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Hydrogen Evolution and Water Disinfection

Yeonsu Han, t 2 Jungsue Choi, T 2 Soyun Oh, T 2 Hyun Ko,? and Hyoyoung Lee* &b ¢

Current research on green hydrogen mainly focuses on water
electrolysis. However, the low commercial utility of oxygen hinders
the reduction of hydrogen production costs. Herein, we report a
bifunctional Mn-SnO,@Fe30,4 catalyst for simultaneous hydrogen
production and water disinfection. Under an external magnetic field,
the system triggers a cascade reaction, converting in-situ generated
H,0; into - OH radicals via a Fenton-like reaction. This synergy
achieved 99.9% antibacterial efficacy against Escherichia coli at 2.6 V
vs. RHE.

1. Introduction
Driven by global environmental regulations, interest in carbon-
free technologies has continuously intensified, with a particular
focus on the sustainable production of hydrogen. 2 As a
primary feedstock for various chemical syntheses and a high-
density energy carrier, hydrogen plays a pivotal role in energy
storage systems. Currently, most of the industrial hydrogen is
supplied as a by-product from petrochemical processes.
However, this route is associated with substantial carbon
dioxide emissions. To address this, water electrolysis has
emerged as a promising eco-friendly alternative, utilizing
renewable electricity to split water.3 4

The primary bottleneck in conventional water electrolysis is
the sluggish oxygen evolution reaction (OER) at the anode.> The
OER is hindered by high overpotentials and the indispensable
use of expensive noble metal catalysts. Furthermore, the
evolved oxygen gas possesses relatively low market value.
Consequently, extensive research has shifted toward replacing
the OER with value-added oxidation reactions,®® thereby
enabling a dual-benefit system that simultaneously generates
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clean energy at the cathode and performs environmental
remediation at the anode. Among these, the electrochemical
production of hydrogen peroxide (H,0,) is of significant interest.
H,0, is a potent oxidant widely utilized in chemical synthesis
and wastewater treatment. Notably, H,O, can be efficiently
synthesized in KHCOs electrolytes without complex additives via
the two-electron water oxidation reaction (2e-WOR).?
Compared to the four-electron OER, the 2e-WOR is kinetically
more favorable due to fewer electron transfer steps, leading to
a theoretically lower overpotential.10 11

Despite these advantages, the practical application of
electro-synthesized H,0, for water treatment faces critical
limitations. The inherent oxidation potential of H,0, is relatively
modest at 1.76 V vs. normal hydrogen electrode (NHE),12 13
which is often insufficient for the rapid degradation of
recalcitrant organic pollutants or the complete inactivation of
resilient bacterial strains. As a result, an additional activation
step is typically required to generate highly reactive hydroxyl
radicals (-OH).1*16 However, conventional heterogeneous
Fenton or Fenton-like processes suffer from sluggish interfacial
reaction kinetics, which significantly restrict radical generation
efficiency.l” Moreover, performing this activation as a separate,
subsequent process often involves complex handling and the
inherent challenges of stabilizing and transporting unstable
H,0,.1® Conventional strategies to accelerate Fenton-like
reactions, such as catalyst structure engineering or thermal
activation®2!, have shown limited success in fundamentally
overcoming these kinetic constraints.

Recently, external-field-assisted catalysis has emerged as a
promising approach for regulating reaction pathways. Magnetic
field-assisted catalysis, in particular, modulates spin-dependent
electron transfer processes by aligning electron spins within
magnetic materials, which lowers activation energy barriers and
accelerates reaction kinetics2224. Significant efficiency gains
could be realized if we introduce this new concept to the
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Fig. 1 Characterization of crystal structure and Morphology: (a) XRD patterns of Fe3s04, TOFO, MTOFO. (b) SEM image of
MTOFO. (c) HR-TEM image of MTOFO. (d) HAADF-STEM images of MTOFO and EDS corresponding elemental and mixed

mapping.

electrochemical generation of H,O, with its immediate in-situ
activation, thereby eliminating intermediate handling steps
while maximizing reactive radical utilization.

In this study, we report, for the first time, an integrated
system that couples the two-electron water oxidation reaction
(2e-WOR) for H,0; production with a magnetic field-enhanced
Fenton-like reaction. By coupling the in-situ production and
simultaneous decomposition of H,O, into -OH, we achieve a
strong synergistic effect for high-efficiency water disinfection.
To realize this, we synthesized a unique heterostructure
comprising FesOs nanospheres decorated with Mn-doped SnO,.
In this architecture, Mn doping modulates the electronic
structure of SnO,, significantly reducing charge transfer
resistance to drive continuous H,O, generation, while the Fe304
serves as the Fenton-like activation center. Notably, an external
magnetic field accelerates radical generation at the catalyst
interface. This dual-functional system achieves 99.9% bacterial
inactivation, offering a new strategy for integrating spin-
dependent catalysis with electrochemical systems for
sustainable water treatment.

2. Experimental
2.1. Chemicals and materials
FeCls (Sigma-Aldrich), NaAc - 3H,O (Sigma-Aldrich), PEG 2000

(TClI), ethylene glycol, SnCls-5H,0, MnCl,-4H,0, DI water, KHCOs,

H,S04, KMnOg4, Terephthalic acid (TA), Escherichia coli (ATCC

2| J. Name., 2012, 00, 1-3

25922, Kisan bio, Korea), Luria Bertani broth (E. coli, LB, Kisan
bio, Korea)

2.2. Synthesis of Fe304

The method was adapted from a previously reported
procedure.?> FeCl; 14.2 mmol, NaAc-3H,0 46 mmol, PEG 2000
were dissolved in ethylene glycol 70 mL, and then the solution
was stirred overnight. The mixed solution was transferred into
a 100 mL Teflon-lined stainless-steel autoclave. The autoclave
was sealed and heated to 200 °C for 6 h and then cooled to room
temperature. The obtained powder was washed three times
with deionized water (DI water) using a magnet and then dried
in a vacuum oven at 60 °C overnight.

2.3. Synthesis of Mn-doped SnO,@Fe30,4

Fe304 7.24 mmol, SnCls-5H,0 2.8mmol, MnCl,-4H,0 0.14mmol
and 2.8 mmol PEG 2000 5 mmol were mixed in 20mL DI water,
and then the solution was stirred for 30 min. NaOH 32 mmol
and DI water 15 mL were added to the mixed solution. The
mixed solution was transferred into a 100 mL Teflon-lined
stainless-steel autoclave. The autoclave was sealed and heated
to 180 °C for 10 h and then cooled to room temperature. The

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Characterization of electronic structure: (a) XPS analysis of TOFO, MTOFO electrocatalysts in terms of Sn 3d. (b) Fe 2p.

obtained powder was washed three times with DI water using a
magnet and then dried in a vacuum oven at 60 °C overnight.

2.4. Synthesis of SnO,@Fe30,4

The synthesis was conducted following the same procedure as
that of Mn-doped SnO,@Fe304, but without the addition of
MI’IC|2'4H20.

2.5. Materials characterization

The crystalline structure of the catalysts was determined by X-
ray diffraction (XRD) on a Rigaku SmartLab (Cu-Ka source
with A of 0.15406 nm). The elemental composition of the
material was analyzed by using a PerkinElmer Avio 550 Max ICP-
OES spectrometer. The morphology ofthe catalyst was
characterized by scanning electron microscope (SEM) JEOL JSM-
7100F and transmission electron microscope (TEM) on JEOL
JEM-F200 at 200 kV, element composition and distribution by
energy dispersive X-ray spectroscopy (EDS) element mappings.
X-ray photoelectron spectroscopy (XPS) was performed to
characterize the electronic structures of the catalyst on NEXSA
G2 with an Al Ka X-ray source (1.4866 keV).

2.6. Electrocatalytic analysis

All the electrochemical data were collected on a Zive SP-1
potentiostat (Wonatech). Catalytic performance was conducted
in 2 M KHCO3 with a 3-electrode system. The catalyst ink, 5 mg
of the catalyst powder, was dispersed into the solution,
including 490 pL of IPA, 490 pL of DI water, and 20 pL of Nafion
(5 wt%). The mixed solution was sonicated for 1 h. Then, 50 pL
of the catalyst ink was loaded on 0.5*0.5 cm? carbon paper as
the working electrode. The Ag/AgCl as the reference electrode
and the Pt mesh as the counter electrode were used. The
of produced H,0,
potentiometric titration using a potassium permanganate
KMnOs solution. The redox reaction is as follows:

concentration was determined via

2KMnO4 +5H,0; +3H,S0O4 — 2MnSO4 +50; +8H,0 +K;S04
In a typical titration, the reaction solution was titrated with 0.02

M KMnQyg in the presence of 1 mL of 3 M H,SO4 until the light
pink endpoint was reached.2®

This journal is © The Royal Society of Chemistry 20xx

To determine the Faradaic efficiency (FE) of hydrogen, we
employed the water displacement method.?” The FE was
evaluated at potentials ranging from 2.0 to 3.0 V vs. RHE for
durations of 5, 10, and 15 min.

Faradaic efficiency = z*n*F / Q

where z is the number of electrons transferred, n is the number
of moles of the product produced, F is the Faraday constant
(96,485 C mol-1), Q is total charge.

To detect -OH, radical probe experiments were conducted by
adding 12 mM terephthalic acid (TA) to the 2 M KHCOs3
electrolyte. The reaction between TA and - OH to form the
fluorescent product, 2-hydroxyterephthalic acid (2-HTA),
proceeded according to the following equation:

CsHa(COOH); + -OH — CgH3(OH)(COOH); + -H

The resulting 2-HTA was analysed by using PL spectroscopy,
with its characteristic fluorescence signal being monitored at an
emission wavelength of 425 nm.

2.7. Antibacterial experiments

For antibacterial experiments, E. coli was incubated in Luria
Bertani broth at 37 °C with 200 rpm agitation for 12 h (Shaking
incubator, LI-BS100, LK LAB KOREA, Korea). Then, the optical
density of bacterial suspension was measured at 600 nm
(OD600) to determine the number of bacteria using ultra-visible
(UV-Vis) spectroscopy and diluted to the final concentration of
2 x 10% CFU mL with a 2 M KHCOs in phosphate-buffer saline
(PBS, 1X, Sigma Aldrich, USA) solution. The prepared bacterial
suspension (20 mL) was added to a cell containing the catalytic
electrode (1 mg mL1). The reaction was conducted at 2.6 V vs.
reversible hydrogen electrode (RHE) at room temperature. At
each time, 100 pL of an aliquot from the reaction suspension
was diluted 2 times (10°2) followed by 100 pL aliquot was spread
on an LB agar plate. After incubation at 37 °C for 12 h, the
colony-forming unit of bacteria was estimated using the
standard-counting method.

3.1 Structure characterization

J. Name., 2013, 00, 1-3 | 3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta02632j

Open Access Article. Published on 18 1405. Downloaded on 19/02/1405 06:02:32 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal of-Materials.Chemistry A
200 130 2
a —— TOFO wio magnet b u TOFO wio magnet C ] IOFV\E'WHMEI Online
——T0FO w magnet & TOFO wmagnet .
——MTOFO wio magnet A MTOFO wio magnet DOl 1ngméf 2632
——MTOFO w magnet v MTOFO w magnet ¥ MTOFO w magnet
g g &
t . 3 : SR TN -
> > %\d\ bé" ) - n - ® L
3 = N af 30 = - - . -
: Wi - .
5 ] AV G\ & P it P I
£ 100 & 180 A N &y % "h‘&
S L -
a A o c [ L £y
A% Y "I}d ¥ = ‘-‘-'
ANE e G A
ady (“‘J P AN
PR
0 178 ]
18 e 20 22 24 28 28 30 o8 0% 1o 14 12 13 14 15 1% H H H 7 ‘
Potential (V vs. RHE) Loglj (mA cm?)) Z,. (ohm)
d 05 e f
= TOFO wio magnet ——TOFO wi t
o8] ® TOFOWmagnet (.“‘1 €0 ity :':;,1':! w0 at 2.6V vs. RHE
A ::g:g :va:l;ng;H N3 —a—MTOFO w/o magnet
v =
o 50 3—MTOFO w magnet i
0.6 E 40 E 100
- ‘.E <
Bis 5 £
H a0 zw
E . g
Loa = 2
S H e
S 20 H
10
02
x
04 o
o

20 30 40 50 60 70 80 50 100 20 22 24
Sean rate (mV s)

Potential (V vs. RHE)

26 28 3.0 3 H 3 1z 15
Tima (h)

Fig. 3 Electrocatalytic performance (a) Polarization curves of the TOFO and MTOFO with (out) magnet. (b) Tafel plot and (c)
Nyquist plot at 1.8 V vs. RHE in 2 M KHCOs. (d) ECSA of each catalyst and with(out) magnet. (e) H,O; yields at various applied

potentials. (f) Stability of MTOFO at 2.6 V vs. RHE.

The Fe304 nanospheres were synthesized via a hydrothermal
method, followed by a subsequent hydrothermal process to
grow either SnO; or Mn-doped SnO,, resulting in SNO,@Fe304
(TOFO) and Mn-SnO,@Fe30;s (MTOFO) heterostructures,
respectively. To investigate the crystalline structure of the
prepared catalysts, XRD analysis was performed. Fig. 1a shows
the XRD patterns of TOFO and MTOFO, which clearly exhibit the
characteristic peaks of Fes;0s. These peaks remain well-
preserved after the incorporation of SnO;, while the emergence
of new diffraction peaks corresponding to SnO, confirms the
successful formation of the SnO,@Fe3Os heterostructure.
Furthermore, a discernible peak shift in the SnO, diffraction
lines was observed following Mn-doping, indicating the
successful integration of Mn ions into the SnO, lattice.?® To
quantitatively verify the successful doping of Mn, ICP-OES
analysis was performed, with the results presented in Fig. S1.
The detected Mn content of 0.46 wt% provides quantitative
support for the structural shifts observed in XRD.

The morphological evolution was further examined through
SEM, as shown in Fig. 1b and Fig. S2. The pristine FesOa4
displayed a uniform nanospherical morphology, which was
maintained even after the secondary growth of the SnO; layers.
For a more detailed structural analysis, HR-TEM was employed.
The low-magnification TEM images corroborated the SEM
findings, showing well-defined nanospherical structures.

At higher magnification, Fig. 1c and Fig. S3 and 4 reveal the
lattice fringes and the interfacial relationship within the
heterostructure. The measured d-spacings of 0.34 and 0.49 nm
correspond to the (110) facet of SnO, and the (111) facet of
Fes04, respectively.?? 30 These findings further substantiate the
successful construction of the heterojunction between the two
phases. Finally, Fig. 1d, Fig. S5 shows the elemental distribution

4| J. Name., 2012, 00, 1-3

through scanning transmission electron microscopy (STEM)-EDS
mapping. The elemental maps demonstrate that Mn and Sn are
uniformly distributed over the surface of the Fe304, confirming
the successful synthesis of the FesO4 nanospheres decorated
with Mn-doped SnO,.

XPS was conducted to investigate the electronic structures of
the synthesized catalysts. As shown in the Sn 3d spectra of Fig.
2a, the binding energies for Sn** and Sn2* in the Sn 3ds, state of
the pristine TOFO were observed at 487.9 and 487.0 eV,
respectively.3? 32 Following Mn doping, these peaks shifted to
lower binding energies of 487.5 and 486.4 eV. A similar negative
shift was observed in the Sn 3ds/, spectra, where the Sn** and
SnZ* peaks moved from 496.6 and 495.7 eV to 496.0 and 495.4
eV, respectively. Furthermore, the successful incorporation of
Mn was confirmed by the Mn 2p XPS peaks provided in Fig. S6.
Fig. 2b displays the high-resolution Fe 2p XPS spectra. Notably,
the Fe3* signal is split into two distinct peaks corresponding to
the tetrahedral and octahedral sites, which is a characteristic
feature of Fe304. For the pristine TOFO, the Fe 2ps/; peaks
assigned to Fe?*, octahedral Fe3* (Feo**), and tetrahedral Fe3*
Fetetra3*) were located at 710.0, 711.4, and 712.6 eV,
respectively.33 In the MTOFO catalyst, these peaks shifted to
710.0, 711.2, and 712.4 eV. This shift to lower binding energies
is attributed to electron transfer from the Mn-doped SnO,,
driven by its relatively lower oxidation state. Correspondingly,
in the Fe 2p1/» spectra, the peaks for Fe?*, Feocr®*, and Fetetra*
shifted from 723.0, 724.2, and 725.7 eV to 723.3, 724.4, and
725.3 eV. Finally, the O 1s XPS spectra revealed an increase in
the proportion of the surface hydroxyl (-OH) peak in Fig. S7.

3.2 Electrocatalytic performance

The electrochemical evaluations were conducted using a three-
electrode system to investigate the influence of an external

This journal is © The Royal Society of Chemistry 20xx
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magnetic field on catalytic performance in Fig. S8. As shown in
Fig. 3a, linear sweep voltammetry (LSV) revealed that all
catalysts exhibited similar onset potentials at 1.7 V vs. RHE.
Notably, the MTOFO catalyst under a magnetic field achieved
the highest current density. Analysis of the Tafel slopes in Fig.
3b showed that peaks were distributed at similar positions
regardless of the magnetic environment. Interestingly, Mn-
doping led to a reduction in the Tafel slope at consistent
potentials, suggesting that while the magnetic field influences
the reaction at the onset, the Mn-dopants fundamentally
enhance the intrinsic catalytic reactivity.

Electrochemical impedance spectroscopy (EIS) further
confirmed this enhancement, where Fig. 3c demonstrates that
Mn-doping reduced the charge transfer resistance (Rct) from 4
ohm for TOFO to 3 ohm for MTOFO. The electrochemically
active surface area (ECSA) measurements, as shown in Fig. 3d
and S9, yielded double-layer capacitance values of 68 mF cm™
for TOFO and 52 mF cm2 for MTOFO.

Subsequently, H,O, production rates were evaluated as a
function of applied potential. Fig. 3e presents that at an applied
potential of 2.6 V vs. RHE, MTOFO reached a maximum H,0;
production rate of 60.2 umol min. Intriguingly, the H,0, yield
for MTOFO decreased under specific magnetic conditions,
which prompted further investigation into radical generation. It
was confirmed that the catalyst exhibits significantly higher
efficiency compared to previously reported 2e-WOR catalysts,
as summarized in Table S1.

In addition, the Faradaic efficiency (FE) of MTOFO was
measured within the potential range of 2.0 - 3.0 V vs. RHE to
quantify the hydrogen production. A high FE of over 90% was
consistently observed across all measured potentials in Fig. S10

This journal is © The Royal Society of Chemistry 20xx

and S11. Finally, long-term stability tests at 2.6 V confirmed that
the catalyst maintained robust performance for over 15 h in 2M
KHCOs in Fig. 3f. Finally, long-term stability tests at 2.6 V
confirmed that the catalyst maintained robust performance for
over 15 h in 2M KHCOs in Fig. 3f. Furthermore, to evaluate
operational stability under practical conditions, the durability
was tested at 2.6 V vs. RHE in tap water, both with and without
the addition of 2 M KHCOs. The catalyst exhibited sustained
stability for over 15 h and 35 h, respectively, as shown in Fig.
S12.

3.3 Electrochemical radical probe and bacterial disinfection

To elucidate the observed decrease in H,O, production under
magnetic fields, we hypothesized that H,O, was being
consumed to generate -OH. A radical probe experiment was
performed using 12 mM TA in a KHCOs electrolyte at 2.6 V vs.
RHE.34 35 During the initial 30 min, the photoluminescence (PL)
peaks at 425 nm saturated at a consistent level regardless of the
magnetic field in Fig. 4a. However, after 1 h, only the catalyst
that reacted under the magnetic field showed a significant
increase in PL intensity. The magnetic field facilitates a Fenton-
like reaction and the production of -OH for 2-HTA formation, a
kinetic acceleration which is primarily attributed to the
synergistic effect of spin-state regulation and structural
modulation of radical intermediates. Theoretically, radicals are
generated as pairs in either singlet (S) or triplet (T)
configurations.3® In the absence of a magnetic field, singlet
radical pairs (e.g., }[HO- 1 - | -OH]) tend to rapidly recombine
into H,0, due to the Pauli exclusion principle, thereby limiting
the steady-state concentration of active species.3” The
application of an external magnetic field induces Zeeman

J. Name., 2013, 00, 1-3 | 5
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energy splitting of the triplet sublevels, which effectively
promotes S — T intersystem crossing while suppressing the T —
S evolution.3% 32 Given that the recombination of triplet radical
pairs is spin-forbidden, these species exhibit a significantly
higher dissociation probability, allowing a greater population of
free radicals to escape and participate in the Fenton-like
reaction, which effectively lowers the apparent activation
energy. Furthermore, literature suggests that the external field
acts as an equivalent force that lengthens O—0 and O—H bonds
in H,0,, further reducing the energy barrier for bond scission
and facilitating the observed kinetic promotion and efficient
H,0, utilization.*°

This radical generation mechanism was further applied to water
disinfection. Before the antibacterial experiments, the
electrolyte concentrations were optimized to exclude
antibacterial effects originating from the electrolyte in Fig. S13.
Antibacterial experiments were conducted against E. coli, a
representative Gram-negative bacterium. While control
experiments at open circuit potential (OCP) showed no

significant impact on bacterial survival, MTOFO achieved a 96.1%

antibacterial rate at 2.6 V vs. RHE. Remarkably, the synergistic
combination of an applied potential of 2.6 V and a magnetic
field enhanced the antibacterial activity of MTOFO to 99.9% in
Fig. 4b, c. These values represent significantly higher efficiency
compared to previously reported catalysts for bacterial
disinfection, as summarized in Table S2. These results
demonstrate that the synergy between electric current and
magnetic fields enables MTOFO to efficiently generate H,0, and
subsequently convert it into highly reactive - OH, achieving
superior disinfection of high-concentration bacteria.

Conclusions

In summary, we successfully achieved simultaneous hydrogen
and hydrogen peroxide production via a 2e-WOR using a Mn-
doped SnO,@Fe304 electrocatalyst with magnet. Going beyond
conventional 2e-WOR, the incorporation of Fe3;04 enabled the
generation of highly reactive -OH through an electro-Fenton-
like process. Furthermore, TA probe assays confirmed that the
application of an external magnetic field significantly enhanced
this Fenton-like reactivity. The generated -OH were effectively
utilized for bacterial disinfection, demonstrating meaningful
results for water purification. We believe that this dual-
functional system, concurrently producing clean H, and potent
‘OH, presents a promising new strategy for advanced
wastewater treatment. Future studies focus on
implementing this system in more complex, real-world
environmental matrices.
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