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ABSTRACT: Axial coordination was one of the effective strategies for modulating the electronic structure of single-atom
catalysts. However, the mechanisms of different axial coordination configurations varied significantly, making it difficult to identify
the optimal axial ligand. Here, iron phthalocyanine (FePc) was employed as a model catalyst and loaded onto activated carbon
(AC) supports pre-anchored with different heteroatoms (O, N, C) for constructing FePc-based model catalysts with different axial
ligand elements. All prepared axial coordination catalysts exhibited excellent activity for the oxygen reduction reaction (ORR),
with the performance order of: O>N>C. Through the systematic comparison of these model catalysts, an evaluation of the
performance differences in modulating the Fe—N4 structure by different elements was unified. This work reveals the importance of

carbonaceous support for tailoring the performance of macrocyclic molecules in electrocatalysis.

KEYWORDS: iron phthalocyanine; axial coordination; oxygen reduction reaction; model catalysts

1 Introduction

Non-platinum-metal single-atom catalysts (SACs) have
emerged as promising alternatives to Pt-based catalysts for
the oxygen reduction reaction (ORR) [1-4]. Among them,
metal-nitrogen-carbon materials (M-N-C), especially those
with an M-Ns structure, exhibited excellent ORR
performance [5-8]. However, the symmetrical structure of
M-N4 limits the optimal adsorption and desorption of
oxygen intermediates. Breaking this symmetry became a key
strategy to enhance the performance of M-N-C materials.
Axial ligand coordination provides an effective approach by
disrupting the spatial symmetry of M-Nj4 sites and increasing
their structural tunability [9-13]. Nevertheless, the
complicated structures of traditional axial M-N-C materials
obscured the identification of active sites, thereby limiting
precise structural control and further improvement in ORR
activity.

Metallic macrocyclic compounds overcome the limitations of
conventional catalysts owing to their well-defined M-N.
coordination structure [14-17]. They are regarded as ideal
model catalysts for investigating the relationship between
active sites and catalytic performance [18-20]. Among them,
iron phthalocyanine (FePc) was widely used as a typical
model system owing to its well-defined active sites and

highly tunable structure [21-25]. By introducing and
anchoring axial ligands on the FePc model, the mechanism
by which axial ligands affected the active site was revealed
[26-28]. Nevertheless, previous studies have largely focused
on individual heteroatom ligands, such as C, N, and O, while a
systematic comparison of how different axial ligands affect
Fe-N, sites remains lacking. Therefore, clarifying the role of
axially coordinated heteroatoms in Fe-N4 structures has
become an important scientific issue that requires urgent
attention.

Herein, a model system was fabricated via a facile method to
systematically explore the regulatory mechanism of axial
ligands on Fe-Ng sites. Ligands with different heteroatoms
were anchored to the support and axially coordinated with
FePc. Using the oxygen reduction reaction (ORR) as a probe,
we systematically compared the effects of C-, N-, and O-
based axial ligands on the performance of Fe-Ns. The
introduction of axial ligands significantly enhanced the ORR
activity of FePc, with O-coordination showing the highest
ORR performance, followed by N-coordination. By
investigating the roles of different axial heteroatom ligands
on a uniform catalyst platform, the lack of cross-comparison
in conventional studies was effectively addressed, laying an
important experimental foundation for the design and
development of electrocatalysts regulated by axial
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coordination strategies.

2 Result and Discussion
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Figure 1 Synthesis and structural characterizations of FePc-ligand materials. (a) Schematic diagram illustrating the synthesis of FePc-ligand catalyst

through the solution impregnation method. (b) Representative HRTEM image of FePc-O catalyst. (c-d) HAADF-STEM image (c) and EDS mapping of
FePc-0 material (d). (¢) HAADF-STEM image (d) of FePc-O material. (f) The XRD patterns of FePc-C, FePc-N, and FePc-O materials. (g) Raman spectra

of FePc-C, FePc-N, and FePc-O materials.

2.1 Construction of FePc-based model catalysts with
axial coordination

As illustrated in Figure 1a, the model catalysts with axial
coordination were achieved by the solution impregnation
strategy. Firstt N and O elements were introduced to
activated carbon (AC). Specifically, O ligands were
constructed on AC through O:-plasma treatment, yielding
AC-0, whereas N ligands were introduced by treatment with
NH3-H20 followed by evaporation, affording AC-N.
Subsequently, iron phthalocyanine (FePc), employed as a
molecular model for the Fe-N4 active site, was uniformly
dispersed onto the as-prepared AC support via impregnation
using N, N-dimethylformamide (DMF) as the solvent. In this
manner, a series of model catalysts with distinct axial
ligands (ligand = C, N, O) was constructed, denoted as FePc-C,
FePc-N, and FePc-0, respectively.

2.2 Fe-N, Sites with Axial Coordination

As shown in Figure S1, the physicochemical properties of AC,
AC-N, and AC-O were tested to evaluate the comparability of
the supports. Brunauer-Emmett-Teller (BET) measurements
revealed comparable porous characteristics and similar
pore-size distributions among the AC (2337.2 m?/g), AC-N
(2407.6 m?/g), and AC-O (2353.1 m?/g). Raman spectra
further reveal comparable Ip/Ig ratios of AC (Ip/Ic=1.21), AC-
N (In/16=1.20), and AC-O (Ip/Ic=1.22), indicating that the
degree of graphitic ordering and defect density remain

broadly similar among AC, AC-N, and AC-O (Figure S2). X-ray
photoelectron spectroscopy (XPS) further showed highly
similar C 1s spectral profiles for AC, AC-N, and AC-O (Figure
S3a-3c), while additional N species were identified for AC-N
(Figure S3d). Although AC and AC-O exhibited broadly
similar O 1s spectral envelopes, the relative distribution of
oxygen-containing carbon species differed between AC and
AC-0 (Figure S3e-3f). Contact angle measurements showed
similar wettability for AC and AC-N, and AC-O (Figure S4).
Taken together, these results indicate that the three
supports retain broadly comparable carbon frameworks and
porous  structures, while their surface chemical
environments are selectively modified by N and O ligands.

The FePc-based model catalysts were systematically
characterized using complementary techniques. As shown in
Figure S1, XPS revealed the iron content of 0.32, 0.33 at.%
and 0.35 at.% in FePc-C, FePc-N, and FePc-0, respectively.
These comparable Fe contents indicate similar loadings of
Fe-N, moieties across the FePc-ligand catalyst series,
thereby satisfying the requirement for comparable active-
site densities in model catalysts (Table S1). The high-
resolution transmission electron microscope (HRTEM)
image showed that FePc-O exhibits an amorphous structure,
and no lattice fringes of Fe species are observed, indicating
that FePc did not aggregate on the AC-O surface (Figure 1b).
Consistently, the HRTEM images of FePc-C and FePc-N,
similar to that of FePc-O, demonstrate that the FePc-ligand
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materials were an amorphous matrix (Figure S5). Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping of
FePc-O further revealed a homogeneous spatial distribution
of C, 0, N, and Fe species, suggesting that FePc was dispersed
uniformly throughout the AC-O substrate (Figure 1c, d).
Likewise, EDS mapping of FePc-N and FePc-C confirmed the
uniform dispersion of FePc on its respective supports
(Figure S6). Moreover, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
was employed to determine the dispersion state of Fe
species. As shown in Figure 1le, the isolated bright spots
were clearly observed, indicating that the Fe single atoms
were uniformly distributed on the AC-O substrate. The
HAADF-STEM image of FePc-N and FePc-C similarly
corroborated this conclusion (Figure S7). Furthermore, the
X-ray diffraction (XRD) pattern revealed that there were no
characteristic diffraction peaks corresponding to Fe’ in
FePc-ligand materials and FePc-C, which was consistent with
the results of HAADF-STEM (Figure 1f). All FePc-ligand
catalysts display a broad peak at approximately 24°,
revealing a feature typical of amorphous carbon with short-
range order and long-range disorder. The ID/IG ratios of
FePc-O, and FePc-N in Raman are comparable, indicating
similar structural defects within the amorphous carbon
supports (Figure 1g). Given their similar morphology and
structure, the FePc-ligand materials validate that these
single-atom catalysts could be employed as a suitable model
for further performance studies.

XPS was employed to verify the successful modification of
ligand species onto the carbon support. The high-resolution
C 1s XPS spectra revealed that there were no significant
changes in the major carbon components after FePc loading,
indicating that the carbon framework of the supports
remained largely preserved (Figure S8). As shown in Figure
S9a and S9b, in the high-resolution N 1s XPS spectra,
pyridinic N and graphitic N of FePc-N were observed in
addition to pyrrolic N and imine N, confirming that pyridinic
N along with a small amount of graphitic N had been
successfully introduced into the AC support. In addition, the
pyridinic N component of FePc-N exhibits a noticeable
positive shift in binding energy (+0.3 eV) compared to AC-N,
indicating a decrease in the local electron density around
pyridinic N (Figure 2a). These results revealed that pyridinic
N species are the most probable axial coordination sites. The
0 1s XPS spectrum of FePc-O confirmed the introduction of
O species. The presence of the Fe-0 peak suggested that the
O species introduced by plasma treatment were anchored to
the AC surface and coordinated to the Fe center in FePc,
forming an Fe-0 bond (Figure 2b). Moreover, the content of
C-0 decreased a lot compared to AC-O, indicating that FePc
mainly links to C-O (Figure S9c). XPS analysis initially
confirmed that heteroatoms were successfully introduced
into the AC substrate and interacted with FePc.
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Figure 2 Local coordination environment of Fe in FePc-ligand materials. (a) High-resolution N 1s XPS data of FePc-N and AC-N. (b) High-resolution O
1s XPS data of FePc-O and AC-O. (c) Normalized Fe K-edge XANES spectra of FePc-C, FePc-N, FePc-0, and reference samples (Fe foil, FeO, and Fe203).
Inset: enlarged view of the 7121-7126 eV region. (d) Average iron valence state for FePc-C, FePc-N, and FePc-O materials. (e) Fourier transform of Fe
K-edge EXAFS of FePc-C, FePc-N, and FePc-O materials at R-space. (f-g) Fe K-edge EXAFS fitting curves of FePc-N (f) and FePc-O (g) in R-space. Insets
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show the corresponding fitting models. (h) High-resolution Fe 2p XPS data of FePc-C, FePc-N, and FePc-O materials.

To further investigate the local coordination environment of
Fe and its interaction with heteroatoms, X-ray absorption
spectroscopy (XAS) was employed. The Fe K-edge X-ray
absorption near-edge spectroscopy (XANES) spectra showed
that the absorption edge of the FePc-ligand catalysts was
positioned between those of FeO and Fe;0s3, indicating that
the oxidation state of Fe in FePc-ligand ranged from +2 to +3
(Figure 2c). Compared to FePc-C (+2.79), the oxidation state
of Fe in FePc-O increased to +2.87, indicating that the
introduction of oxygen modulated the electronic
configuration of Fe through an electron-withdrawing
interaction (Figure 2d). In contrast, the oxidation state of Fe
in FePc-N (+2.78) exhibited an average Fe oxidation state
comparable to that of FePc-C (+2.79), indicating that axial N
coordination does not induce a resolvable change in Fe
oxidation. Fourier transform K2?-weighted extended X-ray
absorption fine structure (FT-EXAFS) spectra were
performed to confirm the coordination interaction between
the Fe center and heteroatoms. As shown in Figure 2e, FePc-
C exhibited a dominant peak at 1.55 A, which was assigned
to the Fe-N/C scattering path. Moreover, the absence of the
typical Fe-Fe scattering path at ~2.20 A provided additional
evidence that Fe was atomically dispersed in FePc-ligand
catalysts. Notably, the Fe-N scattering paths in the FePc-N
and FePc-O samples were longer than that of FePc-C,
approximately 1.59 A, indicating that the interaction
between the heteroatoms and FePc led to the elongation of
the Fe-N bond. Among them, FePc-N exhibited a longer Fe-N
scattering path than pristine FePc, attributable to the
formation of axial Fe-N coordination. For FePc-0, axial Fe-O
coordination contributed to bond elongation through the
combined Fe-N and Fe-O scattering paths. Furthermore,

FePc-ligand catalysts exhibited a maximum intensity in the
wavelet-transform EXAFS (WT-EXAFS), which originated
from the axial coordination and the Fe-N4 configuration in
the first coordination shell (Figure S10). EXAFS fitting
results revealed that the coordination number (CN) of the
FePc-ligand catalysts was ~5, indicating that the FePc-ligand
catalysts were composed of Fe-N4 and an axial coordination
Fe-N/O. Specifically, FePc-N showed CN of 5.1 for Fe-N
(Figure 2f); FePc-O exhibited CN of 4.0 for Fe-N and 0.9 for
Fe-O (Figure 2g), and FePc-C performed CN of 3.8 for Fe-N
and 1.1 for Fe-C (Figure S11, Table S2). The corresponding
k-space fitting results for all models are presented in Figure
S$12. The high-resolution Fe 2p XPS spectra further verify the
local environment of Fe in the Fe-ligand catalysts (Figure 2h).
The binding energy of Fe?* in FePc-0 was higher than that in
FePc-C. In contrast, the Fe 2p XPS spectra of FePc-N showed
a lower binding energy of Fe?* than that in FePc-C.
Consistent with the XANES findings, the results
demonstrated that axial coordination brought about an
alteration in the oxidation state of the Fe-Ni center. In
conclusion, the higher oxidation state of Fe in FePc-O was
attributed to the electron-withdrawing effect of the axial O.
For FePc-N, although no resolvable change in the Fe
oxidation state was identified by XANES, the axial Fe-N
coordination indicates a perturbation of the local electronic
structure of the Fe-N4 center. Meanwhile, the construction of
axial coordination also induces an elongation of the Fe-N
bond length. The changes in coordination number, Fe-N
bond environment, and complementary XPS features
collectively confirm that axial coordination modifies the
local coordination and electronic environment of the Fe
center.
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Figure 3 Electrocatalytic ORR performance of the FePc-C, FePc-N, and FePc-0. (a) Linear sweep voltammetry curves of the FePc-C, FePc-N, and FePc-O
at the rotation speed of 1600 rpm in 0.1 M KOH solution. (b) E1/2 and jk at 0.90 V for FePc-C, FePc-N, and FePc-0. (c) Tafel plots of FePc-C, FePc-N, and
FePc-0. (d) Yield of peroxide (H202 %) and electron transfer number (n) of FePc-C, FePc-N, and FePc-0. (e) Stability of FePc-C, FePc-N, and FePc-O. (f)
Polarization curves of FePc-C, FePc-N, and FePc-0 in liquid ZABs. (g) Galvanostatic charge-discharge cycling profiles of Zn-air batteries at 10 mA cm™2.
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2.3 Performance optimization of FePc catalysts with
different axial coordination

To reveal the influence of the axial heteroatoms for FePc-
ligand materials on the ORR performance, electrochemical
measurements were conducted. Fe-ligand catalysts and
FePc-C were first tested in a three-electrode cell system with
0.1 M KOH electrolyte by linear sweep voltammetry (LSV)
(Figure S13). The FePc-C catalyst exhibited a half-potential
(E1/2) of 0.874 V (vs. RHE), while the FePc-ligand catalysts
achieved more positive values (Figure 3a), indicating that
axial coordination promotes ORR intrinsic activity.
Specifically, FePc-N exhibited only a slight improvement
over FePc-C with an Eiz of 0.901 V, FePc-O catalyst
demonstrated the highest ORR activity with an E1/2 of 0.916
V. These metrics place it as one of the most competitive ORR
catalysts reported (Table S3). Given their comparable Fe
contents and electrochemically active surface areas (ECSA)
(Figure S14), this LSV trend revealed that FePc-O possessed
the highest ORR activity among the Fe-ligand catalysts,
followed by FePc-N, and finally FePc-C. The kinetic current
density (jx) at 0.90 V follows the above sequence: FePc-C
(2.15 mA cm™2) < FePc-N (5.62 mA cm™2) < FePc-0 (10.10 mA
cm™?) (Figure 3b), demonstrating that the FePc-ligand
catalysts accelerate the ORR kinetics. After normalizing the
ORR Kkinetic current density (Figure S15), it was found that
the performance still ranked as follows: FePc-C (6.72 mA cm
Z(at.%Fe)!) < FePc-N (17.03 mA cm?(at.%Fe)!) < FePc-0
(28.86 mA cm*?(at.%Fe)!). This result is also confirmed by
the Tafel slope, as shown in Figure 3c, the Tafel slope
exhibits a progressive decrease from 82.3 mV dec™! for FePc-

C to 63.1 mV dec! for FePc-N, with FePc-O showing the
lowest Tafel slope of 61.7 mV dec™!. The progressive
decrease in Tafel slope and the progressive increase in ji
consistently indicated that the ORR kinetics accelerated in
the order of FePc-C, FePc-N, and FePc-O catalysts. After
adding KSCN, the ORR activities of all three catalysts
significantly decreased, confirming that the Fe-centered sites
are the main active centers (Figure S16). Moreover, FePc-O
exhibited a more pronounced inhibitory effect, further
indicating that the axially regulated Fe-Njy sites play a crucial
role in enhancing its ORR performance. Furthermore, to
determine the ORR pathway of the catalysts, the number of
transferred electrons (n) and the H20; yield (H202 %) over
the potential range of 0.4~0.8 V among those catalysts were
measured (Figure 3d). Among them, FePc-O catalyst showed
the highest n and the lowest H20; %, suggesting that FePc-0
was more prone to the four-electron ORR pathway than that
of the other Fe-ligand catalysts. To evaluate the stability of
the Fe-ligand catalysts, the accelerated stability test (AST)
was performed. The FePc-O catalyst showed only a 2 mV
negative shift in E1/, after 10,000 cycles between 0.6 V - 1.0
V, while the FePc-C catalyst showed an E12 loss of 12 mV
(Figure 3e). The E1/2 loss of FePc-N was also much lower
than that of FePc-C, indicating that axial coordination
effectively enhanced the electrochemical durability of
catalyst. The results of XPS and HRTEM after stability tests
indicated that the carbon framework and the surface
environment, mainly containing heteroatoms, remain
basically stable (Figure S17 and S18). These results revealed
that the catalyst has good structural and chemical stability in
the ORR process.
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Zn-air batteries (ZABs) were assembled with Fe-ligand
catalysts and FePc-C as the cathode to assess their practical
applicability (Figure S19). Firstly, the open-circuit voltages
(OCV) of ZABs based on Fe-ligand catalysts were higher than
those of the FePc-C-based ZAB, suggesting that axial
coordination promotes the device performance. Notably, the
ZAB with FePc-0 achieved an OCV of 1.43 V, surpassing the
FePc-C and other FePc-ligand catalysts, indicating that the
axial ligand O enhanced the ORR activity (Figure S20). A
substantial improvement in power density was observed
with axial O coordination. Under comparable OER
performance (Figure S21), the FePc-O-based ZAB (277 mW
cm2) delivered excellent performance, which is better than
that of the FePc-C-based ZAB (225 mW cm™2) (Figure 3f).
Moreover, the FePc-N (257 mW cm™) also outperformed
FePc-C-based ZAB, collectively demonstrating that axial
coordination was beneficial for boosting ZAB performance.
The discharge performance of Fe-ligand-based ZABs and
FePc-C-based ZAB was evaluated at 2~50 mA cm2 FePc-0
exhibited the best discharge capacity with excellent rate
capability, and the voltage loss of FePc-O was the lowest
when the discharge current density returned to 2 mA cm™
(Figure S22). Furthermore, the stability of the FePc-ligand
catalyst-based ZABs by the galvanostatic charge-discharge
cycling (Figure 3g), FePc-O-based ZAB (400 h) displayed
markedly superior long-term stability compared to the FePc-
C-based ZAB (70 h) at 10 mA cm™ Likewise, the
introduction of axial ligands in FePc-N (150 h) resulted in
greater durability than that of FePc-C, confirming the
beneficial role of axial coordination in practical stability.
Overall, the introduction of axial ligands promotes the
application prospects of FePc in ZAB.

Insights from DFT Calculations

To elucidate how axial coordination regulates Fe-N4 active
sites, density functional theory (DFT) calculations were
performed. Guided by the experimental characterization and
XAS fitting results, structural models for FePc-C (FePc-C-1
and FePc-C-2), FePc-N, and FePc-O were constructed (Figure
4a). As shown in Figure 4b, FePc-C-1, stabilized by m-m
interactions, is limited by *OH formation, whereas axial C
coordination in FePc-C-2 shifts the potential-determining
step (PDS) to *OOH formation. Upon introducing axial N
coordination, the free-energy barrier of the PDS is reduced
to 0.32 eV. More notably, FePc-O delivers the lowest PDS
barrier of 0.28 eV, suggesting that axial O coordination more
effectively tunes the electronic structure of the Fe site,
thereby optimizing intermediate adsorption and facilitating
the overall ORR process. To uncover the electronic origin of
the optimized adsorption, we further analyzed the partial
density of states (Figure 4c). Compared with FePc-C-1 (-0.71
eV), axial C coordination in FePc-C-2 downshifts the Fe d-
band center to -1.82 eV, which weakens the *OH binding
strength but leads to an over-regulation of *OOH adsorption.
In contrast, FePc-N (-1.32 eV) and FePc-O (-1.07 eV) shift
the Fe d-band center back toward the Fermi level, thereby
optimizing *OOH binding without excessively strong *OH
adsorption (Figure 4d). A volcano-type relationship between
the Fe d-band center and the overpotential was further
constructed (Figure 4e), in which FePc-O occupies the apex
region. This finding suggests that axial O coordination
optimally tunes the electronic structure of the Fe site,
enabling balanced oxygen-intermediate adsorption and
thereby promoting ORR activity.

3 Conclusion

In summary, a well-defined model system was constructed
through a simple strategy to systematically investigate the
regulatory mechanism of axial ligands on Fe-N4 active sites.
Heteroatom-containing ligands were anchored onto the
surface of the carbon support and subsequently coordinated
with FePc in the axial direction. The introduction of axial
ligands markedly enhances the ORR activity of FePc, with
axial O coordination delivering the highest catalytic
performance (Eiz = 0916 V), followed by axial N
coordination and axial C coordination. By systematically
comparing the regulatory effects of different axial
heteroatom ligands on a structurally comparable catalytic
platform, this work elucidates how the axial coordination
environment governs the catalytic behavior of Fe-N, sites,
thereby addressing the lack of direct cross-comparison in
conventional studies and providing experimental guidance
for the rational design of high-performance electrocatalysts
through axial-coordination engineering.

Electronic Supplementary Material: Supplementary
material (please provide the brief detail of the ESM) is available
in the online version of this article at
https://doi.org/10.26599/NR.2026.94909193.
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Experiment

Chemicals. Activated carbon (YP8OF) was purchased from Guangdong Canrd New Energy Technology Co., Ltd. Iron( II )
phthalocyanine (FePc, 98%) was purchased from Energy Chemical. N, N-dimethylformamide (DMF, = 99%) was purchased
from Tianjin Fuyu Fine Chemical Co., Ltd. Ammonia solution (NH3-H20, 28.0%~30.0% NH3 basis) was purchased from Aladdin.
All chemicals were from commercial sources and used without further purification.

Synthesis of FePc-C. 30 mg FePc was added to 15 mL DMF, after ultrasonic treatment for 30 minutes, and the solution was
centrifuged to obtain supernate A. 20 mg AC was added to 15 mL DMF. After ultrasonic dispersion to achieve uniformity,
supernate A was added to the solution, stirred at room temperature for 24 hours, centrifuged the solution, and dried at 60°C
overnight. FePc-C was obtained.

Synthesis of FePc-N. AC was placed in a porcelain vessel and heated in a high-temperature tube furnace at 700°C for 1 hour
under flowing NHs, and the AC-N was obtained. FePc-N was prepared following the same procedure as for FePc-C, with the
only modification being the substitution of AC by AC-N.

Synthesis of FePc-0. AC-O was synthesized by decorating with O by Oz-plasma treatment for 30 min. FePc-O was prepared
following the same procedure as for FePc-C, with the only modification being the substitution of AC by AC-0.

Characterizations. Brunauer-Emmett-Teller (BET) surface areas and pore size distributions were analyzed by Micromeritics
ASAP 2460 at 77 K. The powder X-ray diffraction (XRD) patterns were recorded by MeasSrv F9XDZ42. Raman spectra were
measured by VERTEX 70v Fourier Infrared Reflectometer. The high-resolution transmission electron microscope (HRTEM)
images were recorded on the JEOL 2100 high-resolution transmission electron microscope with a working voltage of 200 kV.
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and Energy Dispersive
Spectrometer (EDS) mapping images were obtained on a JEOL COM high-resolution transmission electron microscope at an
acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were carried out on the Axis Supra, and
binding energies (BE) were calibrated by setting the measured BE of C 1s to 284.8 eV. X-ray absorption spectroscopy (XAS)
measurements were conducted on the 1W1B station of the Beijing Institute of High Energy Physics.

Electrochemical measurements. The electrochemical measurements were performed using a three-electrode system
controlled by a Corrtest electrochemical Workstation at room temperature. The working electrode was a coated glass-carbon
rotating disk electrode (RDE) (area: 0.1960 cm?) and a rotating ring disk electrode (RRDE) (disk area: 0.2475 cm?, ring area:
0.1866 cm?), while the counter electrode was a graphite rod. A saturated calomel electrode (SCE) served as the reference
electrode in a 0.1 M KOH solution. The reported potentials were calibrated to the reversible hydrogen electrode (RHE) scale
according to the following equation: E(RHE) = E(SCE) + 0.241 + 0.059 x pH. The formulation of the catalyst ink is as follows: 5
mg of the catalyst is dispersed in a mixture of 500 uL of IPA and 15 pL of 5 wt.% Nafion solution, ultrasound was performed for
1 hour, resulting in a uniform ink. The catalyst was loaded at 0.5 mg cm™ for electrochemical testing. In a 0.1 M KOH solution
with oxygen saturation, cyclic voltammetry (CV) measurements were carried out at a rate of 50 mV per second, while the
linear sweep voltammetry (LSV) tests were conducted at a rate of 5 mV per second under the condition of a rotational speed of
1600 rpm. Kinetic parameters were derived from the Koutecky-Levich (K-L) equation (1) and (2):

1 1 1 1 1
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where j, ji, and jx represent the measured, diffusion-limiting, and the kinetic current density, respectively, w is the angular
velocity of the disk. n represents the electron transfer number; F is the Faraday constant (96500 C mol™). Co is the bulk
concentration of Oz (1.2x107% mol cm™3). Dy is the diffusion coefficient of 0z (1.9x107> cm? s71). V is the kinematic viscosity of
the electrolyte (0.01 cm? s™).
The hydrogen peroxide yield (H202 %) and electron transfer number (n) were calculated from RRDE polarization curves using
the following equations:

n=4 x —dsk (3)
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Where lais is the disk current, and Iing is the ring current. N is the H20: collection coefficient at the Pt ring, which is 0.37. The
ORR polarization curves were obtained by subtracting the background currents measured in N:-saturated 0.1 M KOH from
those in O2-saturated solution to eliminate capacitive contributions.

The Tafel slope was achieved from the Tafel equation:

E=a+blog(Jx) (5

Electrochemically active surface area (ECSA) can be calculated using the following equations:
i. =vCqy (6)
Apcsa = Cc—il (7)

ic is the charging current, v is the scan rate, and Cs is the specific capacitance (40 uF cm=2). Cyclic voltammetry in the potential
range of 0.98 to 1.11 V (vs. RHE) with scan rates of 10 to 50 mV s™! was tested. Then, the double-layer capacitance (Ca) was
determined by plotting 1/2Aj (where Aj = ja - j, representing the difference between anodic and cathodic current densities at
1.04 V vs. RHE) against scan rate, with the resulting slope corresponding to Ca.



Zinc-Air battery tests. The catalyst and the zinc plate were used as the cathode and anode, respectively. 3 mg cm= of catalyst
and 50 pL Nafion were added to 1 mL isopropanol to prepare the catalyst ink. The catalyst was ultrasonically dispersed for 2
hours at 25°C. Then, the catalyst ink was sprayed onto a 1 cm? gas diffusion electrode carbon paper. After the catalyst dried,
the carbon paper and the gas diffusion layer were combined to form the cathode. The electrolyte used in the test was 6 M KOH.
The battery performance evaluation was conducted using the LAND test system.

Computation method. Spin-polarized DFT calculations were carried out by using the Vienna ab initio simulation package
(VASP)[1] with the projector augmented wave (PAW)[2] method. The Perdew-Burke-Ernzerhof (PBE) form of the generalized
gradient approximation (GGA)[3] was used to describe the exchange-correlation functional. The DFT-D3 method[4] was used
to describe the van der Waals interactions between intermediate and catalyst. The Kkinetic energy cutoff was set as 450 eV and
convergence thresholds of energy and atomic forces were set as 1x107° eV and 0.05 eV/A, respectively. Gamma-centered
2x2x1 and 4x4x1 k-point mesh was used for the first Brillouin zone sampling to optimize geometry and calculate electronic
property. A vacuum layer of 15 A along z-axis was set to avoid interaction between neighbor unit.
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Figure S1. Nitrogen adsorption/desorption isotherms (a) and the corresponding pore size distributions (b) of AC, AC-N, and
AC-0.
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Figure S3. (a-c) High-resolution C 1s XPS data of AC (a), AC-N (b), and AC-O (c). (d) High-resolution N 1s XPS data of AC and
AC-N. (e) High-resolution O 1s XPS data of AC and AC-O. (f) The distribution of O species in AC and AC-O.
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Figure S4. (a-c) X-ray photoelectron spectra of FePc-C (a), FePc-N (b), and FePc-0 (c).



Figure S5. The HRTEM imagesf the FePc-C (a and FePc-N (b) materal. '



Figure S6. The EDS mapping of the (a) FePc-C and (b) FePc-N materials.




Figure S7. The HAA-STEM images of the (a) FePc-C and (b) FePc-N mri.
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Figure S8. (a-c) High-resolution C 1s XPS data of FePc-C (a), FePc-N (b), and FePc-0 (c) materials.
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Figure S9. (a) High-resolution N 1s XPS data of FePc-C and FePc-N. (b) The distribution of N species in FePc-C and FePc-N. (c)
The distribution of O species in FePc-0 and AC-O.
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Figure $10. The WT-EXAFS of FePc-C, FePc-N, and FePc-0 materials.
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Figure S11. Fe K-edge EXAFS fitting curves of FePc-C in R-space. Insets show the corresponding fitting models.
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Figure S12. (a-c) Fe K-edge EXAFS fitting curves for FePc-C (a), FePc-N (b), and FePc-0O (c) at K-space.
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Figure S13. (a) The CV of FePc-C, FePc-N, and FePc-0 catalysts under O; atmosphere in 0.1 M KOH solution. (b) CV of FePc-C,
FePc-N, and FePc-O catalysts under N, atmosphere in 0.1 M KOH solution.
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Figure S14. (a—c) CV curves of FePc-C (a), FePc-N (b), and FePc-0 (c) catalysts at different scan rates from 10 to 50 mV st in
the potential range from 0.98 Vto 1.11 V (vs. RHE) in 0.1 M KOH solution. (d) Calculated Cq at 1.04 V (vs. RHE) of FePc-C, FePc-
N, and FePc-O catalysts.
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Figure S16. (a) Linear sweep voltammetry curves of the FePc-C, FePc-N, and FePc-0 before and after KSCN poisoning. (b) jx at
0.90 V for FePc-C, FePc-N, and FePc-0 before and after KSCN poisoning.



Figure S17. The HRTE iages of the FePc-C (), FePc-N (b), and FePc-0 (c) materials.
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Figure S18. (a) High-resolution C 1s XPS data of FePc-C. (b) High-resolution N 1s XPS data of FePc-N. (c) High-resolution O 1s

XPS data of FePc-0.
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Figure S19. The schematic illustration of a Zn-air battery.
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Figure S20. The OCP of the FePc-C, FePc-N, and FePc-0 catalysts in Zn-air batteries.
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Figure S21. The Linear sweep voltammetry curves of the FePc-C, FePc-N, and FePc-O catalysts in 0.1 M KOH.
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Figure S22. Galvanostatic discharge curves of ZABs with FePc-C, FePc-N, and FePc-O catalysts at different current densities.



Table S1. Element analysis of FePc-C, FePc-N, and FePc-O based on C 1s XPS characterizations.

Sample C 1s (at.%) N 1s (at.%) 0 1s (at.%) Fe 2p (at.%)
FePc-C 84.78 443 10.47 0.32
FePc-N 88.16 5.80 5.71 0.33

FePc-0 84.46 2.92 12.27 0.35




Table S2. Fitting parameters of the EXAFS refinement. (CN: coordination number; R: distance; 2: mean-square disorder; Eo:
energy shift). The single number in the bracket for R, 2, and Eo is the last digit error. The numbers in parentheses for CN are
the full errors.

Sample Edge Sca;::;ing CN R(A) | 0% (A%) | Eo (eV) Faz{tor
Fe-C 1.1 1(;})9 0.005

FePc-C Fe-N 3.8 2(:([))1 0.006 (11396) 0.015
Fe-N-C 2.9 3(2)1 0.001
Fe-N1 1.2 1(:?)7 0.001

FePc-N FeK Fe-N2 3.9 2(3)1 0.006 (11396) 0.017
Fe-N-C 8.9 2(2)7 0.001
Fe-N 4.1 2(2)1 0.007

FePc-0 Fe-0 0.9 1(';3)0 0.002 (13%% 0.020
Fe-N-C 0.6 2(59)7 0.001




Table S3. Comparison of the ORR catalytic performance of various reported axial coordination FePc catalysts in a rotating

ring-disk electrode in 0.1 M KOH solution.

Catalysts

E1/2 (V VS. RHE)

Refs.

FePc-{PW;,}/NT

FePc/DG

FePc@N-CNSs

Ti4N3C1x/FePC

FePc-10 %Cu-ZIS

FePc NTs-rGO

CoSAC@FePc

FePc-P/MWCNTs-A

FePc@CNF

pf SAC-Fe-0.2

FePc-N

FePc-0

0.90

0.90

0.88

0.91

0.91

0.88

0.904

0.902

0.875

0.91

0.901

0.916
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