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Hydrogen peroxide (H,0,) can be produced cleanly and sustainably
using electrosynthesis from the oxygen reduction reaction (ORR)
via a 2-electron pathway, as opposed to the conventional anthra-
quinone technique. However, the rational design protocols for
promoting the peroxide selectivity of ORR catalysts are still inade-

quate. This work synthesized a series of medium Fe'"'

complexes
with tetra-amido macrocyclic ligands (Fe-TAMLs) using a simplified
two-step procedure. A relationship between peroxide selectivity and
the spin polarization of metal centers in these Fe-TAML complex
ORR catalysts is revealed. Using X-ray absorption spectroscopy (XAS)
and X-ray emission spectroscopy (XES), the spin polarization of metal
centers in Fe-TAMLs regulated by the ligand modification was
studied. We found that the nitro group-substituted ligand Fe-TAML
complex was regulated by its spin-polarization and offered the
highest spin state enhancing peroxide selectivity about 55% to
78%. An operando XAS study is employed to verify the stability of
the oxidation states and the robustness of the coordination struc-
tures of the Fe-TAMLs.

Introduction

Hydrogen peroxide (H,O,) is widely used as a chemical in
bleach and waste-water treatment. To date, over 95% of indus-
trial H,0, production relies on the anthraquinone process.
It is imperative to find alternative methods, because this
process requires enormous energy costs, uses hazardous
reagents, and produces harmful byproducts. Heterogeneous
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New concepts

Hydrogen peroxide can be produced cleanly and sustainably via electro-
synthesis through a 2-electron oxygen reduction reaction (ORR) pathway,
offering a greener alternative to the conventional anthraquinone process.
However, rational design strategies for enhancing the peroxide selectivity
of ORR catalysts remain underdeveloped. In this study, a series of iron
complexes with tetra-amido macrocyclic ligands (Fe-TAMLS) were synthe-
sized using a simplified two-step procedure. In these Fe-TAML complex
ORR catalysts, a clear relationship between the peroxide selectivity and
the spin polarization of metal centers is revealed. Notably, our work
provides the first direct evidence that spin-polarized Fe centers govern
peroxide selectivity during the ORR. Operando X-ray absorption spectro-
scopy (XAS) and X-ray emission spectroscopy (XES) were employed to
confirm the structural stability and electronic modulation of Fe-TAML
catalysts under ORR conditions. These analyses validate the role of spin-
selective electron transfer, demonstrating how spin states suppress the 4-
electron pathway and favor H,O, formation. Using synchrotron-based
XAS and XES, we uncover how spin polarization influences the electronic
structure and determines the ORR pathway preference.

oxygen reduction reaction (ORR) electrosynthesis is a viable
method for producing H,0,, in which the reagents for the
ORR—water and oxygen gas—are non-toxic and readily avail-
able, minimizing the risk during storage and transportation.
Single-atom catalysts (SACs) have been extensively studied due
to their atom-utilization efficiency. Among those SACs con-
structed from metal ions and 4-fold coordinating nitrogen
atom groups (denoted as M-N,), Fe-N, has been reported to
exhibit the highest ORR activity and optimal binding ability
with 0,.>”7 Owing to the triplet electronic configuration of O,
molecules, spin polarization may be one of the promising
ways to manipulate the catalytic oxygen reduction.’™ Several
researchers have demonstrated manipulating the spin state of
reactive centers to improve the selectivity toward a 4-electron
pathway by hetero-doping, thereby modifying the affinity of
intermediates.®® For example, Chen et al. decreased the spin
state of Fe-NC through sulfur-doping in the second coordina-
tion sphere of Fe-NC, achieving improved selectivity toward the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Synthesis routes and Fe K-edge XAS of Fe-TAMLs. (a) Scheme of synthesis routes and chemical structures of Fe-TAMLs, including scattering paths
in which red and blue double arrows correspond to the Fe—N and Fe—C single scattering paths, respectively. (b) XANES, (inset) the enlargement of the
main edges. (c) Phase-corrected EXAFS, the yellow shade corresponds to the Fe—N scattering path, and the gray shade corresponds to Fe—C scattering

paths in Fe-TAMLs.

4-electron pathway.® Unfortunately, the random seeding of
metal ions and/or doping atoms in graphene-based SACs
complicates the ability to control their structure as well as
manipulate the corresponding electronic configuration.

As compared to random dispersive SACs, molecular metal
complexes have attracted increased attention in recent years for
the following reasons: (1) their well-defined structures, deter-
mined through single crystal X-ray diffraction (SC-XRD), offer
extraordinary platforms to study catalytic mechanisms at the
atomic scale; (2) the discrete energy level of complexes provides
versatile properties by electronic structure manipulation;” and (3)
precisely controlled metal complexes could be achieved through
reasonable synthesis protocols for ligand modification. Several
molecular complexes, particularly metal macrocyclic complexes
like porphyrins,'®? corroles,”** and phthalocyanines,”** have
been employed as electrocatalysts for the ORR. Inspired by
cytochrome P450, a natural enzyme that enables producing
hydrogen peroxide through its Fe™-N, structure,*?° previous
studies on the use of Fe complexes with tetra-amido macro-
cyclic ligands (Fe-TAMLs) in allylic oxidation reactions,>”®
epoxidation,®® and water oxidation**™*? have demonstrated their

This journal is © The Royal Society of Chemistry 2025

potential for oxygen activation. Furthermore, strong c-donation
from TAMLs to the metal has been demonstrated to prevent
demetallation and to stabilize the coordination structures of
complexes in the case of water oxidation, revealing the feasibility
to be applied in aqueous heterogeneous catalysis.*

By considering these approaches for manipulating the
corresponding electrocatalytic behaviors, spin polarization
could be potentially realized by ligand modification because
of significant electron sharing and interactions between metal
centers and surrounding ligands. For example, by stabilizing a
higher spin state of S = 1 through electron-withdrawing sub-
stitution and steric effects, a decrease in covalency between
Fe and imido ligands could remarkably promote a hydrogen
atom transfer (HAT) reaction.”® Note that the ORR includes
two pathways: a 2-electron pathway to produce peroxide and a
4-electron pathway to produce water (or hydroxide in an alka-
line environment), and the 2-electron pathway (eqn (1)) is less
thermodynamically favorable than the competitive 4-electron
pathway (eqn (2)).** This may explain why many researchers
have focused their efforts in enhancing the selectivity of the
4-electron pathway, often overlooking the economic potential
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Table 1 Summarized results of ORR performances, X-ray spectroscopies, and computations

Vonset (VRHE) Max. peroxide selectivity (%) n’ Calc. spin state’ AG.ps? (eV) Charge transfer to OOH’ (|e”|)
Fe-1 0.69 55@0.55 Viug 2.9 2.06 —0.064 0.72
Fe-2 0.70 78@0.48 Vi 2.4 2.17 0.205 0.45
Fe-3 0.70 65@0.52 Vrur 2.7 2.11 0.011 0.65

“ Applied potential at 0.01 mA cm ™2, ? Average electron transfer number in the ORR. ¢ Calculated from Fe KB XES. ¢ Absorption energy towards

OOH. ¢ Based on Bader analyses.

of the 2-electron ORR pathway. However, despite numerous
studies showcasing the utility of molecular metal complexes for
the ORR, their spin-dependent behavior remains unclear and
warrants further investigation.

O, + H,0 + 2~ —» OOH™ + OH, E°=0.695 Vgup (1)

0, + 2H,0 + 4~ — 40H, E°=1.229 Vpgp  (2)

herein, a series of medium Fe'™ complexes with tetra-amido

macrocyclic ligands (Fe-TAMLSs, see Fig. 1a) were synthesized as
aqueous heterogeneous catalysts as a model system to realize the
spin-dependent behavior for peroxide selectivity, in which the
spin polarization of the reactive metal centers was investigated
by introducing nitro or bromo substituents on tetra-amido
macrocyclic ligands, which allows evidently revealing a signifi-
cant correlation between the peroxide selectivity and the spin
polarization of the reactive Fe center. It was found that the
catalytic properties of Fe-TAMLs were regulated after spin polar-
ization control, in which the nitro group-substituted Fe-TAML
presented the highest spin state and greatest enhancement in
peroxide selectivity.

Results and discussion
Characterization of Fe-TAML catalysts

The synthesis routes of Fe-TAMLs used in this study and their
characterization are summarized in Fig. 1a and Fig. S1-S9. The
TAMLs with different substitutions, i.e., ligand-1, ligand-2, and
ligand-3, were synthesized following the four-fold condensation
reaction between two phenylenediamines and two oxalyl chlorides
(two diethyl oxalates for ligand-1).** Three TAMLS were metallized
with FeCl, to obtain distinctive Fe-TAMLs: Fe-1, Fe-2, and Fe-3,
with a yield of nearly 100%. It should be noted that, prior
to performing the corresponding ORR catalytic properties of Fe-
TAMLs, residual Li ions from n-butyl lithium ("BuLi) were
exchanged with tetramethylammonium to eliminate the inactive
effects caused by forming clusters with intermediates of the ORR
(i.e., OH*-Li'(H,0),), which could subsequently block the active
sites of catalysts and suppress the resulting performance of the
ORR.**° Pronounced peaks have been found in the negative-ion
mode of ESI-MS, suggesting that the complexes are mono-valent
(Fig. S7-S9). Fe K-edge X-ray absorption near edge structure
(XANES) also provided solid evidence to confirm that the oxida-
tion states of Fe centers are determined to be approximately
+3 (Fig. 1b). The redox non-innocent properties of TAMLs are
further confirmed and could be explained by the strong o-
donation of four amido-nitrogen to stabilize the Fe center at an

9810 | Mater. Horiz., 2025, 12, 9808-9820

oxidation state of +3, even though the TAMLs are metallized with a
ferrous precursor.*”*® Moreover, as illustrated in observed edge
energies, their oxidation state exhibited an order of Fe-2 < Fe-3 <
Fe-1, which can attributed to a divergence in the corresponding
electronic configuration caused by substituents, thereby leading to
distinct catalytic nature (vide infra). On the other hand, a small
feature in the pre-edge region around 7114 eV in all XANES spectra
validated the asymmetric geometry of the coordinated environment
around Fe centers because of a considerable 3d-4p mixing with a
square-pyramid structure of Fe-TAMLs (Fig. 1b). Through a decon-
volution into two pseudo-Voigt curves with a Voigt baseline (Fig.
S10), the peak feature in the high energy region could correspond
to the transition of the 1s — ligand orbital,** while the low energy
one could be attributed to the 3d, orbital due to the hybridization
with the p orbital (4p,).”° The position of 3d,» can reveal an order of
Fe-1 (7114.65 eV) > Fe3 (7114.53 eV) > Fe-2 (7114.37 eV),
indicating a decrease in 3d,. energy attributed to the ligand
modification through electron-withdrawing group substitution.>

Phase-corrected extended X-ray absorption fine structure spec-
tra (EXAFS) derived from XAS by Fourier transform depicted in
Fig. 1c, with two distinct peaks corresponding to the coordination
shells of Fe-TAMLS. The first coordination shell at 1.75 A observed
for the Fe-TAMLs (yellow shade in Fig. 1c) represents the scatter-
ing path of Fe-N (red double arrow in Fig. 1a) and shows that the
ligand modification has no significant influence on the Fe-N
distance within the resolution of EXAFS. The second coordination
shell at 2.85-2.95 A (gray shade in Fig. 1c; 2.95, 2.88, and 2.85 A for
complexes 1-H, 1-NO,, and 1-Br) corresponds to Fe-C (blue double
arrow in Fig. 1a) and other multiple scattering paths such as Fe—
N-C.>*> Accordingly, it can be observed that substituting with
electron-withdrawing groups alters the position of the 3d,. state
in the order of Fe-1 > Fe-3 > Fe-2, without causing significant
changes to the local coordination structures that may be influ-
enced by ligand modifications.>

Electrochemical ORR performance

A series of electrochemical measurements were performed to
investigate the ORR capabilities of the Fe-TAML complexes, in
which the immobilization of Fe-TAML complexes onto a glassy
carbon disk electrode was achieved by using Nafion, maintaining
a consistent molar loading density of 6.07 x 10~* mmol cm™>
across all catalysts. In the cyclic voltammetry (CV) analysis, the Fe-
TAML complexes did not exhibit any noticeable peaks within the
operating voltage of 0.0-1.0 Vgyg in Ny-saturated 0.1 M KOH
(black curves in Fig. S11). This indicates the absence of any redox
reactions involving the Fe-TAMLs under these conditions. However,
during CV measurements conducted in an O,-saturated

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 ORR performance of Fe-TAMLs. (a) The RRDE diagram includes the linear sweep voltammetry of the disk electrode at a scan rate of 10 mV s~ and
the ring current responding at a constant potential of 1.20 Vrue. (b) The molar peroxide selectivity and (c) the average number of electron transfers are

derived by eqn (4) and (5). (d) Chemical structures of FePc and FeTPPCL

electrolyte (colored curves in Fig. S11), distinct cathodic peaks
appeared at around 0.5 Vgye. These additional reduction peaks
observed during O, purging serve as evidence of the Fe-TAMLs’
capacity for the ORR. The ORR electrocatalytic activity and
peroxide selectivity of the Fe-TAMLs were measured using the
rotating ring-disk electrode (RRDE) in an O,-saturated 0.1 M
KOH aqueous solution and the corresponding data are summar-
ized in Table 1, where a constant potential of 1.20 Vg was
applied on the ring electrode to probe the generation of peroxide
from the disk electrode once the LSV measurement on the disk
electrode proceeded. Additionally, two molecular ORR catalysts
with the Fe-N, motif, iron phthalocyanine (FePc) and
iron(tetraphenylporphyrinato) chloride (FeTPPCI) are also mea-
sured with identical molar loading density of Fe-TAMLs to
demonstrate the spin effect on peroxide selectivity (vide infra).
Notably, in the upper panel of Fig. 2a, subsequently the ring
current could serve as an indicator of the amount of peroxide
generated during the ORR. While observing the ring currents
within the range of applied disk potentials, Fe-TAMLs followed
the order of Fe-2 > Fe-3 > Fe-1, which implies that the electron-
withdrawing substituted ligands enhance the rate of peroxide
production, with the nitro-substituted complex showing the
highest production of peroxide compared to the bromo-
substituted one. Additionally, the quantitative peroxide selectiv-
ity and the average electron transfer number (1) were determined
using the disk and ring currents (Fig. 2b and c). Regarding the
peroxide selectivity, Fe-TAMLs exhibited a plateau feature within
the operating voltage range of 0.4-0.6 Vpyg, and followed the
sequence of Fe-2 (75-78%) > Fe-3 (61-65%) > Fe-1 (50-55%).
Under biases beyond 0.4 Vgyg, there was a decline in the
peroxide selectivity as the potential decreased, implying a shift
towards the 4-electron pathway branching ratio to generate hydro-
xide rather than peroxide. Notably, Fe-1 displayed a conspicuous

This journal is © The Royal Society of Chemistry 2025

rise in cathodic current compared to the other two complexes
when the disk potential was below 0.3 Vgyg. The peroxide
selectivity exhibits severe decline as observed in Fig. 2b and c
beyond an applied disk potential of 0.3 Vryg, corresponding to
the favoring reaction towards the 4-electron pathway and explain-
ing that Fe-1 has achieved the highest disk current among Fe-
TAML catalysts (Fig. 2a lower panel). Moreover, the peroxide
selectivity of Fe-1 attains 0% at a bias potential of 0 Vgyg. This
phenomenon clearly clarified that the Fe-1 exhibits a significantly
different nature regarding the 2-/4-electron pathway, which may
be attributed to the discrepancy in 3d energy as illustrated in the
XAS results. Compared with several literature reports on ORR
catalysts featuring an M-N, structure for peroxide production
(Table S1), Fe-2 demonstrated a competitive advantage in peroxide
selectivity. The electrochemical stability test for Fe-2 kept at a
constant potential of 0.5 Vg is carried out over 48 hours, with
the results depicted in Fig. S12, demonstrating notable stability
of Fe-2 for peroxide selectivity. The disk and ring currents of the
RRDE loaded with Fe-2 decay with time, nevertheless, the per-
oxide selectivity was maintained within 70-80%, demonstrating
the stability for peroxide selectivity. Additionally, inductively
coupled plasma mass spectrometry (ICP-MS) experiment for
Fe-2 showed that the Fe element on the electrode remained
about 90% after a 48-hour ORR operation (Fig. S13). Conse-
quently, the findings from electrochemical characterization can
reveal evidently the preference for the 2-electron pathway of the
oxygen reduction reaction, with the order being Fe-2 > Fe-3 >
Fe-1 in terms of the 2-electron pathway (peroxide) selectivity.

Dynamic spin state through non-resonant X-ray emission
spectroscopy (XES)

Beyond local structures, spin polarization, which significantly
influences electron population and orbital symmetry, motivates

Mater. Horiz., 2025, 12, 9808-9820 | 9811
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us to explore the dynamic spin state of Fe sites during
reactions.>® However, capturing these dynamics remains chal-
lenging through both experimental and theoretical methods.
While prior studies using in situ Mdssbauer spectroscopy® or
ex situ non-resonant KB X-ray emission spectroscopy (XES)>
have provided valuable insights into the spin states of Fe-N-C
materials, they offer limited information on real-time changes
under ORR conditions. To address this gap, we employed
operando non-resonant XES to directly probe the dynamic
evolution of various Fe sites during oxygen reduction. Operando
Fe K XES spectra were obtained using a sophisticated electro-
chemical cell at several selected applied potentials (Fig. S13).
The Kp;,; and KB’ satellite splitting in the mainline emission
reflects the number of unpaired electrons in metal 3d orbitals
by the peak area of the KB’ peak (located around 7045 eV).>® The
heightened presence of unpaired electrons intensifies the 3p-
3d interactions, thereby increasing the K’ peak area correlat-
ing with the spin state of the emitter.>® Each operando XES
depicts the negligible change in KB’ areas under ORR condi-
tions, demonstrating the electrochemical performance varia-
tions of the Fe-TAMLs within the applied voltage window
are independent of the dynamic spin change in Fe centers.
Therefore, Fe L;-edge XAS (Fig. S14) and non-resonant Kf
XES (Fig. 3 and Fig. S15) were performed to elucidate the
d-electronic structures. The stronger metal-ligand covalency,
evidenced by lower absorbance in Fe Ls;-edge XAS®*’ and a
redshift of the K, ; peak in Fe XES,*® follows the order Fe-2 >
Fe-3 > Fe-1 (Fig. S14a and Fig. 3a), which can be attributed to

9812 | Mater. Horiz., 2025, 12, 9808-9820

the strong electron-withdrawing effect of the nitro and bromo
substitutions on the ligand enhancing o-donating ability by
depleting the electron density of the resonance structure in the
ligand.>® This observation aligns with earlier studies on para-
substituted pyridine ligands, where stronger electron-withdrawing
substituents were found to increase the covalency between the
metal ion and the ligand.®® Because of the 2ps, — 3d process of
the Ls;-edge XAS spectra, there are two primary peaks at around
708.3 and 709.7 eV in the Fe Ls-edge XAS spectra (Fig. S14a) of the
three catalysts attributed to ty (dyy, di, dyz) and ey (dyeye, dy2)
orbitals. The differences in peak positions, representing the
energy gap between the t,,; and e, orbitals, follow the order Fe-2
(1.40 eV) < Fe-3 (1.42 eV) < Fe-1(1.48 eV) (Table S2). Based on the
Fe L;-edge XAS spectra and pre-edge fittings in K-edge XANES
(Fig. S10, vide supra), electron-withdrawing substituents on the
ligands lower the energy level of e, orbitals due to the strong
o-donor characteristics of TAMLs,”"*" leading to a reduced energy
gap, which subsequently influences the electron population in the
e, and t,, orbitals, ultimately impacting spin polarization.

To estimate the degree of spin polarization in Fe-TAMLs,
further analyses of Fe L;-edge XAS and KB XES have been
conducted. The electron population ratio at the e, and t,, levels
could be extracted from the integral ratio of the two peaks in
the Li-edge XAS spectrum.®>®® By deconvoluting into multiple
Lorentzian function peaks (peaks 1-4) with an error function as
the step function (Fig. S14, all fitting parameters are summar-
ized in Table S3), Fe-TAMLSs exhibited an intensity ratio (Z /I, )
order of Fe-2 (2.461) < Fe-3 (4.066) < Fe-1 (5.297), implying

This journal is © The Royal Society of Chemistry 2025
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that Fe-2 has the highest spin state while Fe-1 has the smallest
among the three Fe-TAMLs. After normalization by the area of
each KB XES spectrum, the areas of the KB’ peaks (Fig. 3b)
exhibited the order of Fe-2 > Fe-3 > Fe-1 and indicated the
consistent trend in the spin state observed in the L;-edge XAS.
Furthermore, by utilizing the linear relationship between the
spin state and KB’ peak area with various Fe standards as
references (Fig. 3¢ and Fig. S16),°" the spin states of Fe-
TAMLs have been quantified as 2.06 for Fe-1, 2.17 for Fe-2,
and 2.11 for Fe-3, indicating that these spin states lie between a
quadruplet (S = 1.5) and a sextet (S = 2.5), in agreement with
DFT calculations (vide infra). The trend in the spin state among
Fe-TAMLs could be elucidated by their energy gap where a
smaller gap corresponds to a higher spin state. Fig. S17 and 3d
emphasize that the maximum peroxide selectivity of Fe-TAMLSs
exhibited a negative correlation with I, /I, and a positive
correlation with the KB’ area. Moreover, FePc and FeTPPCI also
exhibited this trend (Fig. 2, 3d). Consequently, Fe L;-edge XAS
and K XES confirm a strong correlation between the spin state
of the reactive Fe center and the maximum peroxide selectivity,
demonstrating that a higher spin state promotes greater per-
oxide selectivity.

Operando Fe K-edge X-ray absorption spectroscopy

Several studies have pointed out the potential correlation between
the dynamic structure variations and the catalytic properties,
highlighting the importance of operando studies.®>”" Gu et al.
have revealed that Fe"™-N-C is more active than Fe"-N-C in the
CO, reduction reaction for CO production via the operando X-ray
absorption spectroscopy (XAS) technique.”> Wang et al. have also
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reported that the cobalt complex, [[TPA)Co™(u-OH)(u-0,)Co™-
(TPA)](ClO,)3, only exhibits water oxidation activity after transform-
ing into cobalt oxide.” To verify the robustness of the Fe-TAMLs
and exclude the impact of the deformation of catalysts, operando
XAS has been conducted to clarify the dynamic variations during
the oxygen reduction reaction (Fig. 4 and Fig. 518-520).”* Due to
O,-saturated electrolyte immersion, slight edge shifts towards
higher energies are observed for Fe-2 and Fe-3, implying partial
oxidation by dissolved O, (Fig. 4a).”>’® Note that such a partial
oxidation phenomenon was absent in the case of Fe-1, indicating a
fact that the affinity of Fe-1 toward O, gas was greatly poor as
compared with those of Fe-2 and Fe-3. After applying a potential,
Fe-2 and Fe-3 show a negligible edge shift. Nevertheless, Fe-1
exhibits a remarkable edge shift towards lower energy while the
applied potential is negative than 0.4 Vryg, implying that partial
reduction of the reactive Fe center further leads to the dramatic
decay of the peroxide production rate (Fig. 2a upper panel, ring
current of RRDE). On the other hand, a negligible change is
observed for the Fe-N bond distances in the study of the EXAFS
spectra (Fig. S20), which is evidence of the robustness of the
coordination structure. Notably, the second coordination shell of
all three Fe-TAMLs exhibited a shift towards a larger distance of
~2.91 A when immersed in the electrolyte (open-circuit voltage,
OCV) and remained unchanged during the ORR course. Even
though the oxidation states of Fe-TAMLs were kept at Fe™, the
formation of Fe and/or Fe,O; clusters can be entirely ruled out.
The wavelet transform (WT) analyses of metallic Fe and Fe,O; XAS
data show obvious Fe-Fe scattering peaks at 7.9 and 7.0 A%,
respectively; however, the WT results of Fe-TAMLSs operando XAS
data (Fig. 4b) reveal no discernible peak at either 7.9 or 7.0 A",
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Fig. 4 Wavelet transform analysis of Fe-TAMLs operando Fe K-edge X-ray absorption spectra under ORR conditions and the scheme of the ORR
mechanism. (a) Edge shifts (defined by the absorbance of 0.5) under the ORR conditions. (b) Wavelet transform analysis. From bottom to top in each
diagram, the contour plots correspond to the Fe,Oz standard, the ORR conditions of the as-prepared electrode, OCV, 0.6, 0.4, 0.2, 0.0 Vg, and Fe foil
standard, respectively (A.P.: as-prepared sample and OCV: open-circuit voltage).
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Table 2 DFT vibrational frequency shift of O-O stretching after electron
injection into Fe—OOH intermediates (S = 1.5 and 0.5 for spin-up and spin-
down electron injection, respectively)

Fe-OOH Fe-OOH™
S YO-O)(em™) S YO-0) (em™) Av (em™?)
Fe-1 1 836.74 1.5 819.01 —-17.73
0.5 699.76 —136.98
Fe-2 830.10 1.5 823.10 —7.00
0.5 805.04 —25.06
Fe-3 831.72 1.5 824.86 —6.86
0.5 707.68 —124.04

This observation indicates that neither demetallation nor aggrega-
tion of Fe atoms/ions occurred during the ORR.”””® Apart from the
noticeable decrease in peroxide production below 0.4 Vgy, which
could be attributed to the partial reduction of the Fe center in the
case of Fe-1, operando XAS and wavelet transform analyses clearly
reveal that the variations in ORR performance relative to the
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applied potential across each Fe-TAML are independent of distor-
tions in Fe coordination structures or changes in Fe oxidation
states. The exceptional structural stability of Fe-TAMLs highlights
their resilience under the rigorous electrochemical conditions of
the ORR.

Mechanism of spin-selective electron transfer in the ORR

According to the proposed ORR mechanism,”® the Fe-OOH
intermediate plays an important role in the branching point of
the 2-/4-electron pathway ORR, in other words, the selectivity in
the ORR is dependent on the O-O bond cleavage in the OOH
group. To address the O-O bond cleavage mechanism, a
computational study has been conducted. The selected infor-
mation from DFT-optimized Fe-TAML structures is listed in
Table S4. DFT calculations indicate that the Fe™ center in each
Fe-TAML is most stable in the medium spin state (S = 1.5). All
coordinating N atoms are coplanar in each Fe-TAML, and the
slight inconsistency of Fe-N bond lengths in Fe-2 and Fe-3 is
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Fig. 5 LUMO analysis and the spin-selective ORR mechanism. (a) LUMO boundary surfaces of Fe—~OOH intermediates. Only orbital contributions (in
parentheses) larger than 1% are listed (isovalue: 0.02 e A=3). (b) Proposed spin-selective ORR mechanism. The red and blue dashed-line arrows indicate

the spin-up and spin-down electron transfer, respectively.
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owing to the asymmetrical substitution on phenyl rings.
According to Table S4, the Fe-N bond lengths exhibited a
negligible elongation (<0.02 A) and an out-of-plane distortion
(<0.10 A, defined by the distance between the Fe center and
the N, plane) after substitution. The results align with EXAFS
data (Fig. 1c), indicating that ligand substitution induces no
significant structural distortion. Based on the DFT results, the
vibrational frequencies of the O-O stretching in Fe-OOH inter-
mediates (S = 1) locate at ~830 cm ™" (Table 2). After electron
injection to form Fe-OOH™ intermediates, different degrees of
0-O bond weakening are observed, depending on the spin
direction of the injected electron. Spin-down electron injection
(S =0.5) causes a redshift of —25 to —137 cm™*, while spin-up one
(S = 1.5) results in a redshift of less than 20 cm ™", indicating that
spin-down electrons promote a greater O-O bond cleavage than
spin-up injection. Moreover, Fe-1 exhibits the largest redshift
in 0-O stretching frequency by ~—137 cm™" among the three
Fe-TAMLs, while Fe-2 shows the smallest shift (~—25 cm™?),
implying that O-O bond weakening is most pronounced in Fe-1
after spin-down electron injection. Additionally, according to the
results of charge decomposition analysis (CDA, Fig. 5a), both spin-
up and spin-down lowest unoccupied molecular orbitals (LUMOs)
of all Fe-OOH intermediates show obvious contributions from Fe
3d orbitals along the z-axis (3dz, 3d,;, or 3d,;). All three spin-up
LUMOs include the OOH m,* anti-bonding orbital (parallel to the
Fe-O-O plane), however, spin-down LUMOs show the OOH c*
anti-bonding orbital character, except the Fe-OOH intermediate
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of Fe-2. Noteworthily, the OOH o* anti-bonding orbital plays a
crucial role in the O-O bond cleavage to form the Fe=—O inter-
mediates and undergoes the 4-electron ORR pathway.*® The
electron injection into the molecular orbital including the OOH
o* orbital increases the electronic density of the OOH c* orbital,
resulting in the weakening of the O-O bond and promoting the
formation of Fe=O intermediates. In the case of Fe-2 with the
highest Fe spin among three Fe-TAMLs, the negligible OOH c*
contribution (<0.5%) in the spin-down LUMO of the Fe-OOH
intermediate aligns with its smallest redshift in O-O stretching
frequency after spin-down electron injection, demonstrating that
Fe-2 has the highest peroxide selectivity due to the negligible
electronic injection into OOH c* during the Fe-OOH intermedi-
ate reduction. The additional CDA analysis of Fe-OOH™ inter-
mediates also indicates the absence of OOH ™ ¢* in the Fe-2 spin-
down highest occupied molecular orbital (HOMO) after a spin-
down electron injection (Table S5), further corroborating that O-O
bond cleavage is more facilitated in Fe-1 and Fe-3, while it is more
hindered in Fe-2. Furthermore, according to the theory of quan-
tum spin exchange interaction (QSEI), a higher spin Fe center
promotes parallel-oriented electron transfer through Fe centers
owing to the lower repulsion between two electrons with the same
spin orientation.®** In the three Fe-TAMLSs, the lowest peroxide
selectivity of Fe-1 could be attributed to its lowest Fe spin,
resulting in the least promotion of parallel-oriented (spin-up)
electron transfer during the reduction of the Fe-OOH intermediate
promoting the O-O bond cleavage (Fig. 5b). On the other hand, the

Fe-3

+0.16 10.03

+0.46

Fig. 6 (a—c) DFT optimized structures of Fe—OOHs (enlarged) and (d—f) their Bader charge density difference plots. The gray, white, red, blue, and blue-
purple spheres represent C, H, O, N, and Fe atoms, respectively. The values correspond to the charge (electron) difference on the atoms. The blue-purple
and cyan surfaces represent the accumulation and depletion regions of charges, respectively (isovalue: 0.01 e A73).
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highest Fe spin in Fe-2 prevents the O-O bond cleavage by the
highest parallel-oriented electron selectivity, leading to the best
peroxide selectivity in the ORR.

Additionally, the absorption strength of Fe-OOH is consid-
ered as another descriptor of peroxide selectivity in the ORR.*?
The absorption strength of Fe-OOH affected by the TAML
substitution is also investigated and verified with DFT calcula-
tions and Bader analysis (summarized in Table 1). The absorp-
tion energies of Fe-OOH derived from DFT calculations are
—0.064 eV for Fe-1, 0.205 eV for Fe-2, and 0.011 eV for Fe-3,
showing a decreasing trend corresponding to an increase in the
electron-withdrawing ability of substituting ligand groups on
the aromatic rings. Activation energy calculations for both 2-
electron and 4-electron pathways, based on Marcus theory,3%°
demonstrate that ORR selectivity favors the 2-electron pathway
even though the 4-electron pathway is thermodynamically more
favorable (Fig. S22 and Table S6). Furthermore, the optimal
applied potential for peroxide production was observed to be
around 0.5 Vgyg across all three Fe-TAMLs (Fig. S22(h)). Fig. 6
and Fig. S23 show the DFT-optimized structures and the charge
density different (CDD) plots of Fe-OOHs based on the Bader
analysis, displaying electron transfer numbers from the Fe
center to the OOH adsorbate as 0.72 |e” | for Fe-1, 0.45 |e” |
for Fe-2, and 0.65 |e”| for Fe-3, indicating the OOH affinity
order as Fe-1 > Fe-3 > Fe-2 due to less charge transfer
associated with weaker chemisorption.®* Based on the crucial
role of spin-down electron injection in the O-O bond cleavage
within Fe-OOH intermediates, the QSEI effect impedes the
antiparallel-oriented electron injection into the o* orbital in
the OOH group, constructing a spin-selective channel for
electron transfer and lessening the O-O bond cleavage in the
OOH group, leading to more release of peroxide ions. Accord-
ingly, both computational thermodynamic and Bader charge
analyses explain the substituent effect on peroxide selectivity of
the Fe-OOH absorption strength in agreement with the find-
ings of the electrochemical experiments.

Conclusions

In summary, a series of Fe-TAMLs were synthesized using a
simplified two-step procedure and employed as heterogeneous
electrocatalysts for the ORR. The Fe center in Fe-TAMLs became
more spin-polarized upon the electron-withdrawing nitro or
bromo substitution, which strengthened the preference for the
2-electron pathway in the ORR and improved peroxide selectiv-
ity. Notably, the nitro-substituted Fe-TAMLs exhibited an
increased selectivity towards peroxide from 55% to 78% when
compared to the Fe-TAML analogs substituted with any other
electro-withdrawing groups. Operando Fe K-edge XAS analysis
was performed to evaluate the robustness of the electronic and
coordination structures in Fe-TAMLs. The regulation mecha-
nism of peroxide selectivity in the ORR has been explained as
the prevention of the antiparallel-oriented electron injection
into the OOH o* orbital which could be attributed to the QSEI
effect. Moreover, DFT calculations and Bader analysis also
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verified the influence of electron-withdrawing group substitution
on Fe-OOH absorption strength, corroborating the findings from
electrochemical experiments in this work. This study shows that
spin-state engineering could be used to regulate the ORR catalytic
characteristics of metal complexes, highlighting Fe-TAMLs as
viable options for peroxide-selective electrosynthesis catalysts.
Our work provides a rational design protocol of molecular metal
complex catalysts to enhance peroxide selectivity in the ORR.

Experimental section
General information

All the chemicals were purchased from Acros, Sigma-Aldrich,
and Merck, and used without any further purification. The route
of synthesis is summarized in Fig. 1a. Ligands were prepared as
discussed in a previous report, with modifications.*® All synth-
eses, except for cation exchange, were carried out under nitro-
gen, using standard Schlenk-type techniques. The solvents used
in the synthesis were purified using a SPBT-1 benchtop solvent
purification system (LC Technology Solution, Salisbury, MA,
USA). Nuclear magnetic resonance (NMR) spectra were measured
using AV-300 NMR equipment (Bruker, Rheinstetten, Germany).
High-resolution mass spectra were recorded on a JMS-700 (JEOL,
Tokyo, Japan) with the electrospray ionization (ESI) method.

Synthesis of 5,8,13,16-tetrahydrodibenzo[b,h]1,4,7,10]tetraaza-
cyclododecine-6,7,14,15-tetraone (ligand-1)

Benzene-1,2-diamine (0.5 g, 4.6 mmol) and diethyl oxalate
(0.67 g, 4.6 mmol) were dissolved in 60 mL of ethanol, followed
by the dropwise addition of 8 mL of conc. hydrochloric acid. The
mixture was then stirred and heated to flux. After an overnight
reaction, a saturated sodium hydrogen carbonate solution was
added until the pH of the mixture reached approximately 7.
Ethanol was evaporated using a rotary evaporator. The crude
product was precipitated using an ice bath, and the remaining
solvent was removed by vacuum filtration. The crude product
was washed with methanol, ethyl acetate, dichloromethane, and
n-hexane; then, the remaining solvent was removed using a high-
vacuum system. The yield was 56.4%. '"H NMR (300 MHz, d-
DMSO): § 11.90 (s, 4 H), 7.06-7.14 (m, 8 H) ppm. *C NMR
(150 MHz, d¢-DMSO): 6 155.24, 125.63, 123.05, 115.18 ppm.
HRMS (ESI positive mode) [M + Na]" cacld for Cy6H;,N,0,Na:
347.0751; found 347.0759.

Synthesis of Fe-1

Ligand-1 (0.2 g, 0.617 mmol) was dissolved in 100 mL of
dehydrated tetrahydrofuran. After stirring and cooling with a
liquid nitrogen/acetone slush bath, n-butyl lithium ("BuLi
3 mL, 4.8 mmol) was added, and the suspension was dissolved.
When the mixture was turned dark, the slush bath was
removed. After returning to room temperature, FeCl, (0.1 g,
0.78 mmol) was added under a N, atmosphere. After stirring
overnight, the mixture was vacuum-filtered. The solvent
was evaporated using a rotary evaporator until approximately
5-10 mL remained. The remaining solution was added to
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75 mL of cold n-hexane, and a black solid was obtained
by vacuum filtration. The yield was almost 100%. HRMS (ESI
nano-spray negative mode) M~ cacld for C;sHgFeN,Oy:
375.9895; found 375.9890.

Synthesis of 2,11-dinitro-5,8,13,16-tetrahydrodi-
benzo[b,h][1,4,7,10]tetraazacyclododecine-6,7,14,15-tetraone
(ligand-2)

4-Nitrobenzene-1,2-diamine (0.1 g, 0.653 mmol) and oxalyl
chloride (0.06 mL, 0.69 mmol) were dissolved in 100 and 10
mL of dehydrated tetrahydrofuran, respectively. The oxalyl chlor-
ide solution was added to the 4-nitrobenzene-1,2-diamine
solution at a rate of 1 drop per s. After a 12 h reaction, the
crude product was obtained by rotary evaporation, followed by
column chromatography purification (dichloromethane :ethyl
acetate = 20:1). Yield: 44%. 'H NMR (300 MHz, d¢-DMSO): 6
11.03 (s, 4 H), 8.46-8.47 (m, 2 H), 8.19-8.24 (m, 2 H), 7.90-7.96
(m, 2 H). HRMS (ESI negative mode) [M — H]  cacld for
C,6HoNOg: 413.0487; found 413.0479.

Synthesis of Fe-2

Ligand-2 (0.077 g, 0.18 mmol) was dissolved in 100 mL of
dehydrated tetrahydrofuran. After stirring and cooling with a
liquid nitrogen/acetone slush bath for 30 min, "BuLi (0.7 mL,
1.12 mmol) was added, and then the suspension was dissolved.
When the mixture turned dark, the slush bath was removed.
After returning to room temperature, FeCl, (0.03 g, 0.24 mmol)
was added under a N, atmosphere. After being stirred over-
night, the mixture was vacuum-filtered, and the solvent was
removed using a rotary evaporator until a volume of approxi-
mately 5-10 mL remained. The remaining solution was added
to 75 mL of cold n-hexane, and a black solid was obtained by
vacuum filtration. The yield was almost 100%. MS (ESI negative
mode) [M + H] ™ cacld for C;¢H,;FeNgOg: 466.9675; found 467.

Synthesis of 2,11-dibromo-5,8,13,16-tetrahydrodibenzo-
[b,h][1,4,7,10]tetraazacyclododecine-6,7,14,15-tetraone (ligand-3)

4-Bromobenzene-1,2-diamine (0.1 g, 0.653 mmol) and oxalyl
chloride (0.06 mL, 0.69 mmol) were dissolved in 100 and 10 mL
of dehydrated tetrahydrofuran, respectively. The oxalyl chloride
solution was added to the 4-bromobenzene-1,2-diamine solution
at a rate of 1 drop per s. After a 12 h reaction, the crude product
was obtained by vacuum filtration followed by rotary evaporation.
After column chromatography purification (dichloromethane:
methanol = 20:1), a white powder was obtained. Yield: 13%.
"H NMR (300 MHz, d¢-DMSO): 6 10.72 (s, 4 H), 7.78-7.70 (m, 2 H),
7.53-7.53 (m, 4 H). HRMS (ESI positive mode) [2M + Na]" cacld for
C3,H,0NgOgNaBr,: 982.80298; found 982.8020.

Synthesis of Fe-3

Ligand-3 (0.103 g, 0.213 mmol) was dissolved in 100 mL of
dehydrated tetrahydrofuran. After stirring and cooling in a liquid
nitrogen/acetone slush bath for 30 min, "BuLi (0.7 mlL,
1.12 mmol) was added, and the suspension was dissolved. When
the mixture turned dark, the slush bath was removed. After
returning to room temperature, FeCl, (0.032 g, 0.252 mmol) was
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added under a N, atmosphere. After being stirred overnight, the
mixture was vacuum-filtered, and the solvent was removed using
a rotary evaporator until a volume of approximately 5-10 mL
remained. The remaining solution was added to 75 mL of cold n-
hexane, and a black solid was obtained by vacuum filtration. The
yield was almost 100%. HRMS (ESI negative mode) M~ cacld for
C16H¢N,0,FeBr,: 531.8111; found 531.8109.

Cation exchange of Fe-TAMLs

The ion-exchange polymer was activated with 1 M hydrochloric
acid. The remaining hydrochloric acid was removed by a DI-
water rinse, followed by a tetramethylammonium aqueous
solution rinse until a pH of 7 was reached. The Fe-TAML
complex was dissolved in 10 mL of methanol and a pre-treated
ion-exchange resin was added. After 30 min of stirring, the resin
was removed by vacuum filtration, and the methanol in the
filtrate was removed by rotary evaporation to obtain the product.

XAS measurements

Fe L;-edge XAS were obtained in total-electron yield mode at the
BL20A beamline. Measurements were performed at the National
Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan).
The powder samples were subjected to ultrahigh (~1 x 10~° torr)
vacuum treatment. The absorption energies were calibrated
with reference to the maximum peak of Fe,O; at 709.6 eV. Fe
K-edge (7112 eV) XAS spectra were obtained in total-
fluorescence mode, using a Lytle detector at the BLO1C1 beam-
line with a double-crystal Si(111) monochromator under an
ambient atmosphere. Measurements were performed at the
NSRRC. The operando measurements were obtained using a
homemade PTFE cell with a Kapton-tape-sealed shutter. Before
each measurement, the energy was calibrated using a standard
Fe foil. XAS data normalization, Fourier transform, phase
correction, and Lz-edge peak fitting were processed by the
Athena software.®® Pre-edge fitting in K-edge XAS was processed
by the Larch software.’” Wavelet transforms were processed
using the MATLAB code from Mufioz and co-workers.®®

XES measurements

Fe KB XES data were collected at the 12XU beamline at Spring-8,
Japan. The incident energy was 7142 eV, and the emission
energy for collection ranged from 7025 to 7080 eV with an
energy step of 0.25 eV. All XES data were normalized to unity
based on the area of each XES spectrum.

Electrochemical setup

All the electrochemical measurements were carried out on a
BioLogic VSP potentiostat (Seyssinet-Pariset, France) with a
standard three-electrode setup. An O,-saturated 0.1 M KOH
aqueous solution was selected as the electrolyte. The catalyst
inks were prepared by adding 15 pmol of the sample and 100 pL
of a 5% Nafion solution into 900 pL of ethanol. Nafion solution
(10 pL, 0.1%) was dropped onto the glassy carbon (GC) disk
electrode (OD: 5.61 mm) of a rotating ring-disk electrode
(RRDE, E7R9, Pine Research Instrumentation, Durham, NC,
USA), after 30-min vacuum drying, followed by 10 pL catalyst
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ink to achieve a catalyst loading of 6.07 x 10™* mmol cm > A
graphite rod and an Ag/AgCl (3 M KCl) electrode were chosen as
the counter and reference electrodes, respectively. The RRDE
was rotated at 1600 rpm, the scan rate was set at 10 mV s~ *, and
the Pt ring of the RRDE was kept at 1.20 Vyyg. The potential was
corrected using eqn (3). The peroxide selectivity and the average
electron transfer number () were calculated using eqn (4) and
(5), respectively.

Erue = Emeasure T 0.210 + 0.05916 X pH — Igigx X Ry

(3)
Iring
Peroxide selectivity (%) = 200 x ——— (4
T8 4| Tisk ]
N
n=4x  — [ Fais| (5)
% + [Zgisk|

here, Igjsk and Iij,g are the measured currents of the disk and
ring electrodes of the RRDE, respectively; R,, is the uncompen-
sated resistance between the working and counter electrodes,
measured by potential electrochemical impedance spectro-
scopy (PEIS). N is 0.37 for the collection efficiency of the Pt ring.

Computational details

All calculations including geometry optimization, vibrational fre-
quency, and single-point energy were based on broken-symmetry
DFT performed at the B3LYP/6-311G level with GD3 dispersion force
correction using the Gaussian 16 software.*® The solvation model
was taken into account and performed with the SMD method in
water.”® The results were visualized and analyzed using the Gauss-
View 6. Stationary points of geometry optimizations have been
characterized finding that all harmonic vibrational frequencies of
local minima are positive. For each species, we calculated structures
corresponding to all possible spin multiplicities and selected the
structure with the lowest free energy. Charge decomposition analy-
sis (CDA) was performed using Multiwfn software.”"*

The Bader charge analysis was performed using Henkel-
man’s code.”® The absorption energy (AG.ps) between the
catalyst (Fe-TAML) and the OOH adduct was calculated follow-
ing eqn (6):

AG,,s(OOH) = G(Fe-OOH) — G(Fe-TAML) — G(OOH)  (6)
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