density delivered to the reaction zones. As electrosynthesized
H2O2 is a product of the ORR under pure kinetic control (H2O2

should not appear under thermodynamic control), a lower
current density supresses the contributions from side reactions
and results in a higher faradaic efficiency.

The performance characteristics of the ORR-to-H2O2 elec-
trolyzer are comparable with the values reported for the systems
based on the oxidation of organics as an auxiliary process (Table
S2†). In contrast to them, the oxidation of tiron yields the
products with the conned quinone aromatics, which implies
the possibility of regeneration.36

To visualize the proton-coupled donor process of electro-
lyzer, namely tiron oxidation, we performed an ex situ 1H-NMR
study of aliquot samples of tiron-in-water-fed anode compart-
ment collected at different elapsed times of electrolysis (ESI
Note 4†). The concentrations of tiron (Fig. S5A†) and the
products of its oxidation (Fig. S5B†) accompanied by 1,4
Michael addition reactions (Scheme 1S†) showed the evolution
with the elapsed time of electrolysis because of the actual anode
process. The decrease in tiron concentration is still small
enough to assume its minor change due to electrolysis, which
implies the validity of the use of eqn (1):

To study the transport phenomena in the bulk of PEM
induced by electrolysis, we carried out in situ ATR-FTIR
measurements on the PEM-based cell (Fig. 3A). The set of
spectra averaged for 30 seconds were recorded for 2 hours. First,
to equilibrate the system and to track any possible changes due
to hydration, the spectra were recorded for 15 minutes without
the application of current. Second, a constant current of 5 mA
was applied. The set of time-resolved spectra were recorded with
200 seconds time interval (Fig. S6A†). The set of difference
spectra (Fig. 3B) were obtained by the subtraction of each
spectrum from the pristine membrane spectrum. The analysis
of acquired data was performed in three spectral regions
(Fig. 3B), (1) O–H stretching region (3800–2700 cm−1), (2)
H–O–H bending region (2000–1500 cm−1) and (3) Naon
ngerprint region (1400–900 cm−1).

The launching of electrolysis leads to an increase in the
amount of unbound water inside the membrane. This is
concluded from the shi of the centre of the broad O–H
stretching band to lower wavenumbers visible on time-resolved
Sustainable Energy Fuels, 2024, 8, 4882–4892 | 4887
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Fig. 3 Electrolysis-induced changes in the ATR-FTIR spectra of the bulk of Nafion 115: (A) scheme of the in situ ATR-FTIR cell; (B) time-resolved
ATR-FTIR difference spectra of the Nafion membrane under electrolysis conditions (for the O–H stretching band: (a) 3370 cm−1, (b) 3235 cm−1;
for O–H stretching band: (c) shifts from 1730 cm−1 to 1714 cm−1, (d) 1640 cm−1; region for Nafion fingerprint region: C–F bond symmetric
vibration (ns(C–F)) shifts from 1201 cm−1 to 1211 cm−1; C–F bond asymmetric vibration (na(C–F)) shifts from 1145 cm−1 to 1149 cm−1; S–O bond
symmetric vibration (ns(S–O)) shifts from 1060 cm− to 1056 cm−1; C–O–C group vibration bands (n(C–O–C)) shifts from 1000 cm−1 to
950 cm−1); (C) loading plot in the O–H stretching region (PC1: 98.0%, PC2: 1.6%; (a) 3380 cm−1, (b) 3245 cm−1, (c) 3043 cm−1, (d) 3750 cm−1, (e)
3678 cm−1 and (f) 3518 cm−1); (D) loading plot in the H–O–H bending region (PC1: 70.2%, PC2: 28.8%; bands a and b correspond to 1635 cm−1

and 1750 cm−1); (E) loading plot in the Nafion fingerprint region (PC1: 94.0%, PC2: 5.5%; bands (a) 1191 cm−1, (b) 1128 cm−1, (c) 1053 cm−1 and (d)
968 cm−1); (F–H) score plots (the dependencies of the first principal components on the time of electrolysis) for the O–H stretching region,
H–O–H bending region and Nafion fingerprint region, respectively.
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ATR-FTIR spectra (from 3470 to 3395 cm−1, Fig. S6B†) and the
increase in the intensity of the broad band at the difference
spectra (two main centres at 3370 and 3235 cm−1, Fig. 3B).
Coherently, the difference spectra acquired in the H–O–H
bending region show an increase in the intensity of the broad
overlapped peak with two centres (bending of protonated water,
shis from 1730 cm−1 to 1714 cm−1, bending of unprotonated
4888 | Sustainable Energy Fuels, 2024, 8, 4882–4892
water at 1640 cm−1, Fig. 3B) with the proceeding of electrolysis.
The hydration of the membrane due to the electrolysis was
visible in the Naon ngerprint region by the change in the
surroundings of polymer chains (Fig. 3B). In particular, the
bands corresponding to the C–F bond vibrations showed the
changes in intensity and positions (symmetric vibration: from
1201 cm−1 to 1211 cm−1; asymmetric vibration: from 1145 cm−1
This journal is © The Royal Society of Chemistry 2024
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to 1149 cm−1).37 The different spectra showed shi of the
symmetric S–O bond vibration to a lower wavenumber (from
1060 cm−1 to 1056 cm−1; Fig. 3B), which is assigned to the
change in the equilibrium between bound and unbound cations
by the increase in the amount of shielding water.38,39 The
membrane hydration caused the inuence on the C–O–C group
vibration bands (from 1000 cm−1 to 950 cm−1, Fig. 3B), which
can be related to the dilution of the C–O–C group in the
hydrophilic domain37 and the change in the polarization of the
sulfonate groups.40

Principal component analysis (PCA) was applied to investi-
gate the ATR-FTIR spectra in all the three spectral regions to
understand the changes in membrane imposed by electrolysis.
Such data processing for both the OH stretching region (loading
plot: 3C) and the Naon ngerprint region (loading plot: 3E)
showed the domination of hydration process over proton
transport, which is illustrated by much higher PC1 contribu-
tions of variation assigned to water transport (OH stretching
region: PC1 and PC2: 98% and 1.6% of the variation, respec-
tively; Naon ngerprint region: PC1 and PC2: 94.5% and 5.5%
of the variation, respectively). On the contrary, the proton
transport in PCA showed higher visibility in the H–O–H bending
region (PC1 and PC2: 70.2% and 28.8% of the variation,
respectively). In this spectral region, the loading spectrum for
PC1 (Fig. 3D) has a peak at 1635 cm−1, which corresponds to the
H–O–H bending of water molecules transported within the
membrane lm by electrolysis. PC2 in this spectral region
(loading spectrum Fig. 3D) showed a peak at 1750 cm−1, which
is related to the H–O–H bending of protonated water appearing
under the applied potential.

The dependences of PC1 and PC2 (score plot Fig. 3F–H) on
time assigned to the transports water and protons, respectively,
showed similar trends in all three spectral regions. As it is
illustrated by PC1 dynamics, water molecules begin to enter
inside the membrane immediately aer the current is applied
and continue to do so linearly with time until the end of the
measurement. On the contrary, the rate of water–proton inter-
actions, represented by the PC2 dynamics, shows a non-linear
increase featured with the saturation state.

The set of broad overlapped peaks visible at the difference
spectra in the H–O–H bending region and collected at different
times of electrolysis were subjected to the spectral deconvolu-
tion analysis (Fig. S7†). Four individual band components were
identied. The band at 1835 ± 5 cm−1 can be related to the
asymmetric vibration of (H2O)nH

+ (where n = 3 or 5).41 In
coherence with the visibility of difference spectra, the bands at
1738 ± 10 and 1635 ± 5 cm−1 correspond to the HOH bending
of (H2O)nH

+ and the H–O–H bending of water molecules,
respectively.37,38,42 Interestingly, the band at 1708 ± 3 cm−1 is
assigned to the C]O double bond stretching vibration, which is
present only in quinone molecules,43–45 namely the tiron
oxidation product. The presence of tiron-associated bands was
evidenced in PCA of the spectra collected in the Naon nger-
print region (Fig. 3E). While PC1 is assigned to water transport,
the PC2 loading spectrum demonstrates the presence of four
bands (at 1191 cm−1, 1128 cm−1, 1053 cm−1 and 968 cm−1) with
a broad negative band between 1300 and 1200 cm−1 (Fig. 3E). By
This journal is © The Royal Society of Chemistry 2024
comparing the PC2 loading spectrum with the spectra of tiron
in powder form and in solution (Fig. S8†), it is possible to
observe the similarity in positions of few peaks. Therefore, the
peaks in the PC2 loading spectrum (Fig. 3E) can be assigned to
tiron within themembrane lm. The broad negative band in the
PC2 loading spectrum can be assigned to the C–C ring and C–O
vibration region of pristine tiron. The decrease in the intensity
of this broad peak can represent the consumption of tiron by
oxidation under electrolysis conditions, which is coherent with
the increase in the quinoidal peak of the C]O double bond at
1708 cm−1. The appearance of tiron-associated peaks and their
growth with the beginning and proceeding of electrolysis
illustrate the tiron transport, which denes its crossover
through the PEM.

The quantication of tiron transported across PEM under
the electrolysis conditions on an electrolyzer fed with pure water
was not possible. This is due to the conversion of transported
tiron to unknown products under the conditions of ORR
(Fig. 1C). We failed to identify the structure of a new tiron
product transported thought the PEM by electrolysis in pure
water using 1H-NMR (data not shown). On the contrary, the
presence of electrolyte, 1 M H2SO4, in the electrolyzer main-
tained transported tiron intact (Fig. 1D), which allowed its
quantication. The absence of additional products except
transported tiron illustrates the stability of electrocatalyst under
the conditions of ORR. Surprisingly, the permeability of tiron
estimated under the conditions of parallel proton transport
driven by electrolysis at 0.08 mA cm−2 was 2.60 × 10−8

cm2 min−1, which is ca. 15 times smaller than that in the
absence of electrolysis (Fig. 1D). In other words, the application
of constant current enabling cation (proton) transport across
the PEM supresses the transport of di-anions (tiron) in a parallel
direction. Importantly, E. J. Latchem et al.46 observed the
coherent effect on the PEM electrolyzer, namely redox ow
battery during the charging process, under identical conditions
to our measurements. The anode process was single-electron
oxidation of ferrocyanide (K4[Fe(CN)6]) liberating one potas-
sium ion and ferricyanide (K3[Fe(CN)6]). The cathode process
was a di-electron reduction of di-anion anthraquinone (namely,
2,6-dihydroxyanthraquinone) accommodating two potassium
ions. The transport rate of cathode reduction reagent across the
PEM increased upon launching the electrolysis. These data
enable us to complete the puzzle of reagent transport across the
PEM: under identical operational conditions the transport of
the anode reagent decreased, while the transport of the cathode
reagent increased. These contrasting behaviours of anode- and
cathode-charged reagents are only due to the coulombic forces
maintained by the electrical eld appearing in the electrolyzer
and distributed between the electrodes and the membrane.
Anions are repulsed by the anode and attracted by the cathode.
Such effect of the electrical eld on the movement of ions
known as migration is present in the bulk of the electrolyte. In
contrast, the electrical eld is shielded at the electrode surface
by the electric double layer formed. As soon as the compart-
ments of the electrolyzer are lled with a supporting electrolyte
(1 M H2SO4), the bulks of the porous anode and cathode are
shielded by the electrical double layers. Therefore, we would
Sustainable Energy Fuels, 2024, 8, 4882–4892 | 4889
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Fig. 4 (A) Schematic representation of the 1D model used for the calculations; (B) comparison of experimental and computed time depen-
dencies of tiron concentration for the conditions of zero current (0 V) and non-zero current (1 V); the evolution of computed concentration
profiles for tiron across the electrolyzer with time under zero and non-zero current conditions (C and E), respectively; the concentration is
computed in the middle of the negative electrode domain (x = 2.5 × 10−3 m); (D and F) computed concentration profiles at smaller distances at
zero and non-zero current conditions, respectively.

4890 | Sustainable Energy Fuels, 2024, 8, 4882–4892 This journal is © The Royal Society of Chemistry 2024
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locate the zones under the inuence of the electrical eld on the
narrow 2D interface formed by the direct electrolyte-free contact
between PEM and the electrodes.

3.3 Modeling

We performed the computational study of the tiron concen-
trations in the 1D model of electrolyzers under zero and non-
zero current conditions (Fig. 4A) using the value of tiron diffu-
sion coefficient estimated from the experiment. All initial
concentrations of the species are set according to the experi-
mental concentrations: tiron concentrations are 50 mM and
0 mM in the anode and cathode electrolytes, respectively,
HSO4

− concentration is 1 M, oxygen concentration is 50 mM in
the cathode electrolyte, and H+ concentrations are 1.1 M and
1 M in the anode and cathode electrolytes, respectively. The
excess of H+ concentration was due to the charge compensation
of tiron dianion. We used the constant concentration boundary
condition for the background electrolyte at both boundaries (x
= 0 and x= L) and the concentrations are set to the same values
given above. This is consistent with the experiments where the
concentrations are constant in the tanks and therefore at the
inlets of both electrodes. No ux boundary condition for tiron
was used at the same boundaries (x = 0 and x = L). The elec-
trolyte (4l) and electrode (4s) potentials are set to 0 for case 1
and for case 2 as follows:

4l = 4s = −0.5 V, x = 0

4l = 4s = 0.5 V, x = L

The tiron concentrations were computed aer the achieve-
ment of steady-state regime in the middle of the electrode
domain (x = 2.5 × 10−3 m), where the mass transport is driven
by diffusion only. Although the membrane has a substantial
amount of immobile negative charges, the electrostatic repul-
sion in not enough to block the transport of tiron dianion across
the membrane, which illustrates the loss of ion selectivity in
electrolyte solutions. This is due to the screening of immobile
charges by excess of electrolyte ions. Aer one hour, the tiron
concentration increases linearly with time for both simulation
and experiment (Fig. 4B) illustrating the achievement of steady-
state diffusion across the membrane. The distribution of tiron
concentrations computed for different elapsed times (Fig. 4C
and D) showed the slow increase due to the diffusional mass
transport. Importantly, the application of potential (1 V)
imposing non-zero current conditions led to the suppression of
tiron (Fig. 4E and F). This can be explained with the strong
attraction of tiron dianion. Under such conditions, tiron
migrates to the electrode surface at x = L, where the potential is
applied (Fig. 4E), while its concentration at the cathode elec-
trolyte is negligible.

4 Conclusions

In this study, we fabricated a membrane-based H2O2 electro-
synthesis device consisting of an ORR cathode and a model
This journal is © The Royal Society of Chemistry 2024
catalyst-free anode driving the oxidation of organics. The
quinone dianion crossover through the membrane was
measured by UV-vis spectroscopy and modelled to simulate the
mass transport without and with electricity. The results indi-
cated that the dianion crossover was greatly suppressed under
electrolysis conditions due to migration effects, which indi-
cated that simple and routine diffusional tests could not
account for the mass transport in electrochemical devices in
operation. This study might be helpful for the crossover-free
design of other membrane-based electrochemical systems fed
by electrolytes.
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