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Supporting Note 1.

Geometry of the system and governing equations for the modelling part

To model the flux of species across the membrane and the device, we created 1D model based
on the generalized Poisson-Nernst-Planck equations. The model consists of two porous
electrode domains (anode and cathode) and a membrane domain placed in-between the two
electrodes and depicted in Figure 1A. The anode and cathode consist of solid (carbon felt) and
liquid (electrolyte) phases with volume fractions 0.1 and 0.9, respectively. In our model, the
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species.

The transport of species is governed by the mass balance equation:
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it is the total reaction rate of the species {; ¥ denotes the flow rate. “itot has
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where

contributions from Faradaic reactions "*F and acid dissociation

Rior = ZRF,i +Ry; #(2)
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Ji represents the flux density of species ¢ due to diffusion and migration:
J;==-DVc¢,-z;uFcVp #(3)

D

where Vi is the diffusion coefficient of species i; Midenotes its mobility; F is the Faraday

constant; # is the electrolyte potential. The mobility i of species i can be computed based on
D.

. . . . Hp= — . .
the diffusion coefficient according to: *  RT, where R is the molar gas constant and 7T is the
temperature. Both equations Eq. (1) and Eq. (2) apply to the membrane and electrodes.

The Nernst-Planck equations Eq. (1)-(2) are coupled with the Poisson equation:
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where ¢ is the permittivity of vacuum, and ¢, = 80 is the dielectric constant of the electrolyte.
The total current in the porous electrodes, bor, consists of the electrolyte current (il) due to the
movement of ionic species in the electrolyte phase of the electrode, and the electrode current

due to electron transport in the solid carbon felt phase of electrode,
lop = I+ 1, #(5)

The electrolyte current is given by:

i, = FZ z], #(6)

i=1

where /i represents the flux density of species ¢ due to diffusion and migration. The electrode

current () is computed by:

i,=—0 Vo, #(7)

where s is the conductivity of the porous electrode; #s represents the potential in the solid

carbon materials.
In the current model the reaction term (Ri,tot) in the continuity equation (1) accounts only for

the dissociation reaction rates of 2504 species, where the first step of this dissociation reaction
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is assumed to be fully completed (i.e., oxidation and O,

reduction are not included in the present model and therefore Rri = 0 we plan to account for
these reactions in a follow-up work. The second step of the dissociation reaction (i.e.,

- 2- +
HS0, =507, +H ) is described by the dissociation source term (Rd.i), and 1s given by [1]:
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where K is the coefficient of dissociation reaction; H' and "4 are the concentration of #

and HSO,
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species; B is the degree of dissociation, where
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The membrane is modeled with fixed charge distribution of Prix = L5 M negative charges
corresponding to the charge density in the experiments. To keep the electroneutrality of the
membrane we specified also 1.5 M H* as the initial concentration condition in the membrane
domain. All species are able to cross the membrane, but their initial concentrations in the
membrane were set to 0, except for H" as described above. It should be noted that the
H,S0,

. . . + - . .
dissociation 2HT +HSO, g suppressed by the presence of the fixed charge in the

membrane, and therefore it is excluded from this domain [2].

[1] K.W. Knehr, E. Agar, C.R. Dennison, A.R. Kalidindi, E.C. Kumbur, A transient vanadium
flow battery model incorporating vanadium crossover and water transport through the
membrane. Journal of The Electrochemical Society 159(9) 2012 A1446—-A1459.

[2] G. Pourcelly, A. Lindheimer, C. Gavach, H.D. Hurwitz, Electrical transport of sulphuric
acid in nation perfluorosulphonic membranes. Journal of Electroanalytical Chemistry and
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The calibration line of tiron dissolved in DI water (or I M H,SO,) was obtained by UV—visible
spectroscopy with different concentrations (1 mM, 2 mM, 5 mM, 10 mM, 15 mM, and 20 mM).
The wavelength of the characteristic maximum absorbance of the two cases (Fig. S1a, ¢), Apax,
is the same 208 nm, which agrees with the literature [1]. Apart from the characteristic peak,
the UV-vis spectra also have another two small peaks at 232 and 291 nm [2]. We could obtain
the calibration curves for both cases from the absorbance values of known concentrations with

a R? > 0.999, indicating good linearity of the curves. It should be noted that the calibration

Supporting Note 2.

Tiron quantification by UV-vis

curves remain nearly the same under different pH.
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Figure S1. (a, ¢c) UV-vis spectra and (b, d) calibration curves for tiron dissolved in DI water
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Supporting Note 3.
Ex-situ ATR-FTIR study in absence of electrolysis

A. Nafion 115 membrane

The set of bands assigned to Nafion was observed for dried Nafion 115 (dried for 45 minutes
at 40 °C) and exposed for 5 minutes either to pure water or to tiron solution in 1 M H,SOy4 (Fig.
S2A-C). As shown in Fig. S2C, a broad band at approximately 3480 cm™! (shifted to around
3420 cm-1 in the wet samples) with a shoulder at 3230 cm™! is attributed to OH stretching,
while the band at 1635 cm! corresponds to HOH bending (Fig. S2B). Notably, these three
bands exhibited a substantial increase, around 6-8 times higher, in the wet samples compared
to the dry samples (Fig. S2D). The band at 1739 ¢cm! arises from the bending vibrations of
protonated water ((H20),H") [1, 2], and it is clearly distinguishable from the peak at 1635 cm!.
Importantly, this band signifies the hydrated state and the complete dissociation of sulfonic
acid groups, resulting in the release of hydrated protons (as observed in the water wet sample).
In the case of the tiron wet sample, the intensity of this band exhibited a more significant
increase, approximately 10 times greater, compared to the water wet sample (where most
protons are coupled with water molecules). As expected, when Nafion is exposed to 1 M H,SO,4

FTIR confirms high concentration of protons inside this cation exchanger.
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Figure S2. (A-C) ATR-FTIR spectra of water acquired ex-sifu on dried Nafion 115 (dried for

45 minutes at 40 °C) and exposed for 5 minutes either to pure water or to tiron solution in 1 M

H,SO,4 and (D) integrated area ratios of wet/dry Nafion OH bands. Integrated areas obtained

by spectral fitting of overlapped bands. Note: v: stretching vibration, d: bending vibration

Table S1. Assignment of observed bands to molecular vibrations in Nafion [3-10]

Assignment Dried | water wet tiron wet
C-O-C ether I linkage 971 971 971
C-O-C ether II linkage 981 981 981
Symmetric SOj; stretching 1061 1058 1056
Symmetric CF, stretching 1142 1147 1148
Asymmetric CF, stretching 1200 1205 1207
Asymmetric SO; stretching 1306 1306 1298
Symmetric C-C stretching 1319 1319 1319
HOH bending (water) 1635 1634 1634
(HOH),H* bending 1739 1736 1735

OH stretching 3228, | 3223, 3220, 3409
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B. Pure tiron powder

The ATR-FTIR spectrum of pure tiron powder (Fig. SX) shows the presence of the peak at
3543 cm!, which is attributed to the presence of hydrated Na* ions bound water molecules [1-
4]. The bands at 3488 and 3250 cm!' arise due to a superposition of asymmetrical and
symmetrical vibrations of water, respectively [1, 5], while the HOH bending peak of water
appears at 1635 cm™!. The asymmetric and symmetric SO, vibration of sulfonate group appear
at 1378 and 1186 cm™!, respectively, with a SO, bending vibration at 649 cm-! [6-8]. The peaks
at 1103 and 1042 are due to S-O bending and stretching of sulfonate group [8-10]. Peaks at

1634, 1588 and 1511 cm!' correspond to the aromatic ring skeletal vibrations, which are
combined with C-H deformations (1469, 1435 and 1378 ¢cm!) and C-C and C-O vibrations
(1290, 1223 and 1105 cm) [10, 11]. The peak at 3082 cm™! is related to C-H stretching
vibration, and the other band between 952-649 cm! are due to different C-H aromatic ring
vibrations [10, 11].
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Figure S3. The dynamics of electrolyzer cell voltage upon the application of the electrolysis

current (0.08 mA c¢m?) at long- and short-time domains (A and B, respectively).



Table S2. The comparison of performance characteristics of ORR-to-H,0, electrolyzers

based on auxiliary oxidation of organics.

Reagent in | Cathodic/anodic Electrolyte | Hydrogen Faradaic Reference
oxidation | catalysts feed peroxide yield | Efficiency,
process %
tiron PEDOT:PSS/No IM H,SO, | 0.06 mol g h'! 50 This work
catalyst
pure water | 0.03 mol g'! h! 20
furfural Bifunctional ~ TS- | 0.1M 6 mmol/L 60 [1]

1@Co-N-C on | H,SO,

nickel foam

ethylene B/N-onion carbon/ | 1 M KOH | 2.48 mmol cm- 95 [2]
glycol Ni;Mn;-MOF- 2h!
Se/NF
ethylene | Ni-SAC/ 0.1M 0.73 mol g'! h- 85 [3]
glycol Au/Ni(OH), KOH !
furfural oxidized CNTs/KI | 0.1M 9 mmol/L 90 [4]
KOH

[1] S.T. Wu, H.L. Zhang, X. Huang, Z.D. Wei, Coupling electrochemical H202 production and the in
situ selective oxidation of organics over a bifunctional TS-1@Co-N-C catalyst, Chemical
Communications 58(64) (2022) 8942-8945.

[2]J. Qi, Y. Du, Q. Yang, N. Jiang, J. Li, Y. Ma, Y. Ma, X. Zhao, J. Qiu, Energy-saving and product-
oriented hydrogen peroxide electrosynthesis enabled by electrochemistry pairing and product
engineering, Nature Communications 14(1) (2023) 6263.

[3]Y. Sun, K. Fan, J. Li, L. Wang, Y. Yang, Z. Li, M. Shao, X. Duan, Boosting electrochemical oxygen
reduction to hydrogen peroxide coupled with organic oxidation, Nature Communications 15(1) (2024)
6098.

[4] X.X. Li, L.C. Cong, H.B. Lin, F.B. Liu, X.X. Fu, H.C. Xu, N. Lin, Linear paired electrolysis of
furfural to furoic acid at both anode and cathode in a multiple redox mediated system, Green Energy &

Environment 9(1) (2024) 104-113.






Supporting Note 4.

'H-NMR quantification of tiron oxidation in anode compartment

Ex-situ study of tiron oxidation in anode compartment of electrolyzer filled with pure water
under constant current electrolysis was done by 'H-NMR. The doublet at 7.34 ppm (J = 2.2
Hz, 1H) in the spectra [1] (Fig. S4) was used to calculate the concentration of tiron (Fig. S5A).
The decrease of tiron concentration with elapsed time of electrolysis illustrates the proceeding
of anode process. Importantly, the measured concentrations tiron were signfigicantly lower
than the predicted by Faraday’s law from the electrical charge passed with an assumption of
strictly bi-electronic oxidation. Coherently, measured concentrations of oxidation products
were smaller than predicted. This illustrates the complex behavior of electrolyzer fed with pure
water under conditions of electrolysis at constant current. Specifically, the location of oxidation
at anode at narrow 2D region of direct contact of PEM and electrode results in high volumetric
current densities, which can cause the complex background processes.

The presence of the new tiron-associated species and the evolution of their concentrations with
time of electrolysis (Fig. S5B) illustrate the proceeding of the subsequent electrochemistry-free
chemical reaction of oxidized form of tiron with water, namely 1,4 Michael addition reaction
(Scheme S1). The products of the Michael addition are available for the subsequent oxidation
via at least two additional electrons, which is illustrated by the time-dependent concentration

of oxidized product (Fig. S5B).
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