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activity of single-atom iron on
reduced graphene oxide for magneto-catalytic
conversion of H2O2 into O2

Chieh-Wei Chung,†a Jyun-Yau Huang,†b Jing-Guan Liang,†ac Linda Iffland,de

Loise Ann Dayao,a Dinesh Kumar Dhanthala Chittibabu,f Chong-Chi Chi,c

Jeng-Lung Chen, g Ting-Shan Chan,g Chi-Liang Chen, g Ying-Rui Lu,g

Chieh-Cheng Huang, a Ho-Hsiu Chou, h Zong-Hong Lin,i Ying-Chieh Chen, c

Ming-Yen Lu, c Hsin-Tsung Chen, *f Ulf-Peter Apfel, *de Yei-Chen Lai *j

and Tsai-Te Lu *abf

Recent advances in magnetically enhanced (electro)catalysis have disclosed the potential of magnetic fields

to modulate reaction kinetics and catalytic performance. Herein, a combination of alternating magnetic

field (AMF) as a physical stimulus, reduced graphene oxide (rGO) as a magneto-sensitizer, single-atom Fe

on rGO (FeSA:rGO) as the catalytic active site, and H2O2 as a dual reductant and oxidant demonstrated

a proof-of-concept magneto-catalytic process that is thermodynamically driven solely by magneto-

voltaic activity. Upon application of an AMF to electroconductive FeSA:rGO, AMF-induced charge

separation led to formation of low-lying electron holes (EHOMO = 2.41/2.43 eV) and excited electrons

(ELUMO = −0.65/−0.57 eV), which triggered AMF power-dependent magneto-voltaic and magneto-

electric activity (0.19–1.56 V and 0.15–0.62 mA). In the presence of H2O2, these AMF-induced low-lying

electron holes in FeSA:rGO promoted oxidation of the Fe3+ resting state leading to transient formation

of a high-valent Fe4+ species, which served as a critical intermediate for magneto-catalytic oxidation of

H2O2 and evolution of O2. Furthermore, a kinetic study unveiled that FeSA:rGO concentration, H2O2

concentration, and AMF power played key roles in controlling the rates for FeSA:rGO-mediated

magneto-catalytic oxygen evolution reaction. Consequently, these investigations established

a mechanistic foundation for the future development of magneto-catalytic systems by integrating AMF-

responsive magneto-sensitizers with diverse catalytic active sites.
al Tsing Hua University, Hsinchu, 30013,

ua University, Hsinchu, 30013, Taiwan

neering, National Tsing Hua University,

, Activation of Small Molecules/Technical

44801 Bochum, Germany

UMSICHT, 46047 Oberhausen, Germany.

Christian University, Taoyuan, 32023,

enter, Hsinchu, 30076, Taiwan

tional Tsing Hua University, Hsinchu,

ional Taiwan University, Taipei, 106319,

g Hsing University, Taichung, 402202,

hieh-Wei Chung, Mr Jyun-Yau Huang,

y the Royal Society of Chemistry
Introduction

In 2011, Pt1/FeOx, consisting of well-dispersed single Pt atoms
decorated on the surfaces of iron oxide nanocrystallites, was
reported as the rst single atom catalyst (SAC) for CO oxida-
tion.1 By virtue of inheriting advantages from homogeneous
catalysts and natural metalloenzymes, SACs have emerged as
promising heterogeneous catalysts featuring (a) well-dispersed
metal active sites with a well-dened coordination environ-
ment, (b) superior catalytic activity/selectivity tailored by the
coordination geometry of the metal active sites, and (c) utmost
atomic utilization efficiency.2–6 For preparation of Fe-based
SACs, multifarious synthetic strategies including high-
temperature pyrolysis,7–10 mass-selected so landing,11,12 ball
milling,13,14 and dangling bond trapping were reported and
summarized in SI Table 1.15,16 In addition to the single-atom
metal active sites, the synergistic structural and electronic
effects of the supporting materials in SACs play a critical role in
optimizing and strengthening their applications in (electro-/
photo-)catalysis, articial nanozymes, energy storage/
Chem. Sci.
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conversion, biosensors, and biomedicine.3–5,7–12,17–25 In partic-
ular, during electrocatalytic reduction of dioxygen promoted by
pfSAC-Fe, the electroconductive graphene supporting material
provided an electron-transfer pathway to the single-atom Fe
active site for superior catalytic oxygen reduction reaction.11

Besides, for the FePc/hollow nitrogen-doped carbon nano-
sphere (HNCS) nanozyme featuring a strong p-electron conju-
gation, near-infrared irradiation induced a photothermal effect
of the HNCS supporting material, which enhanced the activa-
tion of H2O2 by the single-atom Fe active site on the conjugated
FePc.25

Recently, external application of an alternating magnetic
eld (AMF) was reported to enhance a variety of metal-mediated
(electro)catalytic reactions due to the magnetic heating
(increase of local apparent temperature at the (electro)catalyst
through Brownian/Néel relaxations of magneto-sensitizers),26–35

magnetohydrodynamic (improvement of diffusion for
reactants/electrolytes by Lorentz force),30,35,36 and spin polari-
zation effects.27,30,35,37–40 In the AMF-enhanced electrocatalytic
oxidation of H2O leading to evolution of O2, particularly, (1) spin
conservation of unpaired electrons in the p* orbital of the O2

moiety in the lattice oxygen oxidation mechanism and (2) spin-
selective electron removal from sM–O and sO–H bonds in the M–

OOH intermediate in the adsorbate evolution mechanism were
reported to lower the kinetic barrier for transformation of
singlet precursors/intermediates (i.e. M–OH/M]O/M–OOH)
into triplet O2.37–39 On the other hand, based on Lenz's law,
application of an AMF to electrically conductive materials
induced generation of electric currents (i.e. eddy currents), of
which the intensity was proportional to the electrical conduc-
tivity of materials as quantied by Faraday's law.32,41 Despite the
reported generation of electric currents in electrically conduc-
tive materials under AMF, however, the magneto-voltaic prop-
erties of these materials and unexplored utilization of magneto-
voltaic activity as a solely thermodynamic driving force to
magneto-catalysis remained elusive.

In traditional radiotherapy (RT) and photodynamic therapy
(PDT), O2 plays a critical role in the generation of reactive
oxygen species (i.e. O2

− or 1O2) leading to DNA damage and
inducing cancer cell apoptosis.42–44 Due to the rapid growth and
metabolic demands of solid tumors, however, hypoxia (#2%
O2) appears as one of the distinctive features within the tumor
microenvironment (TME).45–47 Moreover, anaerobic glycolysis
and mitochondrial dysfunction under this hypoxic TME induce
excessive production of hydrogen peroxide (H2O2) as a byprod-
uct, of which concentration in the TME can be increased to
∼100 mM higher than that at ∼1–70 nM under normal intra-
cellular conditions.48–51 Taking advantage of endogenous H2O2,
MnO2-based nanomaterials were widely reported for catalytic
conversion of H2O2 into O2 reversing the hypoxic TME and
enhancing anti-cancer RT/PDT.52,53 In addition to MnO2-medi-
ated oxygen evolution reaction (OER) from H2O2, amorphous
iron nanoparticles, ferrous phosphide nanorods, and iron-
engineered silica frameworks were also found to promote
production of highly cytotoxic hydroxyl radicals (cOH) from
Fenton reaction of H2O2 and to induce tumor cell death.54–56 Of
interest, a dual enzyme-mimicking nanocomposite, single-atom
Chem. Sci.
Fe on N-doped mesoporous carbon nanospheres (SAFe-
NMCNs), highlighted the synergistic anti-cancer effects
derived from concomitant generation of O2 and cOH in the
TME.57 Under NIR-II irradiation, the single-atom Fe–N4 active
site initiates production of cytotoxic cOH through peroxidase
(POD)-like activity and evolution of O2 through catalase (CAT)-
like activity, thereby enhancing the photothermal anti-cancer
treatment in a synergistic manner. Despite these insights
from nanozyme-based cancer therapy, the focus on cancer
eradication oen overshadows the critical need for post-cancer
treatment, namely, the need for the repair and regeneration of
damaged surrounding tissue potentially via electrical
stimulation.58,59

Inspired by the potential of AMF-induced electric current,
magneto-voltaic activity, and magneto-catalysis, herein, the
reaction of GO with Fe-precursor complexes followed by
reduction of GO was explored as a pyrolysis-free approach to
prepare single-atom Fe on reduced GO (FeSA:rGO, Scheme 1a).
Under the external application of AMF to FeSA:rGO, the elec-
trically conductive rGO served as a magneto-sensitizer to trigger
AMF-induced electric current and magneto-voltaic activity
(Scheme 1b). For the rst time, the intensity of AMF-induced
magneto-voltaic activity was measured and discovered to be
dependent on AMF power. Considering the elevated production
of H2O2 under the hypoxic TME, H2O2 was chosen as a dual
reductant and oxidant to demonstrate the proof-of-concept
magneto-catalytic transformation of H2O2 into O2 promoted
by FeSA:rGO under an AMF (Scheme 1b). The magneto-voltaic
activity and magneto-catalytic nature of FeSA:rGO revealed its
potential to reverse the hypoxic TME, to trigger anti-cancer
activity, and to potentially induce magneto-electric stimula-
tion on tissue repair, which requires an investigation in the near
future.

Results and discussion
Characterization of single-atom Fe on graphene oxide
(FeSA:GO)

Details for the reactivity study of GO toward Fe complex [Na-18-
crown-6-ether][(NO)2Fe(h

2-BH4)] (DNIC-BH4, or complex
[(NO)2Fe(TMEDA)] (DNIC-TMEDA)) leading to the formation of
Fe:GO (or Fe(TMEDA):GO) were discussed in the Methods. As
shown in SI Fig. 5a, Fe:GO and Fe(TMEDA):GO exhibited PXRD
peaks at 2q = 9.3° and 9.1°, respectively, which corresponded to
the (001) plane of GO. These PXRD features, which were
consistent with that of GO, indicated retained crystalline
structure of GO aer immobilization of Fe. Moreover, (HR)TEM
images of GO, Fe:GO, and Fe(TMEDA):GO supported the two-
dimensional sheet-like morphology of GO before and aer
modication (Fig. 1a and b and SI Fig. 6). Of importance, no
apparent aggregation of Fe nanoparticles was observed on the
at and unspotted surface of Fe:GO and Fe(TMEDA):GO. Upon
utilization of HAADF-STEM, atomic dispersion of Fe single
atoms anchoring on a GO substrate was identied as apparent
bright dots in the HAADF-STEM images of Fe:GO and Fe(T-
MEDA):GO. As shown in SI Fig. 7, the intensity prole analysis
of Fe:GO and Fe(TMEDA):GO determined the shortest distances
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration for (a) preparation of FeSA:rGO through reaction of Fe precursor complexes with GO followed by solvothermal
reduction of FeSA:GO to FeSA:rGO, (b) AMF-inducedmagneto-voltaic activity of magneto-sensitizer FeSA:rGO andmagneto-catalytic oxidation
of H2O2 to O2 explored in this study, and (c) conceptual comparisons with electrochemical catalysis (i.e. oxidation of H2O2 to O2), thermo-
chemical reactions (i.e. heat-induced release of NO fromNOdonors), andmagneto–thermochemical reactions (i.e.magnetic responsive release
of NO from MagNORM).
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View Article Online
between adjacent Fe atoms to be 4.7–6.5 Å in Fe:GO and 4.4–5.3
Å in Fe(TMEDA):GO. These analyses provide additional support
for the well-dispersed nature of single-atom Fe centers on GO
and exclude the agglomeration of Fe atoms.60 Accordingly,
Fe:GO and Fe(TMEDA):GO were best described as a two-
dimensional sheet-like GO decorated with well-dispersed
single-atom Fe centers. In addition, detailed discussions on XPS
study of GO, Fe:GO, and Fe(TMEDA):GO were included in the
Methods.

Mössbauer and XANES in combination with EXAFS analyses
were further performed to elucidate the electronic structure and
local coordination environment of single-atom Fe sites in both
Fe:GO and Fe(TMEDA):GO. As shown in Fig. 1c, deconvolution
of the major doublet feature observed in the Mössbauer
© 2025 The Author(s). Published by the Royal Society of Chemistry
spectrum of Fe:GO required a two-site tting. Based on the two-
site tting, the isomer shi (d) of 0.59 mm s−1 with a quadru-
pole doublet (DEQ) of 0.47 mm s−1 for site #1 (65.6%) and the
isomer shi (d) of 0.47 mm s−1 with a quadrupole doublet (DEQ)
of 0.43 mm s−1 for site #2 (27.9%) were consistent with the high-
spin Fe3+ center with O-/N-based ligands.61 The minor site #3
(6.5%) featuring an isomer shi (d) of 1.35 mm s−1 with
a quadrupole doublet (DEQ) of 2.04 mm s−1 may suggest
minimal presence of a high-spin Fe2+ center with O-/N-based
ligands in the Fe:GO.61 In Fe(TMEDA):GO, formation of the
high-spin Fe3+ center with O-/N-based ligands was evidenced by
comparable Mössbauer parameters (Fig. 1d), namely, an isomer
shi (d) of 0.55 mm s−1 with a quadrupole doublet (DEQ) of 0.44
mm s−1 for site #1 (50.9%) and isomer shi (d) of 0.55 mm s−1
Chem. Sci.
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Fig. 1 Characterization of single-atom Fe on GO (FeSA:GO). (a and b) TEM, HRTEM, and HAADF-STEM images of (a) Fe:GO and (b) Fe(TME-
DA):GO. The Fe single atoms were highlighted with yellow circles. (c and d) Mössbauer spectra of (c) Fe:GO and (d) Fe(TMEDA):GO collected at
80 K (square dot), whereas the different Fe sites were fitted in red, blue, and gray. (e) Normalized Fe K-edge XANES spectra of FePc, Fe(TPP)Cl,
Fe:GO, and Fe(TMEDA):GO. (f) Fourier-transformed magnitudes of the experimental Fe K-edge EXAFS signals of Fe:GO, Fe(TMEDA):GO, Fe foil,
and Fe3O4. (g) Wavelet transforms of k3-weighted Fe K-edge EXAFS for Fe:GO, Fe(TMEDA):GO, Fe foil, and Fe3O4. (h and i) Phase-shift-corrected
Fourier transforms (and EXAFS data, inset) and the best fits (red) of (h) Fe:GO and (i) Fe(TMEDA):GO.
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with a quadrupole doublet (DEQ) of 0.60 mm s−1 for site #2
(49.1%). On the other hand, these Mössbauer features displayed
by both Fe:GO and Fe(TMEDA):GO were distinctive from those
exhibited by Fe3O4 and zero-valence Fe nanoparticles (SI Fig. 8),
which provided additional support to exclude aggregation of Fe
nanoparticles during the GO-induced transformation of DNIC-
BH4 and DNIC-TMEDA.

Fourier-transformed magnitudes and wavelet transform
(WT) plots for the experimental Fe K-edge EXAFS signals of
Fe:GO, Fe(TMEDA):GO, Fe foil, and Fe3O4 are depicted in Fig. 1f
and g, whereas discussions on Fe K-edge XANES spectra for
these materials (Fig. 1e) are described in Methods. Accordingly,
Fe:GO and Fe(TMEDA):GO displayed the rst-coordination shell
of Fe–O scattering paths at R = 1.53 Å/k = 5.4 Å−1 and R = 1.50
Å/k= 5.4 Å−1, respectively, which were similar to that at R= 1.50
Chem. Sci.
Å/k = 5.0 Å−1 featuring Fe3O4. Moreover, as opposed to the Fe–
Fe scattering paths at R= 2.2 Å/k= 7.5 Å−1 and R= 2.7–3.1 Å/k=
6.5 Å−1 exhibited by Fe foil and Fe3O4, respectively, the absence
of formation of distinctive/strong Fe–Fe scattering in Fe:GO and
Fe(TMEDA):GO echoed the buildup of well-dispersed single-
atom Fe on the carbonaceous matrix.

To further gain insight into the local coordination environ-
ment of single-atom Fe sites, the best ts to Fourier transforms
and EXAFS data of Fe:GO and Fe(TMEDA):GO were collected in
Fig. 1h–i and Table 1, whereas the detailed tting process was
collected in SI Tables 2 and 3. In the best t of Fe:GO, a 2.01 Å
Fe–O single scattering path was designated as the rst-shell
feature with a coordination number of six. In addition, inclu-
sion of an Fe–C single scattering path at 3.06 Å and a corre-
sponding Fe–O–C obtuse triangle at 3.39 Å resulted in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Best-fit parameters to EXAFS data of FeSA:GO and FeSA:rGOa

Scattering path Na R (Å)a s2 (Å2)a

Fe:GO
Fe–O 6 2.01 0.007
Fe–C1

a 4 3.06 0.007
Fe–O–C1

a 4 3.39 0.006

Fe(TMEDA):GO
Fe–N 2 2.16 0.010
Fe–O 4 1.99 0.006
Fe−CT

a 2 2.54 0.020
Fe–C1

a 4 2.93 0.012

Fe:rGO
Fe–O 6 2.01 0.008
Fe–C1

a 4 3.04 0.009
Fe–O–C1

a 4 3.39 0.002

Fe(TMEDA):rGO
Fe–N 2 2.20 0.004
Fe–O 4 1.98 0.005
Fe-CT

a 2 2.99 0.002
Fe–C1

a 3 3.39 0.003
Fe–O–C1

a 3 3.47 0.003

a k range= 2.5–10.8 Å−1 for Fe:GO, 2.6–10.9 Å−1 for Fe(TMEDA):GO, 2.6–
10.9 Å for Fe:rGO, and 2.5–8.8 Å for Fe(TMEDA):rGO. N = coordination
number. R = distance. s2 = Debye–Waller factor. C1 = monodentate
carboxylate. CT = bidentate tetramethylenediamine.
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a signicant improvement of t to the second-shell feature
within the range of 1.0–3.0 Å, which was assigned to four
monodentate carboxylate ligands derived from GO. That is, the
local coordination environment of the single-atom Fe site in
Fe:GO was best described as [Fe3+(L)2(h

1-O-GOcarboxylate)4]
n− (L=

H2O or OH−). For Fe(TMEDA):GO, in addition to the 2.16 Å Fe–N
single scattering path (coordination number = 2) derived from
chelation of TMEDA, the rst-shell feature of Fe(TMEDA):GO
was best tted with an additional 1.99 Å Fe–O single scattering
path with a coordination number of four, namely an octahedral
local geometry of the single-atom Fe center. Similar to Fe:GO,
coordination of four monodentate GO-carboxylate ligands to
the single-atom Fe site in Fe(TMEDA):GO was evidenced by the
Fe–C single scattering path at 2.93 Å. Based on the tting to
Fe(TMEDA):GO within the range of 1.0–3.0 Å, of importance, the
reaction of GO with DNIC-TMEDA, in comparison with DNIC-
BH4, resulted in the substitution of two monodentate L by the
bidentate TMEDA ligand yielding the [Fe3+(TMEDA)(h1-O-
GOcarboxylate)4]

n− center in Fe(TMEDA):GO.
According to the comprehensive characterization of Fe:GO/

Fe(TMEDA):GO together with the parallel reactivity study of
DNIC-BH4/DNIC-TMEDA toward benzoic acid/phenol/styrene
oxide (see Methods for details), proposed mechanisms for GO-
induced conversion of DNIC-BH4/DNIC-TMEDA and impreg-
nation of a well-dispersed single-atom Fe site in Fe:GO/Fe(T-
MEDA):GO were discussed below. During the reaction of GO
andDNIC-BH4, deprotonation of the carboxylic acid (pKa= 4.1)/
phenol (pKa = 9.3) groups of GO by [BH4]

− in DNIC-BH4
© 2025 The Author(s). Published by the Royal Society of Chemistry
resulted in evolution of H2(g) and coordination of GOcarboxylate/
GOphenoxide to the transient DNIU [Fe(NO)2] leading to forma-
tion of proposed intermediate [(NO)2Fe(GOcarboxylate)x-
(GOphenoxide)y]

n−.62 Presumably, subsequent intramolecular or
intermolecular coupling of the polarized Fe-bound NO−

induced release of N2O(g), whereas acid–base reaction between
the generated oxide and additional GOcarboxylic acid/GOphenol

further led to the ultimate formation of [Fe3+(L)2(h
1-O-

GOcarboxylate)4]
n− (L = GOepoxide, GOphenoxide, or H2O/OH

−) in
Fe:GO. Due to the weakened basicity and chelating nature of
TMEDA ligand (pKb = 5.85) in DNIC-TMEDA, mono-
protonation of Fe-bound TMEDA by GO-derived carboxylic
acid may occur followed by coordination of GOcarboxylate to the
Fe center. Subsequent deprotonation of the pendent ammo-
nium group on Fe-bound [H-TMEDA]+ and additional
GOcarboxylic acid by the polarized Fe-bound NO− rationalized
assembly of the [Fe3+(TMEDA)(h1-O-GOcarboxylate)4]

n− center in
Fe(TMEDA):GO accompanied by evolution of N2O(g) derived
from coupling of HNO. Consequently, the basicity and labile
nature of [BH4]

− and NO− ligands highlighted DNICs as
a molecular precursor for deposition of the well-dispersed
single-atom Fe site on GO, whereas the utilization of the
chelating TMEDA ligand in DNIC-TMEDA played a critical role
in modulating the coordination environment in the single-atom
Fe site of Fe(TMEDA):GO.
Reduction of GO into rGO leading to conversion of FeSA:GO
into FeSA:rGO

Aer the solvothermal reduction of Fe:GO/Fe(TMEDA):GO in
DMF at 155 °C for 2 h, shi of PXRD diffractions peaks from
2q = 9.0°–9.3° to 2q = 22.9°–24.1° (SI Fig. 11) supported
successful conversion of GO into rGO and preparation of Fe:rGO/
Fe(TMEDA):rGO. As shown in Fig. 2a and b and SI Fig. 12, the two-
dimensional sheet-like morphology as well as the at and
unspotted surface of both Fe:rGO and Fe(TMEDA):rGO were
displayed in their TEM and HRTEM images. Moreover, apparent
bright dots in the HAADF-STEM images combined with the
intensity prole analysis of Fe:rGO and Fe(TMEDA):rGO (SI Fig. 13)
indicated the retained single-atom nature of Fe sites and excluded
the aggregation of Fe nanoparticles during the solvothermal
treatment to Fe:GO and Fe(TMEDA):GO. Based on ICP-OES anal-
ysis, the Fe contents in Fe:rGO (Fe content = 2.4 ± 0.4 wt%) and
Fe(TMEDA):rGO (Fe content = 1.5 ± 0.2 wt%) were determined to
be comparable to those for Fe:GO (Fe content= 2.5± 0.7 wt%) and
Fe(TMEDA):GO (Fe content = 1.6 ± 0.1 wt%) precursors, respec-
tively. On the other hand, detailed discussions on the XPS/IR study
of rGO, Fe:rGO, and Fe(TMEDA):rGO were included in Methods.

The electronic structure and local coordination environment
of the single-atom Fe site in both Fe:rGO and Fe(TMEDA):rGO
were elucidated using Mössbauer and XANES in combination
with EXAFS analyses. Similar to Fe:GO and Fe(TMEDA):GO,
a two-site tting was required to simulate major doublet
features observed in the Mössbauer spectra of Fe:rGO and
Fe(TMEDA):rGO (Fig. 2c and d). Accordingly, the obtained
Mössbauer parameters, (a) d= 0.50 mm s−1 and DEQ= 1.30 mm
s−1 for site #1 (37.2%) in Fe:rGO, (b) d= 0.49 mm s−1 and DEQ =
Chem. Sci.
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Fig. 2 Characterization of single-atom Fe on rGO (FeSA:rGO). (a and b) TEM, HRTEM, and HAADF-STEM images of (a) Fe:rGO and (b) Fe(T-
MEDA):rGO. The Fe single atoms are highlighted with yellow circles. (c and d) Mössbauer spectra of (c) Fe:rGO and (d) Fe(TMEDA):rGO collected
at 80 K (square dots), whereas the different Fe sites are fitted in red and blue. (e) Normalized Fe K-edge XANES spectra of FePc, Fe(TPP)Cl, Fe:rGO,
and Fe(TMEDA):rGO. (f) Fourier-transformed magnitudes of the experimental Fe K-edge EXAFS signals of Fe:rGO, Fe(TMEDA):rGO, Fe foil, and
Fe3O4. (g) Wavelet transforms of k3-weighted Fe K-edge EXAFS for Fe:rGO, Fe(TMEDA):rGO, Fe foil, and Fe3O4. (h and i) Phase-shift-corrected
Fourier transforms (and EXAFS data, inset) and the best fits (red) of (h) Fe:rGO and (i) Fe(TMEDA):rGO.
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0.76 mm s−1 for site #2 (62.8%) in Fe:rGO, (c) d = 0.50 mm s−1

and DEQ = 0.73 mm s−1 for site #1 (56.9%) in Fe(TMEDA):rGO,
and (d) d = 0.50 mm s−1 and DEQ = 1.21 mm s−1 for site #2
(43.1%) in Fe(TMEDA):rGO, supported the high-spin Fe3+ center
with O-/N-based ligands.61 Moreover, the Fe3+ electronic struc-
ture was also evidenced by Fe1s / Fe3d pre-edge absorption
peaks at 7114.8 eV observed in the Fe K-edge XANES spectra of
both Fe:rGO and Fe(TMEDA):rGO (Fig. 2e).

Fourier-transformed magnitudes, wavelet transform (WT)
plots, and EXAFS data with the best ts for Fe:rGO and Fe(T-
MEDA):rGO were collected in Fig. 2f, g and Table 1, whereas the
detailed tting process was listed in SI Tables 4 and 5.
According to the best ts, Fe:rGO and Fe(TMEDA):rGO di-
splayed the rst-coordination shell of the Fe–O scattering path
Chem. Sci.
at 2.01 Å (coordination number = 6) and 1.98 Å (coordination
number= 4), respectively. Moreover, chelation of TMEDA (Fe–N
= 2.20 Å) was included to complete the rst-coordination shell
of Fe(TMEDA):rGO. In contrast to Fe foil and Fe3O4, the absence
of formation of both (a) Fe–Fe scattering within the 2.2 Å-3.1 Å
region in Fourier-transformed magnitudes and (b) Fe–Fe
intensity maximum at ∼6.4 Å−1 and ∼7.5 Å−1 in WT plots for
both Fe:rGO and Fe(TMEDA):rGO excluded aggregation of Fe
particles and supported the single-atom nature of each Fe site.
Following a similar tting process used to simulate the rst-
and second-coordination shells of Fe:GO and Fe(TMEDA):GO
described above, local coordination environments of the single-
atom Fe sites in Fe:rGO and Fe(TMEDA):rGO were best
described as [Fe3+(L)2(h

1-O-rGOcarboxylate)4]
n− and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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[Fe3+(TMEDA)(L)(h1-O-rGOcarboxylate)3]
n− (L=H2O or OH−). That

is, the local coordination environment of the well-dispersed
single-atom Fe3+ site was retained during solvothermal treat-
ment to Fe:GO/Fe(TMEDA):GO. As opposed to the sequential
impregnation of DNIC-BH4/DNIC-TMEDA on GO and the sol-
vothermal reduction of Fe:GO/Fe(TMEDA):GO yielding well-
dispersed single-atom Fe sites on rGO, the replacement of
DNIC-BH4/DNIC-TMEDA with Fe(NO3)3 followed by a similar
solvothermal process resulted in the formation of aggregated Fe
nanoparticles decorating the rGO surface (SI Fig. 16). Conse-
quently, these ndings demonstrated that DNICs, equipped
with the basic and labile [BH4]

−/NO− and the chelating TMEDA
ligands, can serve as efficient molecular precursors for the
preparation and engineering of well-dispersed single-atom Fe3+/
Fe3+(TMEDA) sites on (r)GO.

Magneto-electric and magneto-voltaic activity of FeSA:rGO
under AMF

In magneto-catalysis, an electrically conductive substrate (i.e.
rGO) can serve as a magneto-sensitizer (a) to harness the energy
from an alternating magnetic eld (AMF), (b) to induce the
electric current based on the Lenz's law, and (c) to potentially
generate the unexplored magneto-voltaic activity. Moreover, an
electronically coupled active site (i.e. single-atom Fe) on the
substrate can be designed to promote selective chemical reac-
tions. In the attempt to evaluate the potential of FeSA:(r)GO as
a magneto-catalyst, (a) the energy band diagram, (b) electric
conductivity, (c) AMF-induced electric current, and (d) magneto-
voltaic properties of these materials were established/
measured.

As shown in the solid-state UV-vis spectrum for Fe:rGO (or
Fe(TMEDA):rGO, SI Fig. 17a), the absorption peak at 256 nm (or
Scheme 2 Energy band diagram for FeSA:rGO and proposed mechanism
FeSA:rGO under an AMF.65

© 2025 The Author(s). Published by the Royal Society of Chemistry
258 nm) was ascribed to the p-to-p* transition derived from the
sp2-hybridized C]C moiety in the rGO substrate. Solid-state
UV-vis spectra for Fe:rGO and Fe(TMEDA):rGO were further
processed into Tauc plots in order to determine the band gap
(Eg) for these Fe-based SACs (SI Fig. 17b and c). Based on the
intercepts on the X-axis for extrapolated linear lines in Tauc
plots, Fe:rGO and Fe(TMEDA):rGO featured band gaps (Eg) of
3.06 eV and 3.00 eV, respectively, which were comparable to the
reported Eg of 3.10 eV for rGO.63 On the other hand, based on
the oxidation onset potentials of 2.21 V and 2.23 V (vs. Ag/AgCl)
displayed by Fe:rGO and Fe(TMEDA):rGO (SI Fig. 18), EHOMO

values for Fe:rGO and Fe(TMEDA):rGO were calculated to be
2.41 eV and 2.43 eV (vs. SHE), respectively.64 Consequently, the
energy band structure for (a) Fe:rGO was characterized as EHOMO

= 2.41 eV, Eg = 3.06 eV, and ELUMO = −0.65 eV, and (b) Fe(T-
MEDA):rGO was identied as EHOMO = 2.43 eV, Eg = 3.00 eV,
and ELUMO=−0.57 eV (Scheme 2). That is, the nature of the rGO
supporting material dictated the energy band structure for
FeSA:rGO.

According to the measured electric conductivity, sol-
vothermal reduction of GO/Fe:GO/Fe(TMEDA):GO into rGO/
Fe:rGO/Fe(TMEDA):rGO successfully enhanced electric
conductivity from 2.40 × 10−6/3.26 × 10−6/8.50 × 10−6 S cm−1

to 0.34 ± 0.01/0.45 ± 0.19/0.54 ± 0.17 S cm−1. Upon application
of AMF to electrically conductive rGO and FeSA:rGO, in
comparison with GO and FeSA:GO, AMF-induced generation of
electric current reected on a luminous light-emitting diode
(LED, SI Fig. 19a). Moreover, intermittent generation of an eddy
current of 148.3 ± 6.3 mA synchronized with the ON/OFF-switch
on application of AMF (1.1 cm coil, 0.64 kW, 1.58 mT) to rGO
demonstrated an instantaneous magnetic-responsive nature of
the rGO substrate (Fig. 3d and Table 2). Of importance, Fe:rGO
s for magneto-catalytic transformation of H2O2 into O2 mediated by

Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05275k


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
11

:1
3:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and Fe(TMEDA):rGO displayed similar AMF-induced generation
of electric current of 151.8 ± 5.0 mA and 147.2 ± 3.9 mA (Fig. 3e
and f), respectively, which was in contrast to the 1.6± 0.9 mA/0.4
± 0.1 mA/0.3 ± 0.1 mA exhibited by GO/Fe:GO/Fe(TMEDA):GO
(Fig. 3a–c). When the AMF power was raised from 0.64 kW to
1.60 kW (or 2.24 kW), the increase of electric current generated
in rGO/Fe:rGO/Fe(TMEDA):rGO demonstrated AMF power as
a remote control to tailor the intensity of generated electric
current (Fig. 3d–f and Table 2). In contrast, negligible response
of generated electric current to the change of AMF power was
observed in the less electrically conductive GO, Fe:GO, and
Fe(TMEDA):GO (Fig. 3a–c).

As shown in SI Fig. 20a, sine waves with a wide range of
frequency for AMF-induced generation of output voltage were
observed during application of AMF to rGO and FeSA:rGO,
which was due to the high-frequency nature of AMF. In the
absence of magneto-sensitizer materials (i.e. rGO or FeSA:rGO),
no AMF-induced electric voltage was observed, which conrmed
that the perturbation of AMF on the oscilloscope was minimal
(SI Fig. 19d). In order to extract the real AMF-induced genera-
tion of electric voltage in rGO and FeSA:rGO, a Fast Fourier
transform process to the original V–t curves was performed to
obtain the frequency spectra (SI Fig. 20b). Moreover, the peaks
with a frequency of ∼0.94 MHz, which lay in the range of 0.75–
Fig. 3 Magneto-electric and magneto-voltaic activity of GO, FeSA:GO, r
Fe(TMEDA):GO, (d) rGO, (e) Fe:rGO, and (f) Fe(TMEDA):rGO under interm
(blue). (g–i) Processed (dots) and simulated V–t curves (lines) for (g) rGO,
(black), 1.60 kW (red), and 2.24 kW (blue).

Chem. Sci.
1.15 MHz for AMF, were selected to obtain processed V–t curves
through a further reverse Fast Fourier transform process
(Fig. 3g–i). According to the data processing procedure
described above, generation of electric voltage upon application
of different AMF power to rGO, Fe:rGO, and Fe(TMEDA):rGO
was collected in Table 2. Similar to the dependence of AMF-
induced electric current on AMF power, increase of AMF-
induced electric voltage was observed upon elevation of AMF
power applied to rGO and FeSA:rGO. Based on the investiga-
tions discussed above, the nature and electric conductivity of
the rGO/GO substrate can serve as an ON/OFF switch on
controlling AMF-induced generation of electric current and
voltage, whereas the intensity of generated electric current and
voltage remained tailored by the AMF power.

Mechanistic and kinetic investigations on magneto-catalytic
conversion of H2O2 into O2 promoted by FeSA:rGO under AMF

Inspired by the magneto-electric and magneto-voltaic effects of
electrically conductive rGO and FeSA:rGO triggered by AMF,
magneto-catalytic activity of these materials was explored using
H2O2 as a potentially dual reductant and oxidant (Scheme 2). In
addition, considering the elevated production of H2O2 (∼100
mM) under hypoxic and acidic tumor microenvironments (#2%
O2, pH 6.0–6.5),45–51,66 magneto-catalytic conversion of H2O2 and
GO, and FeSA:rGO under AMF. (a–f) I–t curves for (a) GO, (b) Fe:GO, (c)
ittent application of AMF at 0.64 kW (black), 1.60 kW (red), and 2.24 kW
(h) Fe:rGO, and (i) Fe(TMEDA):rGO under application of AMF at 0.64 kW

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Magneto-driven electric current/voltage and rate for
magneto-catalytic evolution of O2 upon application of different power
of AMF to rGO and FeSA:rGO

Magneto-driven electric current (mA)

Material

AMF power

0.64 kW 1.60 kW 2.24 kW

rGO 148.3 � 6.3 375.1 � 49.9 596.5 � 81.8
Fe:rGO 151.8 � 5.0 416.1 � 06.9 610.3 � 77.5
Fe(TMEDA):rGO 147.2 � 3.9 363.6 � 41.5 623.5 � 26.0

Magneto-driven electric voltage (V)

Material

AMF power

0.64 kW 1.60 kW 2.24 kW

rGO 0.29 0.57 1.56
Fe:rGO 0.19 0.21 0.62
Fe(TMEDA):rGO 0.23 0.45 0.95

Rate for magneto-catalytic evolution of O2 (mM min−1)

Material

AMF power

0.32 kW 0.96 kW 1.60 kW

Fe:rGO 0.313 � 0.084 0.719 � 0.044 0.984 � 0.109
Fe(TMEDA):rGO 0.719 � 0.106 1.062 � 0.141 1.844 � 0.831
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evolution of O2 promoted by rGO/FeSA:rGO was elucidated in
50mMpotassium phosphate buffer (pH 6.5). Kinetic proles for
time-dependent consumption of H2O2 (100 mM) mediated by
rGO or FeSA:rGO without/with application of AMF are depicted
in Fig. 4a and b. As opposed to limited consumption of H2O2

mediated by rGO without/with the application of AMF, both
Fe:rGO and Fe(TMEDA):rGO displayed activity for decomposi-
tion of H2O2. Upon application of AMF, moreover, enhanced
and complete decomposition of H2O2 induced by Fe:rGO (or
Fe(TMEDA):rGO) was observed aer reaction for 3 h. Conse-
quently, these H2O2-consumption investigations unraveled the
critical role of single-atom Fe active sites in FeSA:rGO, whereas
the magneto-voltaic activity triggered by AMF further boosted
the catalytic activity.

Mechanisms for reported transformations of H2O2 without
additional biological substrates were collected in Scheme 2,
which included (a) two-electron oxidation of H2O2 into O2

promoted by catalase or articial nanomaterials,52,53,57 (b) two-
electron reduction of H2O2 into H2O catalysed by catalase,
and (c) one-electron reduction of H2O2 into H2O and cOH via
Fenton reaction.54–57,67 Regarding the low concentration of O2

(#2% O2) and high concentration of H2O2 (∼100 mM) under
a tumor microenvironment,45–51,66 consequently, FeSA:rGO-
induced two-electron oxidation of H2O2 leading to evolution
of O2 was explored.

As shown in Fig. 4c and d, no formation of O2 was observed
in the reaction of H2O2 and FeSA:rGO, despite the decomposi-
tion of H2O2 under the conditions described above. In contrast,
© 2025 The Author(s). Published by the Royal Society of Chemistry
external application of AMF to H2O2 (100 mM) in the presence of
Fe:rGO (or Fe(TMEDA):rGO) initiated a steady formation of O2

reaching a plateau at 1.84 ± 0.66 ppm (or 2.13 ± 0.71 ppm).
Inspired by the distinctive oxygen evolution reaction (OER)
upon application of AMF to H2O2 and Fe:rGO (or Fe(TME-
DA):rGO), concentration of H2O2 was increased from 100 mM to
500 mM in an attempt to quantify the proportion of H2O2

transformed into O2, which was complicated by the deviation of
low O2 concentration described above. Upon the application of
AMF to a 500 mM H2O2 aqueous solution in the presence of
Fe:rGO (or Fe(TMEDA):rGO), the decomposition of 493.4 ± 2.6
mM (or 483.9 ± 5.1 mM) of H2O2 was observed, accompanied by
the evolution of 5.36 ± 0.20 ppm (or 5.80 ± 0.24 ppm) of O2.
This AMF-induced evolution of O2 was further conrmed by GC
analysis (SI Fig. 21). Based on the evolution of 5.36 ± 0.20 ppm/
155.4 ± 5.8 mM (or 5.80± 0.24 ppm/168.2 ± 6.96 mM) of O2, that
is, around one-third of H2O2 was oxidized into O2 upon appli-
cation of AMF to H2O2 in the presence of Fe:rGO (or Fe(TME-
DA):rGO). On the other hand, O2 evolution proles for magneto-
catalytic OER derived from the reaction of Fe(TMEDA):rGO and
H2O2 under pH 5.5, 6.5, and 7.4 with or without the presence of
1 mM GSH or 10 mM lactate are depicted in SI Fig. 22.
Comparable magneto-catalytic OER observed under these
simulated conditions demonstrated the potential applicability
of FeSA:rGO toward magneto-catalytic conversion of H2O2 into
O2 under the tumor microenvironment.68,69

Besides the magneto-catalytic efficiency for the OER, the
recyclability of Fe:rGO and Fe(TMEDA):rGO as magneto-
catalysts was evaluated through a repeated use study. During
the recyclability study, Fe:rGO (or Fe(TMEDA):rGO) exhibited
a gradual decrease in magneto-catalytic OER activity, retaining
approximately 87% (or 85%) of its initial activity over seven (or
ve) consecutive cycles (Fig. 4e and f and SI Table 6). Aer the
magneto-catalytic OER cycles, the Fe content in the recovered
Fe:rGO was determined to be 2.0 ± 0.1 wt%, which corre-
sponded to ∼83% of that in the as-prepared Fe:rGO (2.4 ±

0.4 wt%). In addition, the used Fe:rGO (or Fe(TMEDA):rGO)
retained consistent HRTEM/HAADF-STEM images and XANES/
EXAFS spectra when compared with those of the as-prepared
FeSA:rGO (SI Fig. 23 and 24). On the other hand, the superna-
tant solution collected aer each cycle displayed no detectable
magneto-catalytic OER activity (SI Fig. 25). These results sug-
gested that the slight but unavoidable leaching of Fe ions
accounted for the gradual decline in magneto-catalytic OER
activity observed over successive cycles, while the well-dispersed
single-atom Fe3+ centers preserved in FeSA:rGO remained
catalytically active in promoting the magneto-catalytic OER.

Inspired by the magneto-catalytic OER initiated by the
application of AMF to an aqueous solution of H2O2 and FeS-
A:rGO, the dependence of FeSA:rGO-promoted magneto-
catalytic OER rates on (a) FeSA:rGO concentration, (b) H2O2

concentration, (c) AMF power intensity, and (d) FeSA:rGO
physical form (i.e. dispersed powders vs. bulk pellet) was
systematically investigated. The natural logarithmic plots of
OER rates versus the concentration of Fe:rGO (or Fe(TME-
DA):rGO) are shown in Fig. 4g and h. The obtained slopes of
1.049 for Fe:rGO and 0.927 for Fe(TMEDA):rGO supported that
Chem. Sci.
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Fig. 4 Recyclability and kinetic study on magneto-catalytic conversion of H2O2 into O2 promoted by FeSA:rGO. (a and b) Time-dependent
consumption of H2O2 mediated by (a) Fe:rGO and (b) Fe(TMEDA):rGO in 50 mM potassium phosphate buffer (pH 6.5) without (blue) and with
(magenta) application of AMF. Time-dependent consumption of H2O2 mediated by rGO without and with application of AMF was depicted in
black and red. (c and d) Time-dependent evolution of O2 upon treatment of H2O2 (100 mM in black/red or 500 mM in blue) to (c) Fe:rGO and (d)
Fe(TMEDA):rGO in 50 mM potassium phosphate buffer (pH 6.5) without (black) and with (red or blue) application of AMF. (e and f) Normalized
magneto-catalytic OER efficiency during the multiple-cycle reusability test of (e) Fe:rGO and (f) Fe(TMEDA):rGO. Magneto-catalytic OER activity
of Fe:rGO and Fe(TMEDA):rGOwas normalized to that of the as-prepared Fe:rGO and Fe(TMEDA):rGO, respectively. (g and h) Natural logarithmic
plot of O2 evolution rate versus concentration of (g) Fe:rGO and (h) Fe(TMEDA):rGO under application of AMF (1.6 kW) to the aqueous solution of
H2O2 (750 mM). (i and j) Natural logarithmic plot of O2 evolution rate versus concentration of H2O2 under application of AMF (1.6 kW) to the
aqueous solution of (i) Fe:rGO (1 mg mL−1) and (j) Fe(TMEDA):rGO (1 mg mL−1). Data show the mean ± standard deviation (SD) from three
independent experiments.
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the magneto-catalytic OER followed a rst-order kinetics rela-
tive to the concentration of FeSA:rGO. The dependence of the
magneto-catalytic OER rates on the concentration of H2O2 was
studied in a similar manner. As illustrated in Fig. 4i–j, a rst-
order dependence on H2O2 concentration was evidenced by
the observed slopes of 1.042 for Fe:rGO and 1.130 for Fe(TME-
DA):rGO in the plots of ln(rate) versus ln([H2O2]). Accordingly,
the rate law for the magneto-catalytic OER was best described as
ratef [FeSA:rGO]1[H2O2]

1, which indicated the participation of
both FeSA:rGO and H2O2 in the rate-determining step of the
magneto-catalytic OER. As collected in Table 2, raising the
applied AMF power from 0.32 kW to 0.96 kW and 1.6 kW
resulted in a signicant enhancement of the magneto-catalytic
Chem. Sci.
OER rates. Specically, the magneto-catalytic OER rates
increased from 0.313 ± 0.084 mM min−1 to 0.719 ± 0.044 mM
min−1 and 0.984 ± 0.109 mM min−1 for Fe:rGO, and from 0.719
± 0.106 mMmin−1 to 1.062± 0.141 mMmin−1 and 1.844± 0.831
mM min−1 for Fe(TMEDA):rGO. These ndings suggested that
AMF power acted as both kinetic and thermodynamic driving
forces enhancing the AMF-induced electric current and
magneto-voltaic activity of FeSA:rGO, which, in turn, effectively
transferred these elevated driving forces to accelerate the
magneto-catalytic evolution of O2 from H2O2. The potential
effect of magneto-catalyst physical form (i.e. dispersed powders
vs. bulk pellet) on the magneto-catalytic OER rates was also
elucidated. Upon application of AMF (1.6 kW) to an aqueous
© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution of H2O2 (750 mM) containing Fe(TMEDA):rGO, the rates
for magneto-catalytic O2 evolution decreased from 3.963 ±

0.481 mMmin−1 (dispersed powders) to 2.950± 0.644 mMmin−1

when using Fe(TMEDA):rGO in a bulk pellet form (SI Fig. 26).
This reduced magneto-catalytic activity, presumably, could be
attributed to the lower accessible surface area of Fe(TME-
DA):rGO in the bulk pellet compared to the well-dispersed
powder. Based on the investigations discussed above, (a) the
concentration of FeSA:rGO, (b) the concentration of H2O2, (c)
the power intensity of AMF and (d) the physical form of FeS-
A:rGO played a key role in controlling the rates for FeSA:rGO-
promoted magneto-catalytic OER.

Aer optimizing the magneto-catalytic OER efficiency of
FeSA:rGO as described above, Fe(TMEDA):rGO (or Fe:rGO) di-
splayed a rate of 3.96 mM min−1 (or 3.25 mM min−1) for
magneto-catalytic OER (SI Table 6), which corresponded to
a turnover frequency (TOF) of 0.015 min−1 (or 0.008 min−1)
based on the Fe content in Fe(TMEDA):rGO (or Fe:rGO).
Presumably, the superior magneto-catalytic activity of Fe(TME-
DA):rGO, in comparison with Fe:rGO, could be rationalized by
the distinct coordination environments of the single-atom Fe
sites, namely [Fe3+(TMEDA)2(h

1-O-GOcarboxylate)4]
n− in Fe(TME-

DA):rGO versus [Fe3+(H2O)2(h
1-O-GOcarboxylate)4]

n− in Fe:rGO.
Relevant to molecular complexes with high-valent FeIV]O
electronic structure,70–72 the stronger electron-donating ability
of the bidentate TMEDA ligand in Fe(TMEDA):rGO may facili-
tate oxidation of the Fe3+ center and stabilization of the tran-
sient Fe4+ intermediate during magneto-catalysis, of which the
mechanism is discussed below. On the other hand, a variety of
MnO2-based nanozymes and Fe-based SACs have been reported
for the catalytic conversion of H2O2 into O2.52,53,73–78 As
summarized in SI Table 6, MnO2-based nanozymes featured
a wide range of OER rates (1.33–320.6 mM min−1), which may
primarily be attributed to the kinetic dependence of OER rates
on the concentrations of MnO2-based nanozymes and H2O2

substrates (0.1–125 mM). Meanwhile, reported Fe-based SACs
exhibited comparable OER rates (10.4–166.2 mM min−1) yet
exceptionally high TOFs (60.6–1031.1 min−1) under 1–100 mM
H2O2, thereby reecting the superior atomic utilization effi-
ciency derived from atomically dispersed Fe–N4 active sites.
These results underscored the robust nature of MnO2-based
nanozymes and Fe-based SACs for rapid OER under high H2O2

concentrations. When benchmarked against these state-of-the-
art systems, FeSA:rGO demonstrated (a) comparable catalytic
stability under simulated biological conditions (500 mMH2O2 at
pH 6.5) and (b) a unique ability for remote and ON/OFF-
switchable control of the OER through the application of AMF.

In the reported studies, a variety of Fe–N4 single-atom
nanozymes has been explored for catalase-like activity.77,80,81

Despite differences in the structural design of Fe–N4 active
centers anchored on various supporting materials, DFT calcu-
lations from these studies have consistently demonstrated that
these Fe–N4 single-atom nanozymes shared a common electron-
decient and high-valent Fe4+ intermediate, which was the
crucial active intermediate responsible for the catalytic
conversion of H2O2 into O2. Specically, the binding of H2O2 to
the Fe4+ center followed by deprotonation of the Fe-bound H2O2
© 2025 The Author(s). Published by the Royal Society of Chemistry
resulted in the formation of an [Fe4+-O2
2−] intermediate.

Subsequent intramolecular electron transfer from the O2
2−

moiety to the Fe4+ center induced evolution of O2 and regen-
eration of the Fe2+ species, which was further oxidized to the
Fe4+ state for reaction with another equivalent of H2O2. In
comparison with the Fe–N4 single-atom nanozymes discussed
above, the [Fe3+(L)(h1-O-GOcarboxylate)4]

n− (L= TMEDA or (OH2)2)
resting state in the as-prepared FeSA:rGO was found to be
catalytically inert toward the O2 evolution reaction in the
absence of AMF. Upon AMF application promoting a charge
separation process in FeSA:rGO, in contrast, the low-lying
electron holes generated in AMF-activated FeSA:rGO (at
2.41 eV vs. SHE for Fe:rGO and at 2.43 eV vs. SHE for Fe(TME-
DA):rGO) may serve as an additional driving force to facilitate
oxidation of the Fe3+ resting state and transient formation of
a single-atom Fe4+ center, a potentially active species respon-
sible for conversion of H2O2 into O2.

In an attempt to probe transient formation of the proposed
Fe4+ intermediate during magneto-catalysis, an aqueous solu-
tion containing Fe:rGO (or Fe(TMEDA):rGO) and H2O2 was
subjected to AMF (1.6 kW) for 1 min (or 0.5 min) and imme-
diately freeze-quenched (FQ) in N2(l). The FQ-trapped interme-
diate(s) was further analyzed using Fe K-edge XANES. As shown
in Fig. 5a and b, an Fe1s / Fe3d pre-edge absorption peak at
7114.8 eV was observed in the XANES spectrum of Fe:rGO (or
Fe(TMEDA):rGO) in the resting state, which was characteristic
of an Fe3+ electronic structure. During the magneto-catalytic
reaction under AMF, a notable shi of the pre-edge absorp-
tion peak to 7115.1 eV suggested oxidation of the Fe3+ center to
a higher oxidation state. Through further deconvolution of the
pre-edge features in these Fe K-edge XANES spectra (Fig. 5c–f),
a distinctive Fe1s-to-Fe3d absorption peak at 7116.3 eV (or 7116.1
eV) was revealed in the Fe:rGO (or Fe(TMEDA):rGO) under
magneto-catalysis, which supported the formation of an Fe4+

intermediate.82,83 As discussed above, the original Fe1s-to-Fe3d
pre-edge absorption peak at 7114.8 eV was recovered aer the
magneto-catalytic process (SI Fig. 24).

Under a similar methodology, X-band EPR and Mössbauer
spectroscopic investigations on the as-prepared FeSA:rGO and
the FQ-trapped intermediate(s) were performed to provide
additional support for the transient formation of Fe4+ species
during magneto-catalysis. As shown in Fig. 5g–h, both as-
prepared Fe:rGO and Fe(TMEDA):rGO exhibited signals at g z
4.3 in the perpendicular-mode EPR spectra at 4.7 K, which were
consistent with the high-spin Fe3+ electronic structure in the
resting state. Upon application of AMF for 5 min (or 10 min),
a signicant decrease of these perpendicular-mode EPR signals
occurred accompanied by time-dependent formation of a broad
valley at g z 4.1 in the EPR spectra measured in the parallel
mode. These parallel-mode EPR signals at gz 4.1 corresponded
to the j±1i doublet of a high-spin Fe4+ (S = 2) species.84 In
addition, the absence of a signal at g z 8, associated with the
j±2i doublet, may be ascribed to a nearly axial zero-eld split-
ting (E/D < 0.01),85,86 suggesting a low-rhombicity ligand eld
around the single-atom Fe4+ center. TheMössbauer spectrum of
the FQ intermediate(s), obtained aer application of AMF (1.6
kW) to the Fe:rGO/H2O2 system for 10 min, is shown in SI Fig.
Chem. Sci.
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Fig. 5 Ex situ XANES and EPR identification of a high-valent Fe4+ intermediate during magneto-catalytic conversion of H2O2 into O2 promoted
by FeSA:rGO under AMF. (a and b). Normalized Fe K-edge XANES spectra for (a) Fe:rGO and (b) Fe(TMEDA):rGO in the resting state (black) and
under magneto-catalysis (red). Enlarged Fe1s-to-Fe3d pre-edge regions are shown in the inset. (c–f) Deconvolutions of Fe1s-to-Fe3d pre-edge
features for (c) Fe:rGO in the resting state, (d) Fe(TMEDA):rGO in the resting state, (e) Fe:rGO under magneto-catalysis, and (f) Fe(TMEDA):rGO
under magneto-catalysis. Experimental data (empty circle), the background function (gray line), the pre-edge peaks from the fit to an octahedral
Fe3+ center (black dashed line), the pre-edge peaks from the fit to an Fe4+ center (blue dashed line), and the fit to the data (red line). Following the
reported deconvolution of Fe1s-to-Fe3d pre-edge features for high-spin Fe3+ complexes with an octahedral geometry,79 the Fe1s-to-Fe3d pre-
edge features of Fe:rGO (or Fe(TMEDA):rGO) in the resting state were fitted with two peaks derived from Fe1s-to-Fe3d(t2g) and Fe1s-to-Fe3d(eg)
transitions. Through comparison with Fe:rGO (or Fe(TMEDA):rGO) in the resting state, the additional peak feature observed in Fe:rGO (or
Fe(TMEDA):rGO) under magneto-catalysis was fitted with one peak due to the lack of detailed information for the coordination environment of
the Fe4+ intermediate. (g and h) X-band EPR spectra of (g) Fe:rGO and (h) Fe(TMEDA):rGO after exposure to AMF for 5 min (blue)/10min (red) and
freeze-quenched in N2(l). These spectra were recorded in both parallel mode (B1//B, upper panels) and perpendicular mode (B1tB, lower right
panels). The X-band EPR spectra of the as-prepared Fe:rGO and Fe(TMEDA):rGOwere depicted in black. In the perpendicular-mode spectra, the
characteristic high-spin Fe3+ signals at g z 4.3 were significantly reduced after exposure to AMF. In the parallel-mode EPR spectra, in
comparison with the as-prepared Fe:rGO and Fe(TMEDA):rGO, a broad valley feature centered around gz 4.1 appeared after exposure to AMF.
Expanded views of the parallel-mode EPR spectra in the region between g z 3.5 and g = 6.7 were displayed in the lower left panels, with the
spectra vertically displaced for clarity. Arrows indicated spectral differences near gz 4.1. To facilitate direct comparison of spectral profiles, the
parallel-mode spectra in the upper panels were normalized to their maximum intensity, while the corresponding raw and unnormalized spectra
were provided in SI Fig. 28. All spectra were recorded at 4.7 K.

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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27. Based on the two-site tting, the Fe3+ center displayed
a doublet signal with an isomer shi (d) of 0.47 mm s−1 and
a quadrupole splitting (DEQ) of 0.84 mm s−1, which was
consistent with a high-spin Fe3+ species. In contrast, an addi-
tional doublet signal with an isomer shi (d) of −0.04 mm s−1

and a quadrupole splitting (DEQ) of 0.80 mm s−1 supported the
formation of an Fe4+ intermediate.87–89 Based on the FQ-XANES,
FQ-Mössbauer, and FQ-EPR experiments discussed above,
consequently, transient formation of a high-spin Fe4+ interme-
diate via AMF-induced activation of FeSA:rGO and oxidation of
the Fe3+ resting state served as the critical step for magneto-
catalytic oxidation of H2O2 and evolution of O2.

Recently, during the AMF-enhanced electrocatalytic OER
from H2O via the adsorbate evolution mechanism, spin-
selective electron removal from the sM–O and sO–H bonds in
the singlet M-OOH intermediate was reported to lower the
kinetic barrier for oxidation of M-bound [OOH]− into released
triplet O2.27,37–40 In this study, the AMF-dependent spin polari-
zation effect on magneto-catalytic OER was elucidated by
comparing the raw and unnormalized parallel-mode X-band
EPR spectra of Fe:rGO and Fe(TMEDA):rGO under resting and
magneto-catalytic conditions, respectively. As shown in SI Fig.
28, the spectra for Fe:rGO and Fe(TMEDA):rGO under magneto-
catalytic conditions exhibited a higher signal intensity
(including the EPR signal at gz 4.1) than those obtained in the
resting state. These enhancements in EPR signal amplitudes
under AMF, presumably, were attributed to eld-induced
parallel spin alignment in Fe:rGO and Fe(TMEDA):rGO.
Accordingly, in addition to oxidation of H2O2 thermodynami-
cally driven by the magneto-voltaic activity of FeSA:rGO
described above, AMF-induced spin polarization effects may
serve as another mechanism for kinetically promoting FeS-
A:rGO-mediated OER from H2O2 under AMF. On the other
hand, magnetic heating of rGO, Fe:rGO/Fe(TMEDA):rGO, and
Pt:rGO was excluded according to the limited change of local
temperature of these materials under AMF (DT = 0.7–1.9 °C, SI
Fig. 29),26–33 which further ruled out magneto-thermally
enhanced transformation of H2O2.

Based on the discussion above, two-electron oxidation of
H2O2 into O2 was discovered to serve as the oxidation half-
reaction promoted by FeSA:rGO under AMF. To balance the
magneto-catalytic redox transformation of H2O2 (Scheme 2),
one-electron (or two-electron) reduction of H2O2 into cOH and
H2O (or solely into H2O) was further investigated. 5,5-Dimethyl-
1-pyrroline N-oxide (DMPO) in combination with EPR spec-
troscopy and methylene blue in combination with UV-vis
spectroscopy were utilized to detect potential formation of
transient cOH species derived from FeSA:rGO-induced reduc-
tion of H2O2.25,90 During FeSA:rGO-induced reduction of H2O2

without/with application of AMF, transient formation of cOH
species was trapped by DMPO yielding DMPO-OH as evidenced
by the characteristic quartet EPR signals with a 1:2:2:1 intensity
(SI Fig. 30). As opposed to the inert nature of methylene blue
towards H2O2 (SI Fig. 31), degradation of methylene blue was
observed upon treatments of Fe:rGO/Fe(TMEDA):rGO (1 mg
mL−1) with H2O2 (100 mM) without/with application of AMF at
1.6 kW (SI Fig. 32), which was attributed to transient formation
© 2025 The Author(s). Published by the Royal Society of Chemistry
of cOH species. Of interest, application of a lower AMF at 0.96
kW to Fe(TMEDA):rGO (0.25 mgmL−1) and H2O2 (500 mM) led to
limited generation of cOH while maintaining steady evolution
of O2. Accordingly, the mechanism for magneto-catalytic
decomposition of H2O2 was best described as two-electron
oxidation of H2O2 into O2 promoted by FeSA:rGO under AMF
coupled with one-electron reduction of H2O2 into cOH and H2O
(or two-electron reduction of H2O2 solely into H2O, Scheme 2).
Moreover, magneto-catalytic evolution of O2 coupled with or
without generation of cOH remained controlled by the AMF
power, H2O2 concentration, and FeSA:rGO concentration.
Under the non-application of AMF to FeSA:rGO, on the other
hand, activation of H2O2 by FeSA:rGO for oxygenation of the
rGO substrate yielding released CO2(g) and oxidized rGO was
evidenced by GC and XPS analyses (SI Fig. 33). That is, in the
absence of AMF, the rGO substrate served as a sacricial
reductant to promote FeSA:rGO-mediated reduction of H2O2

into cOH and H2O without evolution of O2.91

Conclusions

In this study, investigations on magneto-voltaic and magneto-
catalytic activity of FeSA:(r)GO for conversion of H2O2 into O2

have led to the following results:
1. Relying on the basicity and labile nature of [BH4]

− and
NO− ligands as well as the chelating properties of the TMEDA
ligand in Fe complexes DNIC-BH4 and DNIC-TMEDA, reactions
of these DNICs with GO were explored for one-step and
pyrolysis-free preparation of Fe:GO and Fe(TMEDA):GO,
respectively. Based on the spectroscopic and imaging charac-
terization, Fe:GO was best described as a two-dimensional
sheet-like GO decorated with well-dispersed single-atom Fe
featuring an [Fe3+(H2O)2(h

1-O-GOcarboxylate)4]
n− local coordina-

tion environment. In comparison, single-atom Fe centers in
Fe(TMEDA):GO displayed an [Fe3+(TMEDA)2(h

1-O-
GOcarboxylate)4]

n− local coordination geometry. That is, different
supporting ligands in DNIC-BH4 and DNIC-TMEDA modulated
the transformation mechanisms for these Fe precursors during
their reactions with GO and controlled the distinctive coordi-
nation environments for single-atom Fe centers in Fe:GO and
Fe(TMEDA):GO.

2. Through solvothermal reduction of Fe:GO/Fe(TME-
DA):GO, Fe:rGO/Fe(TMEDA):rGO was successfully synthesized
with retained geometric and electronic structure for well-
dispersed single-atom Fe centers. The GO-to-rGO trans-
formation enhanced the electric conductivity from 3.26–8.50 ×

10−6 S cm−1 for Fe:GO/Fe(TMEDA):GO to 0.45–0.54 S cm−1 for
Fe:rGO/Fe(TMEDA):rGO. Moreover, this 105-fold enhancement
of electric conductivity for Fe:rGO/Fe(TMEDA):rGO enabled the
rGO supporting materials to serve as a magneto-sensitizer for
responsive generation of AMF-induced electric current and
voltage, which were synchronized with the ON/OFF-switch for
external application of AMF. Of interest, increase of AMF power
from 0.64 kW to 2.24 kW induced elevation of (a) AMF-induced
electric current from 151.8 ± 5.0/147.2 ± 3.9 mA to 610.3 ± 77.5/
623.5 ± 26.0 mA and (b) AMF-induced electric voltage from 0.19/
0.23 V to 0.62/0.95 V for Fe:rGO/Fe(TMEDA):rGO. That is, AMF
Chem. Sci.
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power can serve as a remote control to tune the strength of
magneto-driven electric current and voltage.

3. Upon application of AMF to H2O2 and FeSA:rGO,
concomitant evolution of O2 and formation of cOH species
occurred accompanied by decomposition of H2O2. In the
absence of AMF, in contrast, the reaction of H2O2 and FeSA:rGO
resulted in no oxygen evolution reaction and retarded degra-
dation of H2O2. In addition, absent/limited decomposition of
H2O2 was observed during the reaction of H2O2 and rGO under
AMF. That is, using (a) electrically conductive rGO as amagneto-
sensitizer for AMF-to-electricity conversion and (b) single-atom
Fe as a catalytic active site, FeSA:rGO was developed as
a magneto-catalyst for coupled oxidation of H2O2 into O2 and
reduction of H2O2 into cOH/H2O. Based on the energy band
diagram of FeSA:rGO, application of AMF was proposed to
trigger a charge separation process leading to formation of low-
lying electron holes at 2.41/2.43 eV vs. SHE, which promoted
oxidation of the Fe3+ resting state and transient formation of
high-valent Fe4+ species for oxidation of H2O2 into O2. Mean-
while, the AMF-induced excited electrons at an energy level of
−0.65/-0.57 eV vs. SHE provided a reduction power for Fe-
mediated one-electron reduction of H2O2 into cOH and H2O
(E° = 0.87 V for H2O2 + H+ + e− / H2O + cOH) or for Fe-
mediated two-electron reduction of H2O2 into H2O (E° =

1.76 V for H2O2 + 2H+ + 2e− / 2H2O).
Considering the abnormally high H2O2:O2 ratio in the

tumor, inammatory, and injured tissue microenvironments,
the integration of magneto-sensitizer and magneto-catalytic
FeSA:rGO with biocompatible scaffold materials, such as the
thermo-responsive poly(N-isopropylacrylamide) (PNIPAAM)
hydrogel, held the potential for improving the biocompatibility
of FeSA:rGO. In combination with tissue-penetrating AMF, the
synchronized magneto-catalytic degradation of H2O2 and
evolution of O2 facilitated by FeSA:rGO can effectively reverse
the hypoxic tumor microenvironment, thereby enhancing its
anti-cancer and anti-inammatory efficacy. Furthermore, the
AMF-induced electric current and magneto-voltaic activity of
FeSA:rGO provided a promising approach for inducing
magneto-electric stimulation and promoting subsequent tissue
repair and regeneration.92,93 In addition to the in vitro and in vivo
applications discussed above, applications of AMF and other
types of varying magnetic elds to a series of molecular/
colloidal/two-dimensional material/bulk magneto-sensitizer
equipped with alternative catalytic active sites for magneto-
catalysis will be explored in the near future.

Experimental section
Materials

Ammonium iron(II) sulfate hexahydrate (Fe(NH4)2(SO4)2$6H2O,
99%, SHOWA), benzoic acid (99.5%, Alfa Aesar), deuterium
oxide (D2O, 99.9%, Sigma-Aldrich), dimethylformamide (DMF,
99.5% HPLC grade, Fisher Scientic), D-sorbitol (97%, VETEC),
5,5-dimethyl-1-pyrroline N-oxide (DMPO, >97.0%, TCI), gluta-
thione (GSH, 98%, ACROS), graphite akes (99.8%, Alfa Aesar),
hydrogen peroxide (H2O2, >28%, UNION CHEMICAL), hydro-
chloric acid (HCl, UNION CHEMICAL), sodium L-lactate (98%,
Chem. Sci.
Sigma), methylene blue (>82%, Sigma-Aldrich), phenol (99%,
Seedchem), potassium permanganate (KMnO4, 99%, SHOWA),
potassium phosphate dibasic (K2HPO4, 99%, AENCORE),
potassium phosphate monobasic (KH2PO4, 99.5%, SHOWA),
styrene oxide (98%, thermo scientic), sulfuric acid (H2SO4,
95+%, UNION CHEMICAL), and xylenol orange tetrasodium salt
(ACROS) were used as received without further purication.
Manipulations, reactions, and transfers were conducted under
N2(g) according to Schlenk techniques. Organic solvents were
distilled under N2(g) from appropriate drying agents (n-hexane
and tetrahydrofuran (THF) from sodium/benzophenone) and
stored in dried, N2(g)-lled asks over 4 Å molecular sieves. N2(g)

was purged through these solvents before use. Complexes [Na-
18-crown-6-ether][(NO)2Fe(h

2-BH4)] (DNIC-BH4), [(NO)2-
Fe(TMEDA)] (TMEDA = tetramethylethylenediamine, DNIC-
TMEDA), and [(NO)2Fe(m-SEt)2Fe(NO)2] (DNIC-SEt) were
prepared according to the reported procedures.94–96 Preparation
of Pt:rGO through coating of platinum on rGO was carried out
with an ion sputtering device (E-1030, Hitachi High-Tech
Corporation, Tokyo, Japan).
Instruments

Fourier-transform infrared (FT-IR) spectra were recorded on
a PerkinElmer Spectrum Two spectrophotometer with sealed
solution cells (0.1 mm, CaF2 windows) or pressed KBr pellets.
Detection of gaseous products (i.e.H2(g), NO(g), N2O(g), and O2(g))
during the preparation of FeSA:GO or application of AMF to the
aqueous solution of H2O2 and FeSA:rGO was carried out using
gas chromatography (GC, Shimadzu GC-2030 gas chromato-
graph equipped with a BID detector), where He(g) was adopted
as the carrier gas. The 1H NMR spectrum of the D2O solution
derived from extraction of Fe(TMEDA):GO, using 1H-pyrazole as
an internal standard, was obtained on an Ascend 500 MHz
spectrometer (AVANCE 500 NMR, BRUKER). For statistical
evaluation of synthetic reproducibility, the average Fe contents
of the as-prepared FeSA:GO, as-prepared FeSA:rGO, and used
Fe:rGO were measured from three independently prepared
batches. All Fe content values represented mean ± SD, with
deviations within experimental error (±0.7 wt%). Each sample
was digested in concentrated H2SO4 for 4 days and subse-
quently analyzed using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Agilent 725, US). UV-vis
spectra were recorded on a PerkinElmer Lambda 365.

Powder X-ray diffraction (PXRD) patterns of GO, rGO, FeS-
A:GO, and FeSA:rGO were recorded with an X-ray diffractometer
(Bruker D2 Phaser) using Cu Ka radiation (l = 1.5418 Å). X-ray
photoelectron spectroscopy (XPS) measurements of GO, rGO,
FeSA:GO, and FeSA:rGO were conducted on PHI 5000 Versap-
robe II and III (ULVAC-PHI, Japan) with a monochromatic Al
anode as the X-ray source. To investigate the morphologies of
GO, rGO, FeSA:GO, and as-prepared/used FeSA:rGO, powders of
these materials were dispersed in ethanol and drop cast onto
a Cu grid with carbon lacey. Then, the TEM/HRTEM/HAADF-
STEM images and corresponding EDS mappings were
acquired at 200 kV with a spherical aberration corrector (JEOL
JEM-ARM200FTH). The single-atom Fe images of FeSA:GO and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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FeSA:rGO were acquired on a STEM attachment coupled to an
HRTEM (JEOL JEM-ARM200FTH). Furthermore, the prole
function in Gatan DigitalMicrograph soware was utilized to
extract intensity proles from three distinct regions of each
sample in order to measure the distances between adjacent
single-atom Fe atoms. Electric conductivities of GO, rGO, FeS-
A:GO, and FeSA:rGO were determined using a four-point probe
measurement system (Sadhudesign, Taiwan). UV-vis diffuse
reectance spectra of FeSA:rGO were recorded using a JASCO V-
670 spectrophotometer equipped with an integrating sphere.
Using a conventional 3-electrode system coupled to a Zahner
Zennium E workstation, cyclic voltammetry (CV) measurements
were performed to investigate the highest occupied molecular
orbital (HOMO) of FeSA:rGO. 1 mL of an ethanol solution of
FeSA:rGO (1 mgmL−1) was deposited on a FTO substrate, which
was used as the working electrode. On the other hand, a plat-
inum wire and an Ag/AgCl electrode were used as the counter
electrode and the reference electrode, respectively. A cyclic
voltammogram was obtained in CH3CN containing 0.1 M
tetrabutylammonium perchlorate as electrolyte.

Mössbauer measurements

Using a SeeCo constant acceleration spectrometer equipped
with a temperature controller maintaining temperatures within
±0.1 K and a 57Co radiation source in a Rh matrix, zero-eld
57Fe Mössbauer spectra of FeSA:GO and FeSA:rGO were recor-
ded at 80 K. All measurements were performed under an N2(g)

atmosphere. Isomer shis are referred to as a-Fe metal at room
temperature. Data were tted with a sum of Lorentzian quad-
rupole doublets by using a least-squares routine with the
WMOSS program.97

Fe K-edge X-ray absorption near-edge spectroscopy (XANES)
and extended X-ray absorption ne structure (EXAFS)

The X-ray absorption experiment was carried out at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan. Samples were ground to powder and secured in a bag
made of 6 mm Mylar lm. The Fe K-edge X-ray absorption near-
edge spectroscopy (XANES) data of FeSA:GO and as-prepared/
used FeSA:rGO were collected in uorescence mode at BL 16A
and BL 17C using a Si (111) double-crystal monochromator. A
Lytle detector was employed for uorescence measurements in
which the sample chamber is lled with high-purity He gas to
avoid air absorption. The photon energy was calibrated to the
maximum of the rst inection point at 7112.0 eV of the Fe foil
spectrum. The acquired data were extracted and processed with
Athena and Artemis implemented in IFEFFIT version 0.9.26. For
statistical reproducibility, data of the FeSA:GO and as-prepared/
used FeSA:rGO samples from three independently prepared
batches exhibiting consistent spectral features were averaged
using the Athena soware. Then, a smooth background was
removed from all spectra by tting a straight line to the pre-edge
region and subtracting this straight line from the entire spec-
trum. Normalization of the data was accomplished by tting
a at polynomial to the post-edge region and normalizing the
edge jump to 1.0.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Subsequently, k3-weighted c(k) data in the k-space were
Fourier transformed to real (R) space by means of a hanning
window (dk= 1.0 Å−1) to evaluate the EXAFS contributions from
different coordination shells. Moreover, Fourier transformed
ttings were performed to obtain the quantitative structural
parameters around the central Fe atom in Artemis. The models
including monodentate carboxylate, bidentate carboxylate, and
bidentate tetramethylethylenediamine were used to calculate
the simulated scattering paths. The passive electron reduction
factor (S0

2), energy shi (DE0), bond length (R), and Debye–
Waller factor (s2) were allowed to run freely. Wavelet transform
plots were depicted from the k3-weighted c(k) data exported
from Athena, followed by the computation using the Morlet
function with k= 7 and s= 1 to provide the overall distribution.

Preparation and characterization of graphene oxide (GO)

Graphene oxide was synthesized based on a modied
Hummers' method.98 In a 100 mL serum bottle containing
40 mL of concentrated sulfuric acid, 3 g of graphite akes and
1 g of KMnO4 were added. Aer this, the mixture reaction
solution was stirred in an ice bath for 5 min, the ice bath was
removed, and the mixture reaction solution was stirred at 40 °C
for 2 h to obtain a dark-green viscous solution. Subsequently,
the obtained dark-green viscous solution was poured into
a beaker loaded with 300 mL of icy ddH2O followed by addition
of 5 mL of H2O2(aq) in a dropwise manner. The obtained bright-
yellow solution was kept undisturbed overnight and centrifuged
at 6000 rpm for 10 min before the supernatant solution was
removed and the precipitates were washed with 50 mL of 10%
HCl(aq). Aer the precipitates were washed with 50 mL ddH2O 5
times, lyophilization of the washed graphene oxide at −50 °C
for 1 day was performed to yield graphene oxide as a black
powder (yield 1.7 g).

Based on the reported literature,98 sequential reaction of
graphite with KMnO4 and H2O2 was performed to prepare gra-
phene oxide (GO). As shown in SI Fig. 1a, IR absorption peaks at
1732, 1622, 1416/1169/596, and 1040 cm−1 are assigned to the
vibrational features for C]O, C]C, O–H, and C–O–C groups,
respectively, derived from carboxylic acid, phenol, and epoxide
functional groups on GO.99–101 In addition, the powder X-ray
diffraction peak at 2q = 9.4°, C 1s peaks at (284.2, 286.4,
287.6) eV, and O1s peaks at (531.6, 532.3, 533.5) eV revealed by
powder X-ray diffraction (PXRD) and X-ray photoelectron spec-
troscopy (XPS) analyses supported the successful synthesis of
GO (SI Fig. 5a–b).102,103

Reactivity study of GO toward complex [Na-18-crown-6-ether]
[(NO)2Fe(h

2-BH4)] (or complex [(NO)2Fe(TMEDA)]) leading to
the formation of Fe:GO (or Fe(TMEDA):GO)

To a 20 mL Schlenk tube loaded with 0.1 mmol of [Na-18-crown-
6-ether][(NO)2Fe(h

2-BH4)] (DNIC-BH4) and 200 mg of GO, 10 mL
of THF was added via stainless cannula under positive N2(g)

pressure at room temperature. This mixture reaction solution
was stirred for 6 h and then monitored by FT-IR, disappearance
of IR nNO stretching frequencies at 1708 and 1654 cm−1 sug-
gested the complete degradation of DNIC-BH4. On the other
Chem. Sci.
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hand, analysis of the gaseous product(s) in the headspace using
GC revealed evolution of H2(g)/N2O(g) and no formation of NO(g).
Aer this, the mixture reaction solution was transferred to a 15
mL centrifuge tube lled with N2(g) via stainless cannula and
centrifuged at 10 000 rpm for 10 min, the supernatant THF
solution was transferred to another Schlenk tube lled with
N2(g) before the residual black precipitates were washed with
THF twice and dried under vacuum (yield 0.18 g, denoted as
Fe:GO). To characterize the potential formation of NO2

−/NO3
−

in the prepared Fe:GO, the as-prepared Fe:GO was incubated in
1 M NaOH(aq) for 2 days before analysis of the supernatant
aqueous solution using the Nitrate/Nitrite Colorimetric Assay
Kit (Item No. 780001, Cayman), which indicated no formation
of NO2

−/NO3
−. On the other hand, potential formation of NO2

−/
NO3

− in the collected supernatant THF solution was examined
using the Nitrate/Nitrite Colorimetric Assay Kit (Item No.
780001, Cayman), which indicated the negligible formation of
NO2

−/NO3
−.

Upon reaction of DNIC-BH4 (0.1 mmol) with GO (200 mg) in
THF under an N2(g) atmosphere for 6 h, disappearance of the
brown color and indicative IR nNO features (1708 and
1654 cm−1) for DNIC-BH4 in the THF supernatant solution
occurred accompanied by the formation of an IR absorption
peak at 2223 cm−1 (SI Fig. 1b). In comparison with the solid-
state IR spectra of the as-prepared GO and DNIC-BH4, the
absence of IR nNO features in the 1708 and 1654 cm−1 was
observed in the IR spectrum for the GO treated with DNIC-BH4

(SI Fig. 1 and 2). Accordingly, GO promoted the decomposition
of the dinitrosyl iron unit (DNIU) [Fe(NO)2] in DNIC-BH4 and
evolution of N2O(g), while limited formation of NO2

−/NO3
− in

the THF supernatant solution and absence of evolution of NO(g)

in the headspace was conrmed using a total nitrate/nitrite
assay kit and gas chromatography (GC, SI Fig. 1d), respec-
tively. As shown in SI Fig. 1a, d, and 2, absence of IR nB–H

features in the 1800–2500 cm−1 region exhibited by DNIC-BH4-
treated GO and formation of H2(g) in the headspace for the
reaction between DNIC-BH4 and GO suggested the acid–base
reaction between the carboxylic acid/phenol groups of GO with
the [BH4]

− in DNIC-BH4.
Aer the GO-induced transformation of DNIC-BH4, the

retained IR absorption peaks at 1730, 1141, and 1076 cm−1

exhibited by the DNIC-BH4-treated GO resembled IR features
derived from the carboxylic acid, phenol, and epoxide func-
tional groups on the as-prepared GO (SI Fig. 1a). Moreover, the
Fe content in theDNIC-BH4-treated GO is further determined as
2.5 ± 0.7 wt% based on the ICP-OES analysis, which is
comparable to the theoretical Fe content (2.8 wt%) considering
the complete deposition of Fe from DNIC-BH4 onto GO. Upon
extraction of DNIC-BH4-treated GO with 1 M NaOH(aq), absence
of NO2

− and NO3
− was validated using a total nitrate/nitrite

assay kit. That is, the carboxylic acid/phenol functional
groups on GO, presumably, induced the protonation of Fe-
bound [BH4]

−, conversion of Fe-bound NO into N2O(g), and
deposition of Fe on GO leading to the assembly of Fe:GO.

Reaction of [(NO)2Fe(TMEDA)] (TMEDA = tetra-
methylethylenediamine, DNIC-TMEDA) with GO, characteriza-
tion of DNIC-TMEDA-treated GO (denoted as Fe(TMEDA):GO),
Chem. Sci.
and analyses of the accompanied byproducts were performed
under a similar procedure. In addition, aer extraction of the
prepared Fe(TMEDA):GO with 1 M NaOD in D2O for 2 days, 1H
NMR analysis of the signals at 2.259 and 1.998 ppm, using 1H-
pyrazole (37 mM) as an internal standard, was performed to
determine the amount of TMEDA on the prepared
Fe(TMEDA):GO.

Reaction of DNIC-TMEDA (0.1 mmol) with GO (200 mg)
followed by characterization of DNIC-TMEDA-treated GO was
carried out in a similar manner. Similar to the reaction between
DNIC-BH4 and GO, GO-induced transformation of DNIC-
TMEDA and deposition of Fe on DNIC-TMEDA-treated GO (Fe
content= 1.6± 0.1 wt%) were explored based on the solid-state/
solution IR study, total nitrate/nitrite assay, and ICP-OES anal-
ysis (SI Fig. 1a and c). During the reaction between DNIC-
TMEDA and GO, of interest, GC analysis of the gaseous sample
in the headspace revealed the absence of H2(g) and evolution of
NO(g) (SI Fig. 1d), in addition to the generation of N2O(g)

according to the distinctive IR absorption peak at 2223 cm−1.
Aer extraction of DNIC-TMEDA-treated GO with 1 M NaOD in
D2O, formation of 1.8± 0.6 wt% of Fe-bound TMEDA on GOwas
determined based on the 1HNMR signal at 2.259 and 1.998 ppm
(SI Fig. 3). This quantitation of Fe and TMEDA on DNIC-
TMEDA-treated GO reected an Fe:TMEDA ratio of ∼1.125:1.
Based on the investigations described above, the different
supporting ligands in Fe precursors, namely DNIC-BH4 and
DNIC-TMEDA, control the buildup of Fe:GO and Fe(TME-
DA):GO, respectively, through distinctive transformation/
deposition mechanisms.

Reaction of complex [(NO)2Fe(m-SEt)2Fe(NO)2] and GO

Reaction of complex [(NO)2Fe(m-SEt)2Fe(NO)2] (DNIC-SEt)
(0.017 g, 0.05 mmol) and GO (200 mg) was performed under
a procedure similar to the reaction of GO with DNIC-BH4 (or
DNIC-TMEDA) described above. As opposed to DNIC-BH4 and
DNIC-TMEDA, DNIC-SEt features an inert nature toward GO
according to the unchanged IR nNO absorption peaks at 1774
and 1749 cm−1 observed aer its reaction with GO for 8 h (SI
Fig. 4). This inert nature of DNIC-SEt toward GO, moreover,
echoed the critical role of supporting ligands in Fe precursors in
the fabrication of single-atom Fe on the GO supporting
materials.

Characterization of GO, Fe:GO, and Fe(TMEDA):GO by XPS

X-ray photoelectron spectroscopy (XPS) measurements of GO,
Fe:GO, and Fe(TMEDA):GO were conducted on PHI 5000 Ver-
saprobe II and III (ULVAC-PHI, Japan) with a monochromatic Al
anode as the X-ray source. XPS C 1s and O 1s spectra of GO,
Fe:GO, and Fe(TMEDA):GO were depicted in SI Fig. 5b–d. The
strong carbon peaks at 284.2–284.4 eV and 286.4–286.7 eV
corresponded to the C]C functional groups derived from the
original graphite precursor and dominant formation of
oxygenated C–OH/C–O–C functional groups, respectively,
whereas the shoulder carbon peaks at 287.6–288.3 eV indicated
the minor formation of C]O functional groups.104,105 On the
other hand, the oxygen peaks at 531.6–531.8 eV, 532.3–532.7 eV,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 533.5–534.7 eV corresponded to O–C]O, C]O, and C–OH/
C–O–C functional groups, respectively.103 These XPS C 1s and O
1s spectra of GO supported the successful oxidation of graphite
and incorporation of carboxylic acid, phenol, and epoxide
functional groups in GO. On the other hand, the C 1s and O 1s
spectra of both Fe:GO and Fe(TMEDA):GO are comparable to
those of the as-prepared GO. As shown in SI Fig. 5c and d, the
two peaks at 712.2 eV and 725.4 eV (or 712.6 eV and 725.8 eV)
were assigned to Fe 2p3/2 and Fe 2p1/2 for the Fe3+ center in
Fe:GO (or Fe(TMEDA):GO).106 These weak Fe 2p features di-
splayed by Fe:GO and Fe(TMEDA):GO may be ascribed to the
limited Fe content.
XANES study of Fe:GO, Fe(TMEDA):GO, FeIIPc, and FeIIITPPCl

Normalized Fe K-edge XANES spectra for Fe:GO and Fe(TME-
DA):GO as well as two reference complexes FeIIPc (Pc = phtha-
locyanine) and FeIIITPPCl (TPP = tetraphenylporphyrin) were
included in Fig. 3a in the main text. In comparison with the Fe1s
/ Fe3d pre-edge absorption peaks at 7114.2 eV and 7114.5 eV
exhibited by FeIIPc and FeIIITPPCl, both Fe:GO and Fe(TME-
DA):GO displayed Fe1s / Fe3d pre-edge absorption peaks at
7114.8 eV. Besides, the apparent intensity for the Fe1s / Fe3d
pre-edge features followed the order of four-coordinate FeIIPc >
ve-coordinate FeIIITPPCl > Fe:GO/Fe(TMEDA):GO. Of impor-
tance, the energy and apparent intensity of the Fe1s / Fe3d pre-
edge absorption peaks supported that the single-atom Fe in
both Fe:GO and Fe(TMEDA):GO was an O-/N-bound Fe3+ center
embedded in an octahedral geometry.
Reactivity study of complex DNIC-BH4 (or DNIC-TMEDA)
toward benzoic acid, phenol, and styrene oxide

To a 20 mL Schlenk tube loaded with DNIC-BH4 (0.418 g, 0.1
mmol) and benzoic acid (0.112 g, 0.1 mmol), 8 mL of THF was
added via stainless cannula under positive N2(g) pressure at
room temperature. Aer this, the reaction solution was stirred
at ambient temperature for 1 day, and the disappearance of IR
nNO stretching frequencies at 1708 cm−1 and 1654 cm−1 sug-
gested the complete degradation of DNIC-BH4. Reactions of
DNIC-BH4 with phenol/styrene oxide in a 1:1 stoichiometry and
reactions of DNIC-TMEDA with benzoic acid/phenol/styrene
oxide in a 1:1 stoichiometry were performed under a similar
procedure. Degradation of DNIC-BH4 upon reaction with
phenol and decomposition of DNIC-TMEDA during reaction
with benzoic acid were observed based on the disappearance of
distinctive IR nNO features. In comparison, no reaction was
observed during reaction of DNIC-BH4 with styrene oxide or
reaction of DNIC-TMEDA with phenol/styrene oxide.

Considering the presence of carboxylic acid, phenol, and
epoxide functional groups on the as-prepared GO, reactions of
DNIC-BH4/DNIC-TMEDA with benzoic acid, phenol, and styrene
oxide were investigated in an attempt to depict the mechanisms
for reaction between GO and DNIC-BH4 or DNIC-TMEDA. Based
on the IR spectroscopic study shown in SI Fig. 9 and 10, benzoic
acid and phenol exhibited the reactivity to promote the
transformation/decomposition of DNIC-BH4, while DNIC-
© 2025 The Author(s). Published by the Royal Society of Chemistry
TMEDA was reactive toward benzoic acid instead of phenol and
styrene oxide.

Preparation of reduced graphene oxide (rGO) and FeSA:rGO
(Fe:rGO and Fe(TMEDA):rGO)

Preparation of rGO was carried out based on a reported one-step
solvothermal reduction approach.107 30 mg of the as-prepared
GO was dispersed in 60 mL of DMF and this DMF solution of
GO was stirred in an oil bath at 155 °C for 2 h. Aer this, the
DMF reaction solution was cooled down to room temperature
and centrifuged at 10 000 rpm for 10 min, the supernatant
solution was removed before the precipitated reduced GO (rGO)
was washed with DMF and dried at 80 °C in an oven (yield 9mg).
Preparations of Fe:rGO (yield 13 mg) and Fe(TMEDA):rGO (yield
11 mg) were performed under a similar procedure using Fe:GO
and Fe(TMEDA):GO, respectively, as the precursor.

Characterizations of rGO, Fe:rGO, and Fe(TMEDA):rGO by XPS
and solid-state IR spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements of rGO,
Fe:rGO, and Fe(TMEDA):rGO were conducted on PHI 5000
Versaprobe II and III (ULVAC-PHI, Japan) with a mono-
chromatic Al anode as the X-ray source. During the conversion
of Fe:GO/Fe(TMEDA):GO into Fe:rGO/Fe(TMEDA):rGO, reduc-
tion of GOphenol/GOepoxide and transformation of GOcarboxylic acid

into GOamide was evidenced by XPS and solid-state IR spec-
troscopy (SI Fig. 14 and 15).108 In comparison with GO/Fe:GO/
Fe(TMEDA):GO, in addition to the retained XPS C 1s peak at
284.5 eV corresponding to the C]C group, a signicant
reduction of the XPS C 1s peaks at 286.1–286.8 eV, which was
indicative of the C–OH/C–O–C groups, was observed.109,110

During the solvothermal process at 155 °C, degradation of DMF
was reported to yield dimethylamine and CO, which served as
a reductant to eliminate the C–OH and C–O–C functional
groups.111,112 Meanwhile, the predominant XPS N 1s peaks at
401.6–401.8 eV and XPS O 1s peaks at 531.5–531.8 eV are
assigned to the O]C–N amide group (SI Fig. 14a–c), while the
predominant XPS N 1s peaks at 399.8–399.9 eV are assigned to the
C–N group.113,114 As shown in SI Fig. 14d, the electronic structure of
the single-atom Fe in Fe:rGO/Fe(TMEDA):rGO is best described as
Fe3+ according to the XPS Fe 2p3/2 and Fe 2p1/2 peaks at 712.6/
711.6 eV and 725.5/725.4 eV, respectively.

Measurement of alternating magnetic eld (AMF)-induced
current and voltage

To investigate the AMF-induced electric current and voltage, GO
(14.8 mg)/rGO (14.0 mg)/FeSA:GO (13.6 mg)/FeSA:rGO (8.5 mg)
was pressed into a pellet with a diameter of 1 cm and a thick-
ness below 1 mm using a manual hydraulic press. Aer the
pellet of GO/rGO/FeSA:GO/FeSA:rGO was placed in a home-
made acrylic holder located 1 cm below the 1.1 cm solenoid
coil, 20%/50%/70% power intensity of AMF (P = 0.64/1.6/2.24
kW, B = 1.58/3.95/5.53 mT) generated by a high frequency
generator (Power Cube 32/900) was applied to the pellet of GO/
rGO/FeSA:GO/FeSA:rGO. Under the application of AMF, the
pellet of GO/rGO/FeSA:GO/FeSA:rGO was connected to a digital
Chem. Sci.
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bench oscillator (Tektronix MSO44 4-BW-350, 4 Series MSO
Mixed Signal Oscilloscope, 4 Channel, 350 MHz) through
copper wires in order to measure the voltage–time (V–t) curves,
whereas a digital multimeter (PROVA 803) was utilized to
measure the current–time (I–t) curves (SI Fig. 19b and c). All the
V–t curves were further processed using Fast Fourier Transform
(FFT), Inverse Fast Fourier Transform (IFFT), and Cosine Fitting
(COSFIT) embedded in theMATLAB soware to obtain the AMF-
induced electric voltage.

Elimination of hydrogen peroxide by FeSA:GO (or FeSA:rGO)
with/without application of AMF

In a 2 mL Eppendorf tube, 2 mg of FeSA:rGO (Fe:rGO or Fe(T-
MEDA):rGO) was suspended in 2mL of 50mM phosphate buffer
(pH 6.5) containing 100 mM (or 500 mM) H2O2 and treated with
AMF at a 50% power intensity (1.6 cm coil, 1.6 kW, 3.75 mT).
Aer application of AMF for 20, 40, 60, 90, 120, and 180 min,
respectively, a 50 mL aliquot of this mixture solution was
collected and mixed with 950 mL of colorimetric Fox reagent,
which was an aqueous solution containing ferrous ammonium
sulfate (0.25 mM), D-sorbitol (100 mM), xylenol orange tetra-
sodium salt (0.08 mM), and sulfuric acid (26.3 mM).115 Aer
reaction with the colorimetric Fox reagent for 15 min, the
absorbance at 560 nm was recorded using UV-vis spectroscopy
and adopted to quantify the concentration of H2O2. Three
independent experiments were conducted to obtain an average
curve for time-dependent consumption of H2O2 by FeSA:rGO
under AMF. Elimination of hydrogen peroxide by FeSA:GO and
FeSA:rGO in the absence of AMF was performed in a similar
manner. During the reaction of FeSA:rGO and H2O2 in the
absence of AMF, analysis of the gaseous product in the head-
space using GC revealed enhanced evolution of CO2(g), while the
H2O2-treated FeSA:rGO was collected and analyzed using XPS.

Generation of dioxygen derived from elimination of hydrogen
peroxide by FeSA:rGO with/without application of AMF

To a N2(g)-lled 20 mL glass tube loaded with 3 mg of FeSA:rGO
(Fe:rGO or Fe(TMEDA):rGO), anaerobic 50 mM phosphate
buffer (pH 6.5) containing 100 mM H2O2 (or 500 mM H2O2) was
added before the dissolved oxygen probe (edge DO HI764080) of
a dissolved oxygen meter (edge DO HI2004) was inserted into
this tube and immersed into this aqueous solution. Subse-
quently, this tube was sealed under N2(g) and placed in the
middle of the solenoid soil (1.6 cm coil). Upon application of
AMF to the aqueous solution of FeSA:rGO and H2O2 at a power
intensity of 50% (1.6 kW, 3.75 mT), evolution of O2(g) dissolved
in this aqueous solution was recorded every 5 min for 3 h using
a dissolved oxygen meter. Three independent experiments were
conducted to obtain an average curve for time-dependent
generation of O2 by FeSA:rGO under AMF, and data were pre-
sented as mean ± SD. Time-dependent O2-evolution proles
catalyzed by FeSA:rGO were measured in 50 mM phosphate
buffer (pH 5.5, 6.5, or 7.4) with or without AMF, and in the
presence or absence of 1 mM glutathione (GSH) or 10 mM
lactate, following the same procedure described above. On the
other hand, using a Shimadzu GC-2030 gas chromatograph
Chem. Sci.
equipped with a BID detector, analysis of the gaseous product
from the headspace of the aqueous solution of H2O2 (500 mM)
and Fe:rGO (1 mgmL−1, or Fe(TMEDA):rGO (1 mgmL−1)) under
AMF also supported time-dependent generation of O2 (SI Fig.
21).

Evaluation of FeSA:rGO recyclability

To evaluate the recyclability of Fe:rGO (or Fe(TMEDA):rGO) for
magneto-catalytic OER, seven (or ve) consecutive cycles of AMF
application to an aqueous solution containing 1 mg mL−1

Fe:rGO (or 1 mg mL−1 Fe(TMEDA):rGO) and 500 mM H2O2 at
a power intensity of 50% (1.6 kW, 3.75 mT) were performed.
Each experiment was conducted in triplicate. Following the
procedure described above, the magneto-catalytic evolution of
O2 during each cycle was monitored using a dissolved oxygen
probe in conjunction with a dissolved oxygen meter. Aer each
magneto-catalytic OER cycle, the suspension solution was
centrifuged at 10 000 rpm for 10 min to remove (or to collect)
the supernatant solution. Then, the recovered Fe:rGO (or
Fe(TMEDA):rGO) was reused in the subsequent magneto-
catalytic OER cycle or subjected to further characterization by
HRTEM, HAADF-STEM, XANES, EXAFS, and ICP-OES following
the procedure described in the Instruments and Fe K-edge X-ray
Absorption Near-edge Spectroscopy (XANES) and Extended X-
ray Absorption Fine Structure (EXAFS) sections.

Kinetic study of magneto-catalytic evolution of O2 promoted
by FeSA:rGO

The dependence of the magneto-catalytic O2 evolution rate on
(a) FeSA:rGO concentration, (b) H2O2 concentration, and (c)
AMF power intensity was investigated to elucidate the mecha-
nism of magneto-catalytic O2 evolution promoted by FeSA:rGO.
A nitrogen-lled (N2(g)) 20 mL glass tube was loaded with Fe:rGO
(or Fe(TMEDA):rGO) at concentrations of 0.25 mg mL−1, 0.5 mg
mL−1, 0.75 mg mL−1, or 1 mg mL−1 in anaerobic 50 mM
phosphate buffer (pH 6.5) containing 750 mM H2O2. Then,
a dissolved oxygen probe (edge DO HI764080) connected to
a dissolved oxygen meter (edge DO HI2004) was inserted into
this glass tube and immersed in the aqueous solution described
above. Subsequently, this tube was then sealed under N2(g) and
placed at the center of a solenoid coil (1.6 cm in diameter).
Upon applying AMF at a power intensity of 50% (1.6 kW) to the
aqueous solution of Fe:rGO (or Fe(TMEDA):rGO) and H2O2, the
evolution of dissolved O2 was recorded every 5 minutes for 3
hours using the dissolved oxygen meter. Three independent
experiments were conducted to determine the average O2

evolution rate and its standard deviation for the magneto-
catalytic reaction promoted by Fe:rGO (or Fe(TMEDA):rGO).

Following a similar methodology, additional experiments
were conducted under the following conditions:

(a) AMF at a power intensity of 50% (1.6 kW) was applied to
a solution containing 1 mg mL−1 Fe:rGO (or Fe(TMEDA):rGO)
and H2O2 at concentrations of 100 mM, 250 mM, 500 mM, or 750
mM in anaerobic 50 mM phosphate buffer (pH 6.5).

(b) AMF at power intensities of 0%, 10% (0.32 kW), or 30%
(0.96 kW) was applied to a solution containing 1 mg mL−1
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fe:rGO (or Fe(TMEDA):rGO) and 500 mM H2O2 in anaerobic
50 mM phosphate buffer (pH 6.5).

(c) AMF at a power intensity of 50% (1.6 kW) was applied to
a 9mL solution containing 750 mMH2O2 and Fe(TMEDA):rGO (1
mg mL−1 as well-dispersed powder or 9 mg as a bulk pellet) in
anaerobic 50 mM phosphate buffer (pH 6.5).

Generation of a H2O2-derived hydroxyl radical by FeSA:rGO
with/without application of AMF

Transient generation of hydroxyl radicals during the reaction of
H2O2 and FeSA:rGO with/without application of AMF was
monitored using a methylene blue (MB)-based colorimetric
assay and using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
a radical spin trapping agent. In a 2 mL Eppendorf tube, 2 mg of
Fe:rGO (or Fe(TMEDA):rGO) was suspended in 2 mL of 50 mM
potassium phosphate buffer (pH 6.5) containing 100 mM H2O2.
Then, 40 mL of 5 mM MB(aq) was added into this mixture solu-
tion before external application of AMF at a 50% power intensity
(1.6 cm coil, 1.6 kW, 3.75mT). Aer application of AMF for 0, 20,
60, 120, and 180 min, respectively, this mixture solution was
centrifuged at 10 000 rpm for 30 s A 70 mL aliquot of this
supernatant solution was added into 490 mL of 50 mM potas-
sium phosphate buffer (pH 6.5) before the UV-vis spectrum of
this diluted solution was measured. Time-dependent changes
of the UV-vis spectra for (a) reaction of Fe:rGO (or Fe(TME-
DA):rGO), H2O2 and MB and (b) reaction of H2O2 and MB in the
absence of AMF were explored in a similar manner.

On the other hand, 100 mM H2O2 in 50 mM potassium
phosphate buffer (pH 6.5, 3 mL) was added into a 15 mL
centrifuge tube loaded with 3 mg of Fe:rGO (or Fe(TME-
DA):rGO). Aer external application of AMF at 50% intensity
(1.6 cm coil, 1.6 kW, 3.75 mT) for 20 min, this mixture solution
was centrifuged at 10 000 rpm for 30 s A 990 mL aliquot of this
supernatant solution was mixed with 10 mL of DMPO in an
Eppendorf tube before the obtained mixture solution was
transferred into the EPR quartz tube for EPRmeasurement. EPR
spectra for (a) DMPO in 50mMpotassium phosphate buffer (pH
6.5), (b) reaction of H2O2 with DMPO, and (c) reaction of Fe:rGO
(or Fe(TMEDA):rGO), H2O2, and DMPO in the absence of AMF
were measured in a similar manner.

Characterization of magneto-catalytic reaction
Intermediate(s) through freeze-quench experiments in
combination with XANES, EPR, and Mössbauer spectroscopy

Aer a hole with a 4 mm diameter was created on the side of a 2
mL Eppendorf tube, this hole was covered with Kapton tape
before this tube was loaded with 750 mMH2O2 and 50 mg mL−1

Fe:rGO (or Fe(TMEDA):rGO) in 50 mM phosphate buffer (pH
6.5). An AMF at a power intensity of 50% (1.6 kW) was applied to
this aqueous solution of Fe:rGO (or Fe(TMEDA):rGO) and H2O2

for 1 min (or 0.5 min, this time point was chosen considering
that the magneto-catalytic reactions are still undergoing). Then,
this AMF-treated aqueous solution of Fe:rGO (or Fe(TME-
DA):rGO) and H2O2, together with the tube, was incubated in
N2(l) right away in order to freeze quench the magneto-catalytic
reaction intermediate(s). The freeze-quenched magneto-
© 2025 The Author(s). Published by the Royal Society of Chemistry
catalytic reaction intermediate(s) was then stored in N2(l)

before the subsequent XANES experiments. These samples were
denoted as “FeSA:rGO under magneto-catalysis”. On the other
hand, aer freezing the aqueous solution of FeSA:rGO without
exposure to AMF, the samples obtained are denoted as “FeS-
A:rGO under resting state”.

FQ-XANES measurements of FeSA:rGO under magneto-
catalysis and FeSA:rGO in the resting state were collected at
NSRRC TPS 32A. The samples were maintained at 100 K during
data collection using an 800 Cryostream PLUS. A 19-channel
silicon dri detector was employed for uorescence measure-
ments. All the other data acquisition and processing procedures
are the same as those described in the Fe K-edge X-ray
Absorption Near-edge Spectroscopy (XANES) and Extended X-
ray Absorption Fine Structure (EXAFS) section. The Fe1s-to-
Fe3d pre-edge features were tted using the Athena soware
over the range of 7105–7120 eV.

In a similar manner, freeze-quenched samples were
prepared through (a) application of AMF (1.6 kW) to an aqueous
solution of Fe:rGO (10 mg mL−1) and H2O2 (750 mM), loaded in
a Mössbauer cup, for 10 min followed by a freeze-quenching
process in N2(l) or (b) application of AMF (1.6 kW) to an aqueous
solution of Fe:rGO/Fe(TMEDA):rGO (10 mg mL−1) and H2O2

(750 mM), loaded in an EPR tube, for 5 min or 10 min followed
by a freeze-quenching process in N2(l). Then, the Mössbauer and
EPR spectra for these FQ samples were collected following the
procedure described in the Mössbauer Measurements and X-
band EPR Spectroscopy section.

X-band EPR spectroscopy

When using DMPO as a radical spin trapping agent, the EPR
spectra were recorded at room temperature using a Bruker
ELEXSYS-E580 spectrometer with a microwave power of ∼15
mW, frequency of 9.83 GHz, sampling time of 20.4 ms, receiver
gain of 30, and modulation amplitude of 1.6 mT at 100 kHz. For
FeSA:rGO in the resting state and FeSA:rGO under magneto-
catalysis, the EPR spectra were recorded on a Bruker EMX/
Plus spectrometer (Billerica, MA), equipped with a dual-mode
ER 4116DM cavity that supports both parallel (TE012) and
perpendicular (TE102) modes of polarization of the applied
magnetic eld. Low temperature (4.7 K) was achieved and
maintained with a liquid helium quartz cryostat (Oxford
Instruments ESR900), complemented by a cryogenic tempera-
ture controller (Oxford Instruments mercuryiTC). The micro-
wave frequency was set to 9.636 GHz for the perpendicular
mode (TE102) and 9.363 GHz for the parallel mode (TE012), with
a microwave power of 2.031 mW. Spectra were acquired using
a magnetic eld modulation frequency of 100 kHz and
a modulation amplitude of 1 mT. Each spectrum was recorded
with a digital eld resolution of 0.5 mT/point.

Magnetothermal properties of Fe:rGO (or Fe(TMEDA):rGO)
under AMF

A 20 mL glass tube was loaded with 2 mg of Fe:rGO (or Fe(T-
MEDA):rGO) and 2 mL of 100 mM H2O2(aq). Using a cylindrical
solenoid with a 1.6 cm diameter, an alternating magnetic eld
Chem. Sci.
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(AMF) at an output intensity of 1.60 kW (50%) was applied to
this tube loaded with 1 mg mL−1 Fe:rGO (or Fe(TMEDA):rGO) in
100 mMH2O2(aq). The temperature was recorded before and aer
application of AMF for 10 min using an IR thermal imaging
camera (Thermo Shot F30S, NEC). Magnetothermal activity of
Fe:rGO (or Fe(TMEDA):rGO) powder was measured in a similar
manner.
Computational Methods and insights into the mechanism for
catalytic conversion of H2O2 into O2

All spin-polarized DFT computations were performed using the
Vienna ab initio simulation package (VASP).116,117 The Perdew–
Burke–Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) was utilized to describe the elec-
tron exchange–correlation interactions.118 The pseudopotentials
were described by the projector-augmented wave (PAW) method
with a cutoff energy of 500 eV.119 All atoms were fully relaxed until
the energy and force reached the convergence tolerances of 1 ×

10−5 eV and 0.02 eV Å−1, respectively. The Monkhorst–Pack k-
point mesh of 2 × 2 × 1 was used to determine the Brillouin
zone.120 To prevent the periodic effect, an 18 Å vacuum space was
created along the supercell's z-axis. The 5 × 5 supercell of gra-
phene with 14.76 Å × 12.78 Å × 25 Å lattice parameters was
modeled for calculations of 4O–Fe-Graph, 2N2O–Fe-Graph, O–
2N2O–Fe-Graph and O–2N–2O–Fe–V-Graph as illustrated in SI
Fig. 34. Bader charge analysis was employed to obtain a quanti-
tative description of the charges in the Fe centers.121

Density functional theory (DFT) calculations were conducted
to elucidate the mechanistic pathways for the conversion of
H2O2 into O2. We initially attempted to construct graphene
models containing carboxylic acid functional groups at the
edges and coordinated Fe centers with or without additional
TMEDA ligands to reproduce the structural features of Fe:rGO
and Fe(TMEDA):rGO. However, these large systems suffered
from severe SCF instability, charge localization, and multiple
local minima, leading to non-convergent results. Therefore,
four simplied periodic models were established by
substituting selected carbon atoms in graphene with nitrogen
and/or oxygen atoms to reproduce the rst-shell Fe–O/N coor-
dination environment based on the EXAFS results (SI Fig. 34a).
Specically, the 4O–Fe-Graph model was designed to represent
Fe:rGO aer dissociation of two Fe-bound H2Omolecules, while
O–2N2O–Fe-Graph, 2N2O–Fe-Graph, and O–2N2O–Fe–V-Graph
were constructed to mimic Fe(TMEDA):rGO under different
coordination environments: (i) aer dissociation of one Fe-
bound H2O, (ii) aer dissociation of one Fe-bound H2O and
one Fe-bound carboxylate, and (iii) aer dissociation of one Fe-
bound H2O with an adjacent vacancy, respectively.

The proposed reaction pathway for conversion ofH2O2 to O2 is
illustrated in SI Fig. 34b, and the corresponding energy proles
are presented in SI Fig. 34c. Initially, H2O2 adsorption occurred at
the Fe centers with adsorption energies of−0.15 eV and−0.43 eV
for the ve-coordinate Fe sites in O–2N2O–Fe-Graph and O–
2N2O–Fe–V-Graph, respectively. The adsorbed H2O2 subse-
quently dissociated into an adsorbed O atom and released H2O,
with relative energies of −1.33 eV and −0.74 eV for O–2N2O–Fe-
Chem. Sci.
Graph and O–2N2O–Fe–V-Graph, respectively. In contrast, no
H2O2 adsorption was observed at the four-coordinate Fe sites in
4O–Fe-Graph and 2N2O-Graph. The adsorbed O species further
reacted with another H2O2molecule to generate adsorbed O2 and
released H2O, with relative energies of −2.56, −2.19, −4.25, and
−5.13 eV for O–2N2O–Fe-Graph, O–2N2O–Fe–V-Graph, 2N2O–Fe-
Grap, and 4O–Fe-Graph, respectively. All reactions discussed
above were exergonic, while the rate-determining step (RDS) was
identied as the subsequent desorption of O2 from the Fe center.
The corresponding energy barriers for O2 desorption were
calculated to be 0.45, 0.08, 2.14, and 3.02 eV for O–2N2O–Fe-
Graph, O–2N2O–Fe–V-Graph, 2N2O–Fe-Graph, and 4O–Fe-
Graph, respectively. On the other hand, based on Bader charge
analyses, the ve-coordinate Fe centers exhibited higher positive
charges (+1.53 e for O–2N2O–Fe-Graph and +1.68 e for O–2N2O–
Fe–V-Graph) than the four-coordinate Fe centers (+1.20 e for 4O–
Fe-Graph and +1.21 e for 2N2O–Fe-Graph). Despite the structural
simplications relative to Fe:rGO and Fe(TMEDA):rGO, these
simplied models may provide valuable mechanistic insights
into (a) the exothermic binding of H2O2 to the ve-coordinate Fe
centers in O–2N2O–Fe-Graph andO–2N2O–Fe–V-Graph, while no
stable adsorption of H2O2 was found at the four-coordinate Fe
centers in 4O–Fe-Graph and 2N2O-Graph, (b) the lower kinetic
barriers for O2 desorption from the ve-coordinate Fe centers in
O–2N2O–Fe-Graph and O–2N2O–Fe–V-Graph, as compared with
those from the four-coordinate Fe centers in 4O–Fe-Graph and
2N2O-Graph, and (c) the crucial role of the electron-decient Fe
center in promoting H2O2 binding and activation.
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