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Optimization and scalability of two-electron water
oxidation using C-fibre paper as electrode assisted
by sodium stannate

Alicia Ruiz-Marin, José |. Lozano and Antonio J. Fernandez-Ropero (& *

Electrochemical H,O, generation offers a safer, cost-effective, and sustainable alternative for H,O,
production compared to classical methods. The two-electron water oxidation reaction (2e~ WOR) has
a significant advantage over the cathodic pathway, as it can be coupled with other reduction processes,
such as CO, valorization. Several anodic materials have been explored, with boron-doped diamond
(BDD) standing out due to its high performance, but its high cost limits scalability. In this regard, recent
studies have demonstrated the possibility of using cost-effective carbon materials by controlling the
media conditions. In this work, we present a comparison between C-fibre paper (CFP) and BDD as
anodes for 2e~ WOR. By thoroughly adjusting the operating parameters, CFP achieves more stable
production and maintains similar or even higher generation rates and faradaic efficiencies (FE). Moreover,
electrode passivation issues related to the use of Na,SiOz additive were identified, and Na,SnOz was
proposed as a novel alternative stabilizer for H,O, electrogeneration with excellent results in terms of

2 min~! production rates and ~38% FE were

production and anode durability. Up to 23.3 umol cm™
achieved using a bare CFP electrode in both H and flow-cell configurations, and CFP electrode

behaviour was stable after three 6-hour cycles in a flow cell, showing the scalability potential of the

rsc.li/rsc-advances developed system.

Introduction

Hydrogen peroxide (H,0,) is an essential chemical with a wide
range of applications across industries. One of its primary uses
is as a powerful oxidizing agent in environmental and industrial
processes, including water treatment' and paper and textile
bleaching.> H,0, serves as an environmentally friendly alter-
native to harsher chemicals, since it decomposes into only
water and oxygen. Moreover, the healthcare and pharmaceutical
sectors heavily rely on H,O, for its antiseptic and disinfectant
properties. In recent years, its role in sanitation and infection
control has expanded, particularly during public health crises
such as pandemics.? Additionally, advancements in propulsion
and energy storage systems are exploring H,O, as a potential
clean fuel component,* adding another layer to its industrial
significance. As demand continues to grow across both tradi-
tional and emerging sectors, the need for improved and
sustainable production methods for hydrogen peroxide is
becoming increasingly urgent.

The most common industrial method for producing
hydrogen peroxide (H,0,) is the anthraquinone process, also
known as the Riedl-Pfleiderer process.” This method involves
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the cyclic hydrogenation and oxidation of an organic
compound, anthraquinone. In the process, anthraquinone is
first hydrogenated using hydrogen gas to form
anthrahydroquinone. This reduced form is then oxidized with
air or oxygen, during which hydrogen peroxide is formed. The
anthraquinone is regenerated in its original form and reused in
the cycle, making the process highly efficient and cost-effective.
The H,O0, is then extracted and purified, typically in an aqueous
solution of varying concentrations.

This method is preferred in industry due to its scalability,
high yield, and the relatively mild conditions under which it
operates. It also allows continuous production, which is ideal
for meeting global demand. Additionally, the use of organic
solvents in the process allows for efficient separation of
hydrogen peroxide from the reaction mixture. Despite its
effectiveness, the anthraquinone process does involve complex
equipment and careful handling of flammable materials,
prompting ongoing research into alternative, greener produc-
tion methods such as direct synthesis from hydrogen and
oxygen. Nonetheless, the anthraquinone process remains the
backbone of global H,0, production today.

Electrochemical production of H,0, is an alternative to the
classical industrial production through the anthraquinone
process, which requires large plants and infrastructures, and
where the produced H,0, must be transported to the point of
use. Additionally, H,O, is unstable and potentially explosive at
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high concentrations, imposing safety challenges for trans-
portation and storage. The electrochemical method provides
the possibility of on-site production of H,0O, with lower
concentrations, increasing safety and lowering costs.®

Electrochemical production of hydrogen peroxide (H,O,)
primarily occurs via two routes: cathodic and anodic pathways.”
In the cathodic approach, oxygen is reduced at the cathode—
typically through a two-electron oxygen reduction reaction (2e™
ORR)—to produce H,0, in aqueous media. Conversely, the
anodic process involves the direct, thermodically unfavoured,
oxidation of water or hydroxide ions at the anode to form H,O,
or related peroxo compounds. While cathodic production is
more widely studied and closer to commercialization, the
anodic route may be more attractive due to its potential to
operate without the need for external oxygen gas, reducing
system complexity and cost.® Additionally, it can be paired with
several large-scale cathode reactions that produce valuable
chemical substances in an electrochemical cell.’

For this reason, the research must be focused on the opti-
mization of H,0, production process through 2e~ WOR to
produce as much highly stable H,O, as possible, avoiding its
decomposition (eqn (4)) and minimizing secondary reactions
toward other possible compounds whose formation is thermo-
dynamically favored. The catalytic activity toward the 2e” WOR
(eqn (1)) for evolving H,0, is governed by the thermodynamics
of reaction (eqn (1)) at the surface of catalysts, which competes
with 4e” WOR (eqn (2)), and the one-electron H,0, oxidation to
form O, (eqn (3)).*°

2H,0 © H,0, + 2H" + 2¢™ (Ey = 1.76 Vvs. SHE) (1)
2H,0 © O, + 4H" + 4e~ (E, = 1.23 V vs. SHE) )
H,0, © O, + 2H" + 2¢~ (E, = 0.67 V vs. SHE) 3)

2H,0, < O, + 2H,0 (4)

The activity and selectivity of WOR are also correlated with
the adsorption free energies of several oxygenated intermedi-
ates at the catalyst surface." These energies are associated with
the surface properties of the catalyst. Moreover, the stability of
the produced H,0, depends on its spontaneous decomposition,
which can be accelerated by the medium conditions.” It is
therefore needed broader research focus on catalytic materials
and their potential for H,O, production, as they can promote
2e- WOR over competing pathways. In this context, several
anode materials, such as stannate™ or bismuth oxides™ have
been studied, with boron-doped diamond (BDD) standing out
for its high yield and faradaic efficiency."”> However, BDD elec-
trodes are expensive to manufacture due to the complex
chemical vapor deposition (CVD) fabrication process, the high-
purity diamond substrate, and the precise boron doping. More
recently, Pangotra et al. demonstrated that controlling the
reaction medium conditions (mainly composition and pH) as
well as using Na,SiO; during the electrochemical process as
a stabilizing additive enable the use of cheaper commercial
carbon materials."> The present work shows a thorough
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comparison between BDD and carbon fibre paper (CFP) as
electrodes for anodic H,0, production. The comparison reveals
the feasibility of CFP as a cost-effective substitute for the BDD
electrode owing to its similar production rates but more stable
H,0, concentrations, when suitable reaction conditions and
stabilizing agents are selected. In this context, long-term
experiments have highlighted the drawbacks associated with
the use of Na,SiO; as a stabilizing agent, and Na,SnO; as
alternative stabilizer is here reported with excellent results. The
combination of optimized reaction parameters and the selected
novel additive has provided higher and stable H,0, production
rates via water oxidation. Finally, the results obtained in an H-
cell have been transferred to a flow cell, demonstrating the
scalability of the process.

Experimental section
Reagents and solutions

Potassium carbonate (K,COj3, =99.5%), potassium bicarbonate
(KHCO3, =99%), sulfuric acid (H,SO,, 95%), and potassium
hydroxide (KOH) were acquired from VWR. Sodium oxalate
(Na,yC,0,) was purchased from Merck, sodium stannate tri-
hydrate (Na,SnO;-3H,0, 99%) was obtained from Cymit, while
sodium metasilicate (Na,SiO;) and potassium permanganate
(KMnO,, ACS reagent, =99.0%) were supplied by Sigma-Aldrich.

All reagents were used as received, without further purifica-
tion or modification, except for potassium permanganate,
whose stock solution was hot filtered to remove impurities.

Aqueous solutions were freshly prepared using deionized
ultrapure water from a Milli-Q purification system (resistivity
=18.2 M Q cm). The following solutions were prepared: 2 M
K,COs, 2 M KHCO;, 1 M H,S0,, 10 M KOH, and 0.02 N KMnO,. A
stock solution of 0.2 N KMnO, was prepared in Milli-Q water and
filtered at 80 °C. The solution used for titration (0.02 N KMnO,)
was obtained by dilution of the stock with Milli-Q water and was
previously standardized to accurately determine the concentra-
tion of the titrant employed in the quantification of H,O,.

Materials and equipment

Toray carbon paper 060 5 wt% Wet Proofed (Fuel Cell Store) and
BDD/Nb NeoCoat-Electrodes with 2500 ppm boron concentra-
tion (NeoCoat SA) were selected as materials to be used as
working electrodes in the anodic compartment with 3 M KC1 Ag/
AgCl (Metrohm) as a reference electrode for H,0, production in
H-cell. In the cathodic compartment, a Pt foil counter electrode
10 x 10 mm (MTI) was used. A Nafion 115 proton-exchange
membrane (Fuel Cell Store) was used for compartment sepa-
ration. A Peltier cell 40 x 40 mm (Cetronic) connected to a 5 A,
0-24 V DC laboratory power supply (Cetronic) and a syringe
pump NE-1000 (New Era Pump Systems Inc.) allowed the
control of the temperature and pH of the process.

For scaling-up experiments, a dedicated test rig was assem-
bled with a filter-press flow cell (Apria Systems, Spain), a tita-
nium plate as cathode, and two centrifuge pumps.

Electrochemical procedures were conducted using an
Autolab/PGSTAT 128N potentiostat/galvanostat and its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accompanying NOVA 2.1 software for data acquisition.
Electrogenerated H,0, was quantified by KMnO, titration (848
titrino plus, Metrohm).

Electrochemical generation of H,O,

Electrochemical generation of H,0, was carried out, except for
scaling-up experiments, in a two-compartment, three-electrode,
and low-volume (75 mL each compartment) electrochemical H-
cell. Here, a Nafion 115 proton-exchange membrane separated
the anodic and cathodic compartments (Fig. S1) to prevent
H,0, degradation due to exposure to the hydrogen evolution
reaction (HER) occurring in the cathodic compartment.” A
boron-doped diamond (BDD) material and CFP were used as
working electrodes (3.75 cm?) in the anodic compartment, with
silver/silver chloride (3 M KCl) as reference electrode, and
platinum foil acting as counter electrode in the cathode. Both
anodic and cathodic compartments containing 2 M K,CO; and
2 M KHCOg;, respectively, were continuously stirred at 450 rpm
using PTFE-encapsulated stirring bars. H,O, production was
performed by subjecting the working electrode to different
potentials or currents through chronoamperometric/
potentiometric procedures.

CFP and BDD electrodes were not subjected to any
pretreatment prior to use. After use, the electrodes were rinsed
in water to remove any weakly adsorbed residues before the
characterization. It must be highlighted that, for CFP system
optimization, new electrodes were used for each test, in order to
avoid introducing additional variables related to electrode
surface after used. For CFP recycling experiments in the flow
cell, the electrodes were washed with water for 10 minutes at the
maximum flow rate before each new experiment and immedi-
ately after the previous one, in order to maintain cleanliness
and preserve electrode durability.

An H-cell system was used to optimize medium conditions
and electrochemical parameters to maximize H,O, production
and the stability of the compound. The optimal working
potential of 2.5 V vs. Ag/AgCl for H,0, production with BDD
electrodes was fixed based on previous studies.”® Optimal
working potential for CFP as anode was determined at 2.2 V by
studying its performance in the range between 2.0 and 2.4 V vs.
Ag/AgCl, avoiding higher values that can lead to potential
degradation of the CFP material (Fig. S2 and S3). In first
instance, 3-hour experiments were carried out under potentio-
static conditions with the optimal concentration of Na,SiO; as
stabilizer or in its absence for production process optimization
and material comparison. However, for subsequent studies,
different concentrations and types of stabilizing compounds, as
well as longer experiments and galvanostatic production, were
evaluated.

Automatic addition of KOH with a syringe pump (Fig. S4)
was implemented to keep the pH constant at the desired value.
A Peltier device was used to cool the anolyte when it was
required (Fig. S4). Subsequently, the scaling up of the best
results achieved in the H-cell was performed in the flow filter-
press cell designed by Apria systems with an electrode of 50
cm®. This cell consisted of a cathodic chamber with a titanium

© 2026 The Author(s). Published by the Royal Society of Chemistry
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plate as cathode (counter electrode) and an anodic chamber
with CFP as working electrode, separated by the same afore-
mentioned Nafion 115 proton-exchange membrane, as well as
two centrifugal pumps, and two 1 L plastic tanks (Fig. S5).
Each tank contained 700 mL of electrolyte. The pH was kept at
11.5 by regularly adding KOH. The temperature was main-
tained between 20 and 25 °C with the help of a refrigerated
glass coil.

H,0, analytic quantification

The concentration of electrogenerated (EG) H,0, was deter-
mined by titration using a potentiometric titrator (See “Mate-
rials and Equipment”). The method is based on the
redoxreaction between potassium permanganate and hydrogen
peroxide in acidic medium, described by the following ionic
reaction:

2MnO, (aq) + 5H,05(aq) + 6H"(aq) — 2Mn*"(aq) + 50(g)
+ SH,O(]) (5)

During the electrooxidation process, 5 mL samples from the
H-cell/flow-cell anodic compartment were collected to monitor
the reaction progress. Each sample was added to 150 mL of 1 M
H,SO, under constant stirring. Titration was performed with
0.02 N KMnO, solution until the equivalent point was reached
to determine H,0, concentration. Faradaic efficiency at each
point was as well determined according to previously defined
method.*

Materials characterization after electrolysis

The morphology and surface composition of the electrodes
after 2e- WOR process under different reaction conditions
were examined by scanning electron microscopy (SEM) using
an eLINE Plus system (Raith GmbH) at the Interdepartmental
Research Service of the Universidad Autonoma de Madrid
(UAM). Particular attention was paid to the formation of
passivating surface layers in the presence and absence of
stabilizing additives. Elemental composition was determined
by energy-dispersive X-ray spectroscopy (EDX) coupled to the
SEM system. X-ray Photoelectron Spectroscopy (XPS) data were
obtained at the Institute of Catalysis and Petrochemistry (ICP-
CSIC) with a SPECS GmbH system equipped with a hemi-
spherical energy analyzer PHOIBOS 150 9MCD. A non-
monochromatic Al X-ray source was used with a power of
200 W and voltage of 12 kV. Samples were placed first in the
pre-treatment chamber at room temperature and degassed for
several hours before being transferred to the analysis
chamber. Pass energies of 50 and 20 eV were used for
acquiring both survey and high-resolution spectra, respec-
tively. The photoelectron spectra were calibrated using the
graphitic peak (sp®,-C=C—) at 284.4 eV of the CFP. Adventi-
tious carbon at 284.8 eV was used as the reference for the
reactive samples. The data fitting was carried out with
CasaXPS software version 2.3.26. A handbook*® and an online
database'” were used to identify the most common species.
The solid precipitates formed during electrolysis (pH 11) were
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collected, dried, and analyzed by X-ray diffraction (XRD) at the
Institute of Materials Science of Madrid (ICMM-CSIC) using
a D8 Advance TT powder diffractometer.

Results and discussion
H,0, anodic production optimization with CFP

In water oxidation reactions, medium conditions (composition,
pH, temperature) and the use of a stabilizing agent are crucial
for achieving high H,0, production rates and a stable H,O,
concentration over time.”*'>'®'? Related to medium composi-
tion, 2 M KHCO; was used in the cathode to ensure good
conductivity, and 2 M K,CO; was employed as electrolyte in the
anodic compartment, based on previous studies that reported
the key role of CO05*~ ions for the H,0, production by WOR"*
and the results of the developed confirmation tests (Fig. S6).
Although KHCO; provides a more stable environment for the
formed H,0, given the lower alkalinity of the medium (pH 8.8
for a 2 M concentration), the activity of HCO;™ ions is much
lower than that of CO;>~ ions, and this high activity of CO;>~
greatly promotes the production of H,O, accordingly to previ-
ously reported mechanisms'®**(Fig. S7), despite the more alka-
line environment (pH 12.6 at 2 M concentration).* This higher
activity of carbonate as electrolyte is reflected not only on
production rate, but also on the FE of the process, favouring the
selective production of H,O, (See Table S1).

Concentration of Na,SiO; as stabilizing agent. The positive
effect of the addition of sodium metasilicate (Na,SiO;) as
a stabilizer of hydrogen peroxide during the electrogeneration
process was previously reported.”” Based on the mentioned
study, the stabilization capability of different concentrations of
Na,SiO; over time was evaluated (Fig. 1a). For both concentra-
tions of stabilizer, 90 mM and 180 mM Na,SiO3, H,0, produc-
tion increased by more than 100%. However, although for short
duration electrogeneration experiments (1 h), the H,0,
production is maximum with 180 mM Na,SiO;, these higher
concentrations provide a more unstable environment, causing
H,0, losses over time. In this context, 90 mM Na,SiO; seems to
provide a more stable concentration for longer experiments,
even though the production in the first hour was slightly lower
than for 180 mM Na,SiO;. The use of a lower silicate
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concentration allows better control over the evolution of the
system; although the initial H,0, generation rate is slightly
slower, production is maintained more steadily over time. In
contrast, at 180 mM Na,SiO3, H,0, decomposition may proceed
faster than its stabilization by silicate, since the higher amount
of Na,SiO; further increased the alkalinity of the solution.

Effect of the pH. Higher H,0, production rates have been
linked to the increased presence of CO5;>~, which occurs at high
pH in the carbonate-bicarbonate system.'>* However, although
high CO;>~ concentrations increase the production, pH values
above 10 accelerate the decomposition rate of H,0, (eqn (4)),
especially in the presence of carbonaceous materials.”® More-
over, H,O oxidation generates H' that acidifies the anolyte and
produces a loss of the CO;*>" ions needed to increase the
activity. Thus, it is necessary to maintain the desired pH with
the addition of a base. In this regard, KOH was added periodi-
cally to keep the studied pH value. These optimization studies
revealed the key role of pH on the obtained H,0, concentration
and selectivity of the process, where between 11.5-12.5 pH
values, the production of H,0, and FE increases very quickly as
the pH decreases. However, at pH 11 and below, the anolyte
became increasingly turbid over time, and a whitish solid
precipitated on the electrode surface, causing the current to
drop rapidly around 30 minutes after the reaction started
(Fig. S8). This behaviour was attributed to electrode surface
passivation caused by the formation of a solid layer. In order to
complete the 3-hour experiment and compare it with the other
pH curves, the electrode was removed, slightly scratched
cleaned, and re-immersed several times; however, the current
continued to decrease steadily, leading to similar H,O,
concentrations and faradaic efficiencies compared to pH 11.5
system (Fig. 1b and Table S1)

The precipitate formed at pH 11 was initially characterized
by XRD (Fig. S9), revealing a predominantly amorphous struc-
ture, with a broad halo in the 26 range of 20-30° and minor
crystalline reflections. Based on these XRD results, together
with complementary surface analyses by SEM, EDX, and XPS
(discussed in detail in the following sections on passive layer
characterization), the precipitated material is attributed to the
formation of an amorphous Si-O-based compound, compatible
with hydrated SiO, or a related silicon oxide phase. The

a) 60 b) 100 c) 140
—=—2MK,CO, —a—pH 11 . —=—30-35°C »
50 L—=— 2M K,CO, + 90 mM Na,Si0, e 120 —e—20-25°C
e —+— 2M K,CO, + 180 mM Na,SiO, < 100l
= 40} — . =
£ ><‘\A E gl o
—= 30+ )
O 60f
2 20} =
E B ] —= 40r
10} 55l
[0}3 ok
0 1 2 0 1 2 3 0 i 2 3
Time (h) Time (h) Time (h)

Fig. 1 Optimization of reaction parameters for H,O, anodic electrogeneration: (a) H,O, concentration obtained during WOR for 2 M K,COs
solutions containing different Na,SiOz concentrations, (b) 2 M K,COs3 solutions and 90 mM Na,SiOs at different pH, and (c) 2 M K,COz, 90 mM

Na,SiOz at pH 11.5 and two temperature ranges.
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formation of this layer is linked to electrode surface passivation
and a loss of electrode durability at pH < 11.5.

At pH > 12, the production of hydrogen peroxide was reduced
by about 50%, as well as the selectivity of the process, due to the
excessive alkalinity of the medium, despite the presence of
stabilizer. Based on these results, pH 11.5 was identified as the
optimum working pH, giving good production and selectivity
while avoiding the precipitation observed at lower pHs, maxi-
mizing the durability of the working electrode.

Effect of the temperature. Various cooling levels were
investigated for an optimal electrogeneration of H,0,, seeking
a compromise between minimizing its thermal decomposition
and ensuring efficient reaction kinetics, as it is well known how
an increase in temperature reduces the stability of peroxide
solutions by accelerating the decomposition of H,0,,*" regard-
less of any other conditions employed.”” Since the electro-
chemical production of H,O, is an exothermic reaction, an
efficient cooling system is needed to prevent excessive heating
and maintain higher production rates.

As shown in Fig. 1c, two temperature ranges were evaluated:
near room temperature (20-25 °C) and in the range of 30-35 °C,
to determine the actual cooling requirements of the system. To
achieve temperature control, a Peltier device was assembled to
the anolyte side of the cell. At the beginning of the experiments,
H,0, production and the selectivity of the process (Table S1)
was nearly identical in both temperature ranges, as the system
heating occurred gradually and was not significant during the
first hour of operation. Therefore, the average temperature of
the system, even without cooling, remained close to ambient
temperature for a substantial portion of the initial period (1 h).
However, during the second and third hours, the detrimental
effect of overheating became evident, resulting in a noticeable
decrease in H,0, concentration and faradaic efficiency. Lower
temperatures were not explored, as the objective was to find
a balance between mitigating the negative thermal effects on
H,0, stability and maintaining favorable reaction kinetics.
Excessive cooling would lead to a reduction in the reaction rate,
thus lowering the overall efficiency of H,0, production.>***

Comparison of BDD and CFP materials for H,0, production

As mentioned above, BDD stands out for its remarkable H,O,
generation capacity via the two-electron water oxidation
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reaction (2e- WOR). The wide potential window, chemical
stability, and corrosion resistance enable operation under
harsh electrochemical conditions, often achieving high selec-
tivity and current efficiency for H,O, production.'#2%2¢
However, despite its excellent performance, the complexity and
cost of the manufacturing process® have driven research toward
exploring different types of materials for BDD substitution.

Although a variety of metal-based catalysts have been re-
ported for selective 2e” water oxidation to H,O,, these systems
are often evaluated under conditions that emphasize intrinsic
selectivity rather than high production rates, long-term opera-
tion, or scalability.”®?* Furthermore, recent literature consis-
tently highlights several limitations that restrict their practical
applicability, as in their pristine form, these materials typically
exhibit insufficient intrinsic activity, and limited operational
stability under the potentials required for sustained H,O,
production (Table S4).**>** Significant performance improve-
ments often rely on advanced strategies such as doping, defect
engineering, and facet control, which involve complex nano-
structuring and precise atomic-level modifications that can
complicate scalability and reproducibility.*** For this reason,
the comparative analysis in this work will focus on carbon-
based electrodes and BDD systems investigated under more
comparable reactor configurations and operating strategies.

In recent years, there has been a growing interest in using
carbon-based materials as a cost-effective alternative, not only
for H,0, production via oxygen reduction reaction (ORR),* but
also for WOR, highlighting the potential of carbonaceous elec-
trodes as promising candidates for replacing BDD in H,O,
electrogeneration, significantly reducing materials costs.'>#37:3%
However, these materials have not been directly compared
within the same study. In this section, a comparison between
the two types of materials (CFP and BDD) under different
reaction conditions is discussed. It should be noted that BDD
was tested at 2.5 V vs. Ag/AgCl to achieve maximum selectivity,*
whereas CFP was evaluated at 2.2 V vs. Ag/AgCl, as determined
through previous optimization studies (Fig. S2) to prevent
oxidative degradation at harsh conditions (Fig. S3).

Comparison of the effect of Na,SiO; addition. First, the
influence that the addition of a stabilizer had on each of the
materials was evaluated without controlling the reaction
conditions. According to previous studies, Na,SiO; acts by

a b) 50 c) 50
) 50 - I CFP-1h ) %[ rp aioctrode ) % 550 eiectrods
[ CFP-2h .
40 b <Y /\- O;itlmal pHand T
S, I 50D-1h ;
= [ BDD-2h % 30+ ! | e
é 30 | [ BDD-3h ~ Optimal pH and T —_— 5
— N f =
o o1 O, 20t P
EN L il FreepHand T
10f )
o FreepHand T
0 IMK,CO,  2MK,CO; 0 1 2 3 1 2 3
2MKLO; 9o mm 180 mM Time (h) Time (h)
Na,SiO, Na,SiO,

Fig. 2 Comparison between CFP and BDD materials for H,O, production via 2e~ WOR: (a) effect of Na,SiO3 as stabilizing agent without
controlling the reaction conditions, and effect of pH and temperature on H,O, production without stabilizing agents using (b) CFP and (c) BDD.
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adsorbing onto anodic substrates, modifying the active sites,
and avoiding the complexation of H,0,, preventing the subse-
quent reactions that lead to H,0, decomposition.** Thus,
different concentrations of Na,SiO; additive* were tested in
this work (0, 90, and 180 mM) to study the effect of the stabi-
lizing agent on H,O, production for each material (Fig. 2a).
Experimental results reveal that, for both electrode materials,
the need for a stabilizing additive to ensure long-term produc-
tion of hydrogen peroxide is clear. BDD exhibit more unstable
behaviour, showing a stronger dependence on higher amounts
of stabilizer to maintain H,0, production. This could be
attributed to the higher oxidative power of BDD materials when
compared with carbon ones, which leads to the formation of
more hydroxyl intermediates capable of reacting with the
electrogenerated H,0,, thereby promoting its destruction.* In
fact, metasilicate concentration of 90 mM appears insufficient
to counteract the combined effects of medium alkalinization
and the formation of reactive intermediates, which accelerate
H,0, decomposition. As a result, H,O, production at 2 and 3
hours is lower than expected, indicating that the rate of
destruction exceeds the stabilizing effect provided at this
concentration. Increasing metasilicate concentration to
180 mM enhances stabilization, partially compensating for
these destructive processes and allowing higher H,0, produc-
tion during the second hour.

In the absence of additives, BDD doubled the amount of
H,O0, concentration produced on CFP surfaces. However, with
90 mM Na,SiO3, the H,0, concentration was equalized at the
first hour, and it was remarkable that, in the BDD system, H,0,
decomposed faster in the subsequent hours. For 180 mM
Na,SiO;, CFP reached similar values to those observed at
90 mM, indicating no benefit of further adding Na,SiO; when
using the CFP electrode. There was some higher decomposition
when increasing the stabilizer, which may be explained by the
basification of pH produced by the additive. These results
highlight the potential of CFP as a cost-effective alternative for
BDD as electrode for H,O, production via WOR.

Comparison of the effect of pH and temperature. Fig. 2b and
¢ shows the influence of the reaction medium conditions for
each material on H,0, production in the absence of stabilizer.
Although when controlling the reaction conditions an
improvement was observed for both materials, CFP electrodes
seem to be much more sensitive to these conditions, whereas in
the case of BDD, and based on previous results (see Comparison
of the effect of Na,SiO; addition), the stabilization of the formed
product using additives is the main factor. Under suitable pH
and temperature conditions, and despite of stabilizing absence,
CFP anodes even exceed the H,O, concentration obtained with
BDD materials, demonstrating their potential as a competitive
alternative for hydrogen peroxide generation via the water
oxidation reaction (WOR).

The different behaviour observed in each case can be
explained by the structural differences between both electrodes:
carbonaceous materials such as CFP usually provide porous
surfaces with great adsorption ability due to the sp>-hybridized
orbitals characteristic of these materials.*** Furthermore, they
are usually enriched with oxygenated groups whose reactivity
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strongly depends on the medium conditions.**** In contrast,
BDD materials are characterized by their relatively inert surface
with low adsorption capability due to sp>-hybridized orbitals
present in the diamond structure, which also provide good
stability in a wide range of media.**>*

Therefore, changes in the reaction conditions will have
a more severe influence on the CFP surface, affecting the final
product and its stability (Fig. 2b). However, for BDD electrodes,
the employment of stabilizing additives seems to be more
relevant, as the different environmental conditions have less
influence on the material surface (Fig. 2c). Moreover, the
slightly decrease in concentration for BDD after the first hour
can be attributed to its strong oxidative character which causes
the evolution of the electro-generated hydrogen peroxide into
other compounds due to the reaction with hydroxyl ions.***

Faradaic efficiency for CFP and BDD systems. Table S2
corroborate the potential of CFP as a highly competitive and
cost-effective alternative to BDD for H,0, production, as it is
capable of providing not only higher and more stable
concentrations of H,O, over time under the optimal condi-
tions as discussed above, but also greater process selectivity.
Under baseline conditions (without stabilizer or pH and
temperature control), both materials exhibit similar initial
faradaic efficiency and decline over time, dropping from 17-
20% to roughly 5% after three hours of operation (due to the
evolution of secondary reactions). However, the implementa-
tion of medium conditions control (optimal pH and temper-
ature), as well as the addition of a stabilizing agent (90 mM
Na,Si0;) reveal significant advances for the CFP electrode in
terms of selectivity: although both materials show an initial
boost in FE, for CFP electrodes it maintains a markedly more
stable selectivity profile over time. For instance, even without
PH or temperature control, when 90 mM of Na,SiO; is added
in both systems, the FE for CFP remains at 23.78% after 2 h
process, whereas BDD FE drop to 13.80%. This observation
aligns with the strongest oxidative nature of BDD materials
which facilitates the over-oxidation of hydrogen peroxide into
secondary non-selective species.*”**

Effect of using Na,SiO; on CFP durability and alternative
additives

Long-term experiments at different Na,SiO; concentrations.
In the presence of Na,SiO; and at pH 11.5, a drop in current was
observed before the end of the three-hour experiments. Under
the possible hypothesis of electrode passivation formulated
after observing a precipitate at pH 11 the effect of the stabilizer
on electrode durability was analysed. Tests with different
concentrations of Na,SiO; were carried out with the aim of
reaching 6 h without a current drop.

The durability of the electrode was defined as the time at
which the current starts to drop because of surface passivation.

According to the proposed stabilization mechanism, the
stabilizer is adsorbed onto the electrode surface, modifying its
active sites and preventing hydrogen peroxide decomposition
by means of previous complexation.®® This process likely
involves the formation of a thin film that becomes thicker over

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conditions: pH 11.5; 25 °C, 2M K,COs as electrolyte solution.

time and causes surface fouling. The conducted experiments
revealed that the process appears to be non-reversible, even if
periodic cleaning of the electrode surface is done and more
stabilizer is added, leading in all cases to a current drop and
thus inhibiting hydrogen peroxide electrogeneration. For this
reason, the modulation of Na,SiO; concentration plays a key
role in terms of finding a compromise between the minimum
quantity needed to avoid production losses due to the lack of
stabilization, but, at the same time, does not reach the critical
layer thickness on the electrode that significantly limits its
durability. Fig. 3a shows the relationship between the presence
of Na,SiO; and the durability of the electrode. According to the
aforementioned hypothesis, the durability of the material
increases with a decrease in metasilicate concentration, reach-
ing 6 hours of total durability with 40 mM Na,SiO;. However,
Fig. 3b clearly indicates that this concentration is not enough to
stabilize the electrogenerated H,0,, leading to significant
production losses. By reducing the amount of stabilizer to
50 mM, the life of the electrode was significantly extended,
reaching the maximum peroxide concentration, although more
slowly than at 90 and 70 mM. Therefore, 50 mM Na,SiO; was

a) gor
180 mM Na,SnO, —y—
—~ 701 —
= 60} / 90 mM Na,SnO,
E s}
= 40l / Without stabilizer
@)
~ 30f N
L. ol |\ 4.22mM Na,HFO,
1ol 90 mM KH,PO,
OF

Time (h)

determined to be the optimum concentration, achieving
a compromise between increased electrode lifetime and stable
H,0, production.

Alternative additives. In addition to considering the Na,SiO;
concentration reduction, other possible alternative stabilizers
were evaluated to totally overcome the problems of electrode
passivation. Although not in electrochemical processes,
compounds such as phosphates® and sodium stannate® have
been reported to enhance the stability of H,0, during storage.
Consequently, these compounds were investigated as potential
stabilizers for the in situ electrogeneration of hydrogen
peroxide.

It can be observed from Fig. 4a that, in the case of the
phosphates, the experiment was not extended further than 3 h,
as the produced H,O, was even lower than that of the solutions
without stabilizer, thus revealing a non-stabilization effect on
the electrogenerated H,0, The only stabilizer that showed
significant improvements compared to the production without
additives was Na,SnOj;, with no significant differences when its
concentration was doubled. The result with Na,SnO; as stabi-
lizer can be compared with the previous one with Na,SiO;

b) 100

40 mM Na,SiO,4

o
\./o
"

. 80
E o
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Y «
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40 L o "~ Without stabilizer
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Fig. 4 Evaluation of H,O, electrogeneration in the presence of novel stabilizers: (a) H,O, concentration obtained with Na,HPO,4, KH,PO,4 and
NaoSnOs as potential stabilizing agents, and (b) comparison of Na,SnOs and Na,SiOs stabilization potential for long-term 2e~ WOR reactions.

System conditions: pH 11.5; 25 °C, 2 M K,COg3 as electrolyte solution.
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(Fig. 4b). The use of 90 mM stannate as a stabilizer gives similar
results to those obtained with 40 mM silicate in terms of H,O,
production and provides enhanced durability of the electrode,
as it avoids surface passivation throughout the whole experi-
ment. These experimental results evidence different behaviour
for Na,SiO; and Na,SnO; under the working conditions during
2e” WOR. Silicate ions (SiO;>7) exhibit higher adsorption
affinities to solid surfaces than other common ions** and in
mild alkaline or near-neutral aqueous environments can
undergo condensation to form oligomeric or colloidal silica
networks, which can adsorb onto or precipitate over surfaces.*
The local acidification produced near the electrode may
promote these polymerization reactions, leading to the forma-
tion of surface-bound silicate species that contribute to elec-
trode passivation. Conversely, there is no evidence of
polymerization tendencies for SnO;>~ ions in electrochemical
systems. In fact, sodium stannate has been used as an additive
to mitigate anodic corrosion®*** and the high stability of their
soluble complexes formed in aqueous alkaline media has also
been reported.>®

The absence of a passivation effect using this additive with CFP
suggests that it interacts to a weaker degree with carbon surfaces
and tends to be stable in solution without forming blocking
layers, achieving a balance between stabilization and electro-
chemical activity preservation. Thus, in this work, it is hypothe-
sized that, whereas the stabilization mechanism of Na,SiO;
implies the formation of silicate species that gradually passivate
the electrode surface, Na,SnO; remains only mildly interactive
and stable in aqueous alkaline media, avoiding complete
blockage of active sites while still enhancing H,O, stability,
demonstrating its high potential as an alternative stabilizer.

Morphological and chemical surface characterization

SEM/EDX analysis. Fig. 5 illustrates the distinct surface
modifications of CFP electrodes induced by Na,SiO; and
Na,SnO; during the 2e” WOR for H,0, production process.

Fig. 5 SEM images (x500) of the surface of CFP electrodes after 2e™
WOR in 2 M K,COs with different stabilizers: (a) pristine CFP, (b) 2 h 2e™
WOR with 90 mM Na,SiOs at pH 11.5, (c) 0.5 h 2e~ WOR with 90
Na,SiOz 90 mM at pH 11, (d) 6 h 2™ WOR with 90 mM Na,SnOs at pH
115.
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Pristine CFP fibres (Fig. 5a) exhibit a clean and smooth surface
without evidence of secondary phase deposition. In contrast,
the use of Na,SiO; as a stabilizing agent results in the formation
of a surface layer (Fig. 5b and c¢). Nanometric or sub-
micrometric aggregates, typical of gels or amorphous silica
deposited via sol-gel processes or chemical precipitation are
observed at high magnification (Fig. $S10). The layer continu-
ously covers the fibre, with no regions showing visible crystals.
This morphology is characteristic of amorphous or gel-like
material.>®

Elemental analysis by EDX reveals Si:O atomic ratios of
approximately 2-3 (Fig. S11b, ¢, and Table S5), which is
consistent with the formation of a hydrated amorphous SiO,
layer on the CFP surface.’”*® This assignment is further sup-
ported by the amorphous morphology observed in SEM images
(Fig. S10), characteristic of non-crystalline silica deposits.

The extent of surface passivation strongly depends on the
solution pH. At pH 11.5 (Fig. 5b), the deposited layer is relatively
thin and discontinuous, which correlates with a moderate
electrode lifetime of approximately 2 h. In contrast, under
slightly more acidic conditions (pH 11, Fig. 5c), a substantially
thicker and crust-like layer develops, leading to rapid blockage
of the electrode surface and premature current decay.

Conversely, when Na,SnO; is employed as the stabilizing
agent, no significant passivating layer is detected. SEM images
(Fig. 5d) show only minor adsorbed residues, and Sn is scarcely
detected by EDX (Fig. S11d and Table S5). These observations
are consistent with the enhanced electrode durability and the
negligible current decay observed during electrochemical
measurements.

XPS analysis. In the XPS spectra of the pristine electrode, the
surface is predominantly composed of carbon and fluorine
species (Table S6), with oxygen present at less than 1 at%. This
observation is consistent with the deconvolution of the C 1s
peak (Fig. 6a), which reveals a dominant graphitic contribution
alongside a minor fraction of oxygen-containing functional
groups, specifically C-O and C=O. The presence of these
oxygen functionalities is further supported by the deconvolu-
tion of the O 1s peak (Fig. 6b). Additionally, the C 1s spectrum
exhibits pronounced contributions from CF, and CF; groups,*
corresponding to the backbone and terminal chain groups of
the PTFE treatment on the purchased electrode surface.

Electrodes used with Na,SiO; and Na,SnO; additives at pH
11.5 exhibit a marked increase in surface oxygen content,
reaching 18.2 at% and 6.0 at%, respectively (Table S6). For the
electrode used with Na,SnO;, C-O functionalities remain the
predominant oxygen-containing species (Fig. 6a). In contrast,
the electrode used with Na,SiO; displays a greater relative
contribution of C=O groups, suggesting that the surface
experiences a more oxidizing environment in the presence of
this additive. Moreover, in both electrodes, the fluorine-carbon
contributions are largely obscured by K 2p; however, in the
electrode used with Na,SiO;, a distinct K 2p plasmon is
observed at 298.8 eV, which can be attributed to the more
oxidizing surface environment, resulting in electron withdrawal
from potassium and reduced screening of its photoemitted.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The formation of a passivating surface layer is consistent
with the high silicon content (11.7 at%) detected when Na,SiO;
is used as an additive (Table S5), in contrast to the significantly
lower tin content (0.6 at%) observed for electrodes used with
Na,Sn0O;. Furthermore, the Si 2p core level is shifted toward
higher binding energies compared to that of the Na,SiO;
reagent (Fig. 6¢), indicating a modified chemical environment
for silicon on the electrode surface. Deconvolution of the Si 2p
spectrum reveals two main components. For the Si 2p;/, level,
one contribution is observed at 104.4 eV and a second at
105.5 eV.

Previous spectroscopic studies of silicate polymers demon-
strate that the Si 2p binding energy is sensitive to the local
oxygen coordination environment, with Si-OH (hydrated silica)
and other non-bridging oxygen species exhibiting higher
binding energies relative to bulk SiO, (typically ~103.4 eV) due
to increased electron withdrawal by electronegative ligands.*
Therefore, the lower binding energy component can be
assigned to highly hydrated SiO,. On the other hand, the
contribution at 105.8 eV represents an unusually high binding
energy for SiO,, even in hydrated form. We therefore hypothe-
size that SiO, species located near the highly oxidized carbon
surface undergo a much stronger electron-withdrawing inter-
action, leading to this pronounced shift. A shift toward higher Si
2p binding energies has been observed in SiO, samples treated
by plasma surface activation using oxygen reactive ion etching.*

This interpretation is further supported by the O 1s spectrum
(Fig. 6b), which, in addition to contributions attributable to
expected species such as C-O, C=0, Si-OH, SiO,, and adsorbed
H,0,°* exhibit an additional high binding energy component
at 535.3 eV with significant intensity (see O 1s spectrum of

© 2026 The Author(s). Published by the Royal Society of Chemistry

Na,SiO; powder for comparison, Fig. S12). This latter contri-
bution may be associated with peroxo (-OO/-OOH) species and
molecular oxygen. These species are usually not stable under
standard environmental conditions, as only weakly physisorbed
oxygen has been described as such high binding energies.** We
speculate that they are trapped inside the carbon porous matrix
and beneath the SiO,-like passivation layer, stabilized owing to
the hydrophobic conditions. This hypothesis of high-binding-
energy oxygen trapped in cavities has also been previously
theorized to explain oxygen signals detected in a fast-growth
gold oxide film activated by high-discharge oxygen on gold
foil.*

These oxygen species with high binding energy are also
detected to a much lesser extent in the sample with the Na,SnO,
additive, surviving in the hydrophobic porosities of the carbon
electrode, but not as favored under a passivating layer. The low
amount of Sn in the surface of the sample shows, unlike with
Na,SiO3, that if there is some formation layer, this should be
very thin. The Sn peak for the electrode is shifted 1 eV with
respect to that of the Na,SnO; powder (Fig. S13), which can also
be explained by the loss of electron density of residual SnO,
deposits in the oxidized substrate.

The electrode surface characterization shows a different
behaviour for Na,SiO; than for Na,SnO;. Silicate additives
promote passivation due to the strong tendency of silicon
species to form silica networks,***” a more evident process at
lower pH values.® In contrast, stannate contributes to the
stabilization of the formed compound without inducing the
formation of an appreciable passivating layer, owing to the high
stability of soluble complexes formed in aqueous alkaline
media.*®
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Maximizing H,O, production: from potentiostatic to
galvanostatic mode

H,0, production study under galvanostatic conditions.
Current density is reported to be a key variable for H,O,
production boosting in water electrolysis processes.'®®%
Potentiostatic mode is excellent for lab-scale studies, mecha-
nism research, and selectivity optimization. However, galvano-
static conditions are more suitable for scale-up objectives
because they maintain stable current, avoids potential distri-
bution across large electrodes, and simplify process control in
industrial stacks. The experimental setup remained similar to
previous experiments, but now the reference electrode was used
only to register the anodic potential. In Fig. 7a, different current
densities (from 125 to 200 mA cm™?) were studied to select the
one that maximized H,O, production. Higher current densities
were avoided as they raise the potential over 2.2 V vs. Ag/AgCl
that could degrade the CFP electrode (Fig. S3). The increase in
current density led to a higher production of H,0,, with a more
pronounced increase at 200 mA cm 2. The monitored potential
ranged from 1.85 V at the lowest current density (125 mA cm ™ ?)
to 2.2 V at 200 mA cm >,

As shown in Fig. 7b, galvanostatic tests demonstrated that,
under suitable operating conditions, H,O, production with
Na,SnO; as stabilizer can surpass the previous results obtained
with sodium metasilicate, while also extending the electrode
lifetime. The fact that the measured potential at 200 mA cm 2 is
2.2V, the same as the working potential in the potentiostatic
tests, confirms the advantages of this operational mode for
H,0, production, as it allows better process control and
a uniform current distribution. It should be noted that galva-
nostatic assays with metasilicate were not evaluated due to the
passivation issues characteristic of this compound. The aim of
this study was therefore to achieve similar production rates by
overcoming the main limitations of the well-studied stabilizer
through the use of an alternative compound (Na,SnOj;), which
was successfully achieved by obtaining a production up to 23.3
umol cm™* min ", exceeding the maximum production of 20.6
pmol cm > min ™" initially achieved with metasilicate additive.

10714 | RSC Adv, 2026, 16, 10705-10719

Faradaic efficiency tendencies under different current
densities. Table S3 highlights a non-monotonic dependence of
FE on current density, which can be explained by the evolution
of competing reactions under the different conditions. At lower
current densities (125 mA-cm™?), the anodic overpotential is
lower, and the kinetics of the competing oxygen evolution
reaction (OER, 4e ™) are less favourable,””® allowing a significant
fraction of the current to be channelled through the selective
2e” pathway. From 125 to 150-175 mA em 2 a systematic FE
drop is appreciated. This could be attributed to a higher anodic
overpotential that promotes OER over H,0, production via 2e”
WOR.”” Since OER is thermodynamically and kinetically more
favourable at high potentials, a greater proportion of the
current is directed towards O, production, reducing the faradaic
efficiency for H,O, electrogeneration, although the production
is higher (Fig. 7a) as a consequence of a higher electron transfer
rate when current is increased. However, at 200 mA cm? the FE
increases relative to intermediate currents. This behaviour
stems from mass transport limitations and intense O, bubble
evolution observed experimentally. At high current densities,
intermittent shielding of the electrode surface by gas bubbles
may hinder the complex, multi-electron OER more severely than
the 2e” pathway.” Furthermore, the enhanced convective flow
induced by bubbling facilitates the rapid removal of H,O, from
the electrode interface, reducing surface reoxidation or
decomposition. Thus, H,O, selectivity is governed by a balance
between kinetics and transport: while OER competition peaks at
intermediate currents, high-current physical effects partially
recover selectivity. For this reason, 200 mA cm ™2 is selected as
the optimal current density not only in terms of H,0, produc-
tion but also in terms of process selectivity.

Upscaling to a flow-cell configuration

Flow-cell and H-cell systems comparison. Motivated by the
good results obtained under galvanostatic conditions, and to
evaluate the potential of this process to be applied to an indus-
trial environment, it was scaled to a flow cell configuration. A
continuous current of 200 mA cm > was set to ensure the
maximum H,0, production and selectivity, based on H-cell

© 2026 The Author(s). Published by the Royal Society of Chemistry
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system results. Moreover, two different flow rates, 1.4 and 2.34
L min ", were evaluated (see Fig. S14). A higher production rate
was observed in the first hour at 2.34 L min~! and, thus, was
chosen for the flow-cell experiments. This result is explained by
an enhancement of the convective mass transport, reducing the
residence time of the electrolyte near the electrode surface and
limiting H,0, accumulation. This mitigates side reactions such
as oxygen evolution and H,0, decomposition, resulting in higher
faradaic efficiency and production rate.*® As illustrated in Fig. 8a,
H,0, production after one hour was similar to that obtained in
the H-cell. However, in the second and third hours, the produc-
tion decreased more compared to the H-Type cell. The slightly
lower production in the 2" and 3™ hour can be attributed to the
self-decomposition of the H,0,. The presence in the circuit of
materials other than glass, for example, plastics and some
metallic parts, can accelerate this process.”” Nevertheless, it can
be concluded that the process is potentially scalable. Similarly,
Fig. 8b shows the evolution of H,0, concentration in both
systems, tending to stabilize at slightly lower values for the flow-
cell system due to the abovementioned causes.

Long-term experiments and recycling tests

The experiments (Fig. 8c) were conducted in a flow cell over
three 6 h cycles using the same recycled CFP electrode. In all
cycles, H,O, accumulated over time, reaching high concentra-
tions without appreciable abrupt performance losses. Although
a slight decrease in concentration is observed between the
second and third cycles, the overall trend indicates that the
electrode retains most of its activity after prolonged operation.

The decrease in H,0, concentration observed between
consecutive cycles is mainly attributed to a progressive loss of
selectivity of the CFP electrode caused by the well-known carbon
material surface oxidation under prolonged anodic
polarization, and supported by the surface characterization
section. This surface modification is expected to occur
predominantly during the first cycle, when the carbon surface
undergoes the most significant chemical transformation. These
findings align with the faradaic efficiency results (Table 1),

73-76
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where lower FE values measured at equivalent times in later
cycles suggest the presence of a modified CFP surface chem-
istry, likely associated with oxidation-induced changes in
surface functional groups.

Such functionalization of carbon materials under anodic
conditions is known to modify their electronic structure and
adsorption properties,””® often promoting OER activity relative
to partial oxidation pathways.”® Accordingly, the initial
electrochemical oxidation of CFP can be regarded as a condi-
tioning process that alters the surface chemistry and shifts the
reaction selectivity. Importantly, the relatively small difference in
H,0, production between the second and third cycles indicates
that, once this initial surface modification has occurred, the
electrode exhibits stable behaviour under prolonged operation.
The limited performance loss (=<10% between cycles) suggests
only minor additional oxidation or gradual degradation,
demonstrating that the system can operate reproducibly after an
initial conditioning stage. This stability, together with the sus-
tained production observed over extended operation times,
supports the practical potential and scalability of the 2e” WOR
process in flow configurations using reusable CFP electrodes.

Surface passivation can be reasonably excluded as the main
cause of the performance changes. A passivating layer would be

Table 1 Faradaic efficiency data for CFP recycling tests in flow-cell
configuration. Conditions: 3 cycles of use. 6 h 2e™ WOR per cycle with
2 M K>CO3 + 90 mM NaSnOz at Q = 2.34 L min, pH 11.5, 25 °C andj =
200 mA cm™2

Faradaic efficiency (%)

Cycle of use

Time (h) 1st 2nd 3rd

1 38.23 26.58 24.07
2 24.57 18.02 16.80
3 16.88 13.58 11.72
4 50.10 41.54 36.38
5 24.59 20.32 18.25
6 15.74 13.24 12.17
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Table 2 Comparative table of results for anodic batch production of H,O, in basic media
We material Operational mode  Electrolyte solution Mmax (Mol em 2 min™")  FEp. (%)  Sampling time (min)  Ref.
BDD Potentiostatic, KHCO;3, 2M (pH = 8) 19.7 28 5 15
3.15 Vvs. RHE
BDD Galvanostatic, K,CO; 2M (pH = 12.6) 35 40 10 18
300 mA cm 2
CFP Galvanostatic, KHCO3;, 2M Na,SiO; 1.44 — 10 12
50 mA cm™? 90 mM (pH = 11)
PTFE/CFP Potentiostatic, Na,CO; 1M Na,SiO3 23.4 66 420 11
2.4 V vs. RHE 30 mM (pH = 12)
B-doped graphite  Potentiostatic, K,CO; 2M 26.7 60.6 40 83
2.87 Vvs. RHE
SAMs-modified 2.1 Vvs. RHE 2 M K,CO; 79.8 82.5 10 84
CFP (or reaching 10C)
CFP Galvanostatic K,CO;, 2M Na,SnO; 23.3 37.46 60 This work
conditions, 90 mM
J=200mAcm > (pH=11.5)

expected to progressively hinder the electrogeneration of H,0,,
leading to a continuous decline in H,0, concentration. Instead,
the experimental results show that H,0, concentration tends to
stabilize over time in each cycle, indicating the establishment of
a dynamic equilibrium between production and destruction
pathways rather than transport limitations imposed by
a blocking layer. This steady-state behaviour and the surface
characterization of the electrodes using Na,SnO;, with no
evidence of layer formation, support the interpretation that the
dominant effect is a change in catalytic selectivity rather than
physical passivation. Moreover, the cell potential was the same
between cycles and during them, excluding any interfacial
resistance increase due to passivation.

While electrochemical 2e~ WOR for H,0, production in flow
reactors has been previously demonstrated,">'® there were no
systematic reports of this extended operation over multiple long
cycles with large electrolyte volumes and high flow rates. The
present work provides new insights into the operational stability
and scalability of this process. The sustained performance and
electrode reusability demonstrate the robustness of the system
and represent an important step toward practical, scalable
implementation beyond short-term laboratory experiments.

Comparison with previous works

Production of H-cell systems. In the present work, under
optimal conditions, a production of 23.3 pumol cm > min~* and
37.46% FE with CFP as anode were reached. Compared with the

results reported for BDD electrodes® (Table 2), the 19.7 umol
ecm 2 min ' and 28% FE achieved in potentiostatic mode were
overcome. When compared with the galvanostatic production,
the results are below the reported 35 pmol cm > min " for BDD,
although the achieved selectivity of the developed system is quite
similar.’® However, these reported results were achieved after 10
minutes, with the H,O, produced afterward decreasing drasti-
cally, so the developed system of this work offers clear advantages
in terms of stability and longer-time productions over BDD
electrodes for H,0, production via 2e~ WOR. In the case of the
results previously obtained for the same material,"> CFP
production is much higher and similar to that of a carbon elec-
trode modified interfacially with PTFE,"" and a super-aerophilic
B-doped graphite catalyst.*® For significantly higher production
rates and faradaic efficiencies, more complex modification
strategies beyond the scope of this work, such as a self-assembled
membranes modification strategy®* are required. Nevertheless,
obtaining the competitive value of 23.3 pmol cm 2 min~* and
37.4% FE with a pristine CFP electrode through simple adjust-
ments of the reaction medium and operational parameters
results very appealing scenario for large-scale application of the
water oxidation method for H,O, production. Moreover, the
results obtained after one hour of operation are particularly
relevant for scale-up considerations, as they reveal system
stability, steady-state selectivity, and an accumulative yield. They
also indicate good control of secondary effects such as H,O,
chemical decomposition, electrode fouling, and ohmic heating.

Table 3 Comparative analysis of anodic production of H,O, in flow cells

We Jumax Flow rate Hmax FEax Hmax Sampling time
material (mA cm™?) (L min™") Electrolyte solution (tmol em™> min™") (%) (min) Ref.
BDD 300 0.01 K,COs, 2M Na,SiO; 36.6 12 60 18
90 mM (pH = 12.6)
CFP 100 0.1 K,COs, 2M Na,SiO; 4.5 14.3 150 12
90 mM (pH = 12.6)
CFP 200 2.34 K,COs, 2M Na,SnO;  23.3 38.23 60 This work

90 mM (pH = 11.5)
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Production in flow cells. The use of a flow cell allows
continuous, efficient, and scalable H,O, production, as well as
more realistic operating conditions than batch H-cells. Here,
the results in the developed flow configuration are compared
with the most relevant articles for BDD and CFP using a similar
system (Table 3). Compared with the same electrode material,
CFP, in the current work, the production is 5 times higher than
previously reported, achieving a significative higher faradaic
efficiency as well, revealing the high potential of the optimized
system for scale-up H,O, production via 2e” WOR using alter-
native, cost-effective materials such CFP vs. BDD electrodes.

Conclusions

The potential of a cost-effective electrode material, CFP, has
been evaluated as a viable alternative to the expensive BDD
electrodes for the anodic production of H,0,. A comparison
between the two materials highlighted the greater importance
of controlling operational parameters, particularly pH and
temperature when using CFP due to its high surface reactivity.
In contrast, BDD performance was less sensitive to reaction
conditions, with the addition of stabilizing agents being the
primary factor influencing H,O, stability. When pH and
temperature were precisely controlled, CFP exhibited compa-
rable or even superior performance to BDD in terms of H,0,
production and process selectivity.

Furthermore, this study demonstrates that the use of
Na,SiO;—to the best of our knowledge, the only additive re-
ported for the electrochemical generation of H,O0, via the 2e™
WOR—can be detrimental under certain operating conditions,
limiting its suitability for long-term operation. Among the
potential studied alternatives to Na,SiO3, Na,SnO; has, for the
first time in an electrochemical system, been demonstrated to
effectively stabilize the anodic production of H,0,. Compre-
hensive surface characterization demonstrated that Na,SiO;
induces electrode passivation through the formation of a silica
network, while Na,SnO; stabilizes the system by remaining
predominantly soluble and preventing the development of
a blocking layer on the electrode surface, avoiding passivation.

The combination of pristine CFP with Na,SnO; as an addi-
tive, together with precise control of pH and temperature,
enabled H,0, production rates of up to 23.3 pmol cm > min ™"
and a faradaic efficiency of 38.23% at 2 kA m™? for more than
6 h in a flow cell. To the best of our knowledge, these values
represent the highest H,0, production rates and selectivity re-
ported to date for flow-cell systems operating with bare CFP for
this reaction pathway under similar conditions. Moreover, the
developed system operates at a larger and more industrially
relevant scale than comparable studies, which are usually per-
formed at much smaller laboratory scales or require complex
substrate modifications.

This work also represents the only reported flow-cell study
using bare CFP electrodes that includes long-term electrode
recycling experiments, achieving a total operational time of 18 h
and thereby providing a further step toward practical scalability.
Overall, these results surpass those reported for other systems
employing uncoated CFP electrodes and are competitive with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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systems based on more sophisticated modified carbon elec-
trodes and even BDD, confirming the feasibility of anodic H,0,
production using a simple, cost-effective, and scalable electro-
chemical platform.
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