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ABSTRACT
Iron-nitrogen-carbon (Fe-N-C)  catalysts  are  a  promising class  of  non-precious electrocatalysts  for  the  oxygen reduction
reaction  (ORR),  with  strong  potential  for  integration  into  emerging  energy  technologies.  Here,  an  oxygen-bridged  axial
coordination  strategy  is  employed  to  anchor  iron  phthalocyanine  (FePc)  onto  manganese  oxide  decorated  carbon
nanotubes (Mn3O4-CNTs). The resulting synergy between asymmetric Fe-N4-O sites and heterojunction interfaces finely
tailors the local  coordination of  Fe centers,  which induces electron transfer  from the Fe center  to  the axial  O atom and
downshifts  the  Fe  d-band  center,  thereby  weakening  the  adsorption  strength  of  oxygen-containing  intermediates  and
substantially boosting ORR activity. In alkaline media, the optimized FePc-Mn3O4-CNTs catalyst exhibits a high half-wave
potential  (E1/2)  of  0.89  V vs.  reversible  hydrogen electrode (RHE),  a  low Tafel  slope of  41.51 mV·dec–1,  and follows an
efficient  four-electron  pathway.  This  catalytic  performance  translates  directly  into  a  zinc-air  battery  that  delivers  a  peak
power  density  of  171.81  mW·cm–2,  a  specific  capacity  of  754.12  mAh·g–1,  and  stable  operation  for  160  h.  This  work
demonstrates  a  coordinated  strategy  combining  axial  coordination  engineering  with  heterojunction  design  to
synergistically optimize the catalytic properties of Fe-N-C molecular catalysts.
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 1    Instruction
Improving  the  efficiency  of  advanced  electrochemical  energy-
conversion  systems  fundamentally  rely  on  reducing  irreversible
energy losses at the cathode, where the sluggish oxygen reduction
reaction (ORR) imposes a persistent kinetic limitation [1–5]. The
challenge  lies  in  cleaving  the  stable  O=O  bond  while  managing
complex multi-electron transfer steps, which together constitute a
major  efficiency  bottleneck  [6, 7].  Although  platinum-based
catalysts show superior activity, their high cost and scarcity hinder
widespread  adoption  [8–11].  This  urgent  need  has  driven
extensive research into economical and robust non-precious-metal
catalysts  [12].  Among  them,  iron-nitrogen-carbon  (Fe-N-C)
structures  have  gained  attention  for  their  tunable  electronic
configurations  and  catalytic  promise  [13, 14].  However,
conventional  preparation  methods,  especially  high-temperature
pyrolysis,  often  yield  catalysts  with  ill-defined  active  sites,  where
iron aggregation and inconsistent coordination environments are
common  [15–17].  Such  structural  ambiguity  obscures  the

relationship  between  geometry  and  catalytic  function,  leading  to
limited reaction efficiency and inadequate  long-term stability  [1].
Overcoming  these  limitations  requires  advanced  fabrication
strategies  that  enable  precise  control  over  the  local  atomic
architecture  and  electron  density  at  catalytic  sites,  along  with
strong  interaction  with  the  underlying  support.  Integrating
tailored  coordination  design,  electronic  fine-tuning,  and
reinforced interfacial  interaction offers  a  synergistic  route to fully
realize  the  potential  of  Fe-N-C  catalysts  for  practical,  durable
applications [18, 19].

Iron phthalocyanine (FePc) is widely regarded as a model Fe-N4
catalyst  among  non-precious  metal  systems,  owing  to  its  well-
defined molecular structure, which provides an ideal atomic-scale
platform  for  studying  how  coordination  geometry  influences
electrocatalytic  activity  [20–22].  Current  strategies  to  enhance
FePc performance generally follow three main directions. The first
is  planar engineering,  in which FePc molecules  are supported on
conductive  carbon  materials  to  improve  charge  transfer  [23].
However,  this  approach  largely  preserves  the  planar D4h-
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symmetric  structure  of  FePc,  offering  limited  ability  to  tun  the
local chemical environment of the iron center [24]. The second is
curvature  engineering,  where  the  planar  geometry  of  the
phthalocyanine molecule is modified through molecular design or
strain  to  induce  deviations  from  planarity,  thereby  regulating  its
electronic  structure  [25, 26].  Nonetheless,  this  method  can
compromise molecular stability and often lacks the controllability
needed  for  uniform  deformation,  adversely  affecting
reproducibility  and  durability.  The  third  strategy  is  axial
engineering,  which  involves  attaching  axial  ligands  to  the  iron
center  for  direct  electronic  tuning  [6, 27, 28].  However,  this
approach  is  largely  confined  to  carbon-based  supports  and
exhibits  limited interfacial  synergy [29].  Although these strategies
have  led  to  some  performance  improvements,  they  remain
insufficient  in  simultaneously  addressing  the  multiple  challenges
of  enhancing intrinsic  activity,  improving structural  stability,  and
facilitating  efficient  charge  transfer.  Thus,  designing  novel
composite  strategies  that  concurrently  tailor  the  electronic
structure of FePc and the interfacial properties of the support has
emerged  as  a  crucial  pathway  for  advancing  FePc-based
electrocatalysts [30].

Building  on  this  background,  we  propose  a  novel  oxygen-
bridged  axial  coordination  strategy  to  create  Fe-N4-O  linkages
between  FePc  units  and  manganese  oxide  decorated  carbon
nanotubes  (Mn3O4-CNTs).  This  approach  yields  a  composite
catalyst  in  which  the  Mn3O4-CNTs  support  not  only  provides  a
stable  coordination  interface  and  conductive  network  but  also
enhances  charge  transfer  and  stability  through  heterojunction
effects.  The  resulting  catalyst  exhibits  excellent  alkaline  ORR
performance,  including  a  half-wave  potential  of  0.89  V  vs.
reversible  hydrogen  electrode  (RHE),  a  Tafel  slope  of
41.51  mV·dec–1,  and  a  dominant  four-electron  pathway.  When
applied in a zinc-air  battery,  it  delivers  an open-circuit  voltage of
1.50 V,  a  peak  power  density  of  171.81 mW·cm–2,  and  a  specific
capacity  of  754.12  mAh·g–1.  Overall,  this  work  presents  an
innovative  route  to  design  efficient  Fe-N-C  electrocatalysts  by
integrating axial coordination design with heterojunction interface
engineering,  offering  a  new  paradigm  for  constructing  high-
performance  molecular  frameworks  for  oxygen  reduction  and
related applications.

 2    Experimental

 2.1    Materials and synthesis

 2.1.1    Chemicals

Multi-walled CNTs were purchased from Tanfeng Tech. Inc. Iron
(II)  Phthalocyanine  (FePc,  98%),  N,  N-Dimethylformamide
(DMF, AR),  Mn(OAC)2·4H2O, Zn(OAC)2·2H2O, RuO2 and Pt/C
(20  wt.%)  were  obtained  from  Aladdin  Reagent.  KOH  was
sourced  from  Tianjin  Xinbote  Chemical  Co.,  LTD.  Ammonia
solution  (NH3·H2O,  25%)  was  obtained  from  Tianjin  Beichen
Fangzheng Reagent Factory. All chemical were of analytical grade
and used without further purification.

 2.1.2    Synthesis of Mn3O4-CNTs

First, carbon nanotubes (CNTs, 200 mg) were activated by heating
at 500 °C for 3 h. Subsequently, Mn(OAC)2·4H2O (0.8 mmol) was
mixed with deionized water (8 mL) and ultrasonicated for 10 min
to  obtain  a  clear  and  homogeneous  solution.  Ammonia  solution
(NH3·H2O)  was  added  dropwise  under  stirring  (1200  rpm)  until

VH2O

VH2O

the pH reached 11, followed by continued stirring for 30 min. An
ethanol-water  mixture  (8  mL, VEtOH/  =  1/1)  and  the  pre-
treated  CNTs  were  then  introduced.  The  mixture  was  stirred  at
60  °C  and  1200  rpm  for  12  h.  The  resulting  suspension  was
transferred  to  a  50  mL  Teflon-lined  autoclave  and  heated  at
150  °C  for  3  h.  The  product  was  collected  by  centrifugation
(6000  rpm),  washed  three  times  with  an  ethanol-water  solution
mixture  (VEtOH/  =  1/1),  and  freeze-dried  to  obtain  Mn3O4-
CNTs.

 2.1.3    Synthesis of FePc-Mn3O4-CNTs and FePc-CNTs

In  a  typical  procedure,  FePc  (6  mg)  and  Mn3O4-CNTs  (30  mg)
were separately dispersed in 10 and 30 mL of DMF by sonication
for  100  min  to  form  uniformly  dispersed  suspensions.  The  FePc
dispersion  was  then  added  dropwise  to  the  Mn3O4-CNTs
suspension.  The mixture was sonicated for another 1 h and then
stirred  at  ambient  conditions  for  24  h.  The  resulting  slurry  was
centrifuged, washed alternately six times with deionized water and
anhydrous  ethanol,  and  finally  vacuum  freeze-dried  to  obtain
FePc-Mn3O4-CNTs.  FePc-CNTs  were  prepared  similarly,  using
CNTs instead of Mn3O4-CNTs.

 3    Results and discussion
The  synthetic  pathway  for  the  FePc-Mn3O4-CNTs
heterostructured  catalyst,  based  on  molecular  self-assembly,  is
illustrated in Fig. 1(b).  Initially,  Mn3O4 nanoparticles  were  grown
in-situ on carbon nanotubes (CNTs) via a hydrothermal method,
yielding  the  Mn3O4-CNTs  composite  support  [31, 32].
Subsequently, through a self-assembly process driven by chemical
bonding,  FePc  molecules  were  firmly  anchored  onto  the  Mn3O4
surface, producing the FePc-Mn3O4-CNTs composite catalyst with
strong  interfacial  interactions.  For  reference,  FePc-CNTs  were
fabricated using the same assembly route without Mn3O4.

Microscopic morphology and nanostructure of the synthesized
catalysts  were  examined  by  scanning  and  transmission  electron
microscopy  (SEM/TEM).  SEM  and  TEM  images  confirm  the
successful decoration of Mn3O4 nanoparticles on the CNTs (Figs.
S1‒S6  in  the  Electronic  Supplementary  Material  (ESM)).  FePc-
Mn3O4-CNTs  largely  retain  the  bulk  Mn3O4 nanoparticle
morphology  of  the  Mn3O4-CNTs  support  (Fig.  1(b)).  High-
resolution  TEM  (HRTEM)  was  employed  to  further  verify  the
anchoring  state  of  FePc  on  Mn3O4-CNTs.  Analysis  of  lattice
fringes reveals an interlayer spacing of 0.492 nm, corresponding to
the  (101)  plane  of  Mn3O4,  consistent  with  the  selected-area
electron  diffraction  (SAED)  pattern  in Fig. 1(d).  The  SAED
pattern also shows lattice spacings of 0.492 and 0.288 nm for the
(101) and (200) planes of Mn3O4 in FePc-Mn3O4-CNTs, aligning
with  those  of  pure  Mn3O4-CNTs  (Fig. 1(c), Fig. S7  in  the  ESM)
[33]. This indicates that the crystal structure of Mn3O4 is preserved
after  FePc  loading.  High-angle  annular  dark-field  scanning
transmission electron microscopy (HAADF-STEM) images show
that  FePc-Mn3O4-CNTs  particles  are  approximately  100  nm  in
size  (Fig. 1(f)).  Corresponding  energy-dispersive  X-ray
spectroscopy  (EDS)  elemental  mapping  confirms  the  uniform
distribution  of  C,  N,  O,  Mn,  and  Fe,  with  Fe  primarily  localized
within the Mn3O4 regions (Figs. 1(g)‒1(k)).  STEM line-scan EDS
further  validates  the  elemental  distribution and indicates  that  the
Fe content is lower than that of Mn (Fig. 1(e)), in agreement with
ICP-OES  results  (Table  S1  in  the  ESM).  Importantly,  magnified
images  clearly  reveal  FePc  forming  a  thin  coating  on  the  Mn3O4
nanoparticle surfaces (Fig. 1(l)).
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X-ray  diffraction  (XRD)  patterns  exhibit  distinct  diffraction
peaks assignable to Mn3O4 (PDF#18-0803) and crystalline FePc in
FePc-Mn3O4-CNTs,  confirming  the  successful  immobilization  of
FePc  on  Mn3O4 while  preserving  its  structure  (Fig. 2(a))  [34].
Raman  spectra  of  FePc-Mn3O4-CNTs  show  a  distinct  Mn-O
vibrational  band  at  656  cm–1 attributed  to  Mn3O4,  while  spectral
features  corresponding  to  the  macrocyclic  framework  of  FePc
remain  observable  in  the  600‒800  cm–1 range  (Fig. S8(a)  in  the
ESM)  [35, 36].  Fourier  transform  infrared  (FTIR)  spectroscopy
detects characteristic vibrational signatures from both Mn3O4 and
FePc in FePc-Mn3O4-CNTs. Specifically,  Mn3O4 exhibits peaks at
520  and  626  cm–1,  corresponding  to  Mn-O  vibrations  from
octahedral  and  tetrahedral  sites,  respectively  (Fig. S8(b)  in  the
ESM) [37]. Additionally, FePc shows characteristic absorption: an
out-of-plane C-H deformation at 726 cm–1, metallophthalocyanine
ring skeletal vibrations at 1117 and 1330 cm–1, C-N stretching near
1162 cm–1, aromatic ring vibrations around 1418 cm–1, and an Fe-
N  signal  at  893  cm–1 [21, 24].  These  results  collectively  confirm
that  the molecular  structure of  FePc remains intact  after  loading.
Notably,  electron  paramagnetic  resonance  (EPR)  spectroscopy
reveals  a  paramagnetic  signal  near g =  2.003  for  Mn3O4-CNTs,
attributed  to  electrons  trapped  by  oxygen  vacancies,  confirming
abundant  oxygen  vacancies  (Fig.  S9  in  the  ESM)  [38, 39].  In
summary,  the  above  characterizations  verify  that  FePc  is
successfully anchored on the Mn3O4 surface while maintaining its
intact molecular structure.

To  investigate  differences  in  chemical  states  and  electronic
coordination  environments  between  the  heterostructured  FePc-
Mn3O4-CNTs and FePc-CNTs, X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS) were performed.
XPS survey spectra confirm the presence of C, N, O, Mn, and Fe
in  FePc-Mn3O4-CNTs,  verifying  successful  loading  of  FePc  onto
the  Mn3O4-CNTs  support  (Fig. S10  in  the  ESM).  The  Fe  2p
spectra  of  FePc-Mn3O4-CNTs  display  signatures  of  Fe2+ and  Fe3+

species,  with  Fe  2p3/2 peaks  at  709.3  and  712.0  eV  and
corresponding  Fe  2p1/2 peaks  at  721.9  and  724.8  eV,  each
accompanied  by  satellite  structures.  Compared  with  FePc-CNTs,

the  Fe  2p3/2 peaks  in  FePc-Mn3O4-CNTs  show a  positive  shift  of
approximately  0.4  eV  (Fig. 2(b))  [6, 40, 41].  The  N  1s  spectral  of
FePc-Mn3O4-CNTs  exhibits  peaks  at  399.1  and  400.6  eV,
attributed to Fe-coordinated N and pyridinic N, respectively. The
binding  energy  of  the  Fe-N  peak  increases  by  0.2  eV  relative  to
FePc-CNTs  (Fig. S11(a)  in  the  ESM)  [31, 42, 43],  indicating
reduced  electron  density  around  both  Fe  and  N  atoms.
Conversely,  the  Mn  2p  spectra  of  FePc-Mn3O4-CNTs  show  a
different  trend.  Signals  corresponding  to  Mn2+,  Mn3+,  and  Mn4+

species appear in the Mn 2p3/2 region at 640.8, 642.3, and 644.5 eV,
respectively, with their Mn 2p1/2 counterparts at 651.8, 653.4, and
655.0 eV (Fig. 2(c))  [44].  These peaks exhibit  a  uniform negative
shift of 0.2 eV relative to pristine Mn3O4-CNTs. Similarly, in the O
1s spectrum of FePc-Mn3O4-CNTs peaks corresponding to Mn-O-
Mn, oxygen vacancies (Oᵥ),  hydroxyl groups (OH), and carbonyl
groups (C=O) shifted downward by 0.4 eV compared with Mn3O4-
CNTs (Fig. S11(b) in the ESM) [45]. This series of binding energy
changes  confirms  that  the  heterojunction  between  FePc  and
Mn3O4-CNTs  induces  interfacial  electron  rearrangement.  UPS
results provide further evidence for this interfacial interaction. The
work function (Φ) of Mn3O4-CNTs is calculated as 4.14 eV, higher
than that of FePc-CNTs (3.93 eV) (Figs. S12(a)‒S12(i)), S13 in the
ESM, Figs.  2(c) and 2(d)).  This  differential  facilitates  electron
transfer from the material with lower work function (FePc) to that
with higher work function (Mn3O4-CNTs).  Thus,  combined XPS
and  UPS  evidence  confirms  electron  migration  from  the  FePc
component to the Mn3O4-CNTs support [46].

The local coordination geometry and electronic structure of the
FePc-Mn3O4-CNTs  heterojunction  were  probed  using  X-ray
absorption  near-edge  structure  (XANES)  and  extended  X-ray
absorption  fine  structure  (EXAFS)  analyses.  The  Fe  K-edge
XANES  data  showed  that  the  absorption  edge  energy  for  FePc-
Mn3O4-CNTs  lies  between  those  of  Fe  foil  and  FePc,  closer  to
FePc, indicating an average Fe oxidation state near +2 (Fig. 2(e)).
A noticeable shift of the absorption edge to higher energies relative
to FePc-CNTs reflects an altered electronic structure and increased
valence state of  Fe,  consistent with electron migration from FePc

 

Figure 1    (a) Scheme of the synthetic procedure for FePc-Mn3O4-CNTs. (b) TEM and (c) High-resolution TEM images of FePc-Mn3O4-CNTs. (d) SAED image of
FePc-Mn3O4-CNTs.  (e)The STEM-EDS line-scan profiling  for  FePc-Mn3O4-CNTs.  (f‒k)  HAADF-STEM and corresponding EDS elemental  maps  of  FePc-Mn3O4-
CNTs. (l) HAADF-STEM image of FePc-Mn3O4-CNTs.
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to Mn3O4-CNTs as indicated by XPS. In the pre-edge region (Fig.
S14 in the ESM), a weak additional peak appears at 7117.3 eV for
FePc-Mn3O4-CNTs  compared  to  ideal  FePc-CNTs.  This  feature
corresponds  to  the  normally  forbidden  1s  to  3d  quadrupole
transition  of  the  Fe  center  under  square-planar  symmetry  (D4h)
[32].  Its  emergence  signifies  a  reduction  in  local  symmetry  from
D4h to C4v at  the  Fe-N4 site  due  to  axial  bonding  with  oxygen-
based  ligands,  resulting  in  an  asymmetric  Fe-N4-O  active
configuration  that  fine-tunes  the  electronic  arrangement  at  the
iron  center.  In  the  Fourier-transformed  EXAFS  (FT-EXAFS)
spectrum (Fig. 2(f)), a prominent signal near 1.49 Å is assigned to
Fe-N/O  coordination  paths.  The  absence  of  a  discernible  Fe-Fe
coordination  signal  further  confirms  the  monatomic  distribution
of  iron  species  [31].  EXAFS  fitting  yields  structural  parameters
consistent  with  an  Fe-N4-O  coordination  configuration  in  FePc-
Mn3O4-CNTs  (Figs.  S15(a),  S15(b),  S16,  Table  S2  in  the  ESM).
Wavelet  transform  (WT)  analysis  of  the  Fe  K-edge  EXAFS  data
provides  additional  verification,  showing  a  distinct  intensity
maximum  at  4.32  Å–1 corresponding  to  Fe-N/O  bonding
(Figs. 2(g)‒2(i), Fig. S17 in the ESM). This result confirms specific
coordination  of  Fe  with  N  and  O,  with  no  evidence  of  metal-
cluster  formation.  In  summary,  these  findings  demonstrate  that
the  Fe  center  in  FePc-Mn3O4-CNTs  adopts  an  Fe-N4O
coordination  structure,  with  local  symmetry  transformed  from
square-planar  to  axially  coordinated  lower  symmetry,
accompanied by significant charge transfer from FePc to Mn3O4-
CNTs.  This  precise  coordination  tuning  offers  crucial  local
structural insights into the enhanced electrocatalytic performance.

To  evaluate  the  ORR  performance  differences  arising  from
asymmetric  Fe-N4-O  versus  symmetric  Fe-N4 coordination
environments,  FePc-Mn3O4-CNTs  were  tested  in  O2-saturated
0.1 M KOH electrolyte. Cyclic voltametric (CV) profiles recorded
from 0 to 1.0 V vs. RHE show that FePc-Mn3O4-CNTs exhibits a
markedly  enhanced reduction signal  compared with FePc-CNTs,
directly demonstrating that Fe-O coordination substantially boosts
the  activity  of  its  active  centers  (Figs.  S18(a)‒S18(c)  in  the  ESM).
Linear sweep voltammetry (LSV) measurements reveal that FePc-
Mn3O4-CNTs  achieves  an  onset  potential  of  0.97 V  and  a  half-
wave potential (E1/2) of 0.89 V vs. RHE, outperforming both FePc-
CNTs,  Fe-N-C  and  Pt/C  (Figs.  3(a)‒3(c),  Figs.  S19‒S22  in  the
ESM).  Its E1/2 also  surpasses  those  of  previously  reported  FePc-
based catalysts  prepared under  similar  conditions  (Tables  S3 and
S4 in the ESM). With a Tafel slope of 41.51 mV·dec–1, FePc-Mn3O4-
CNTs  demonstrates  superior  kinetics  compared  to  FePc-CNTs
(56.48  mV·dec–1)  and  Pt/C  (96.28  mV·dec–1)  (Fig. 3(d)).
Consistently,  the  kinetic  current  density  (Jk)  and  mass  activity  of
FePc-Mn3O4-CNTs are significantly higher, reaching 53.26 A·g–1 at
0.85 V vs. RHE (Fig. 3(e)).

Electrochemical  impedance  spectroscopy  (EIS)  reveals  that
FePc-Mn3O4-CNTs exhibits  lower charge-transfer  resistance than
FePc-CNTs and Mn3O4-CNTs,  indicating  that  the  newly  formed
Fe-O-Mn  bond  effectively  promotes  electron  transfer  (Fig. 3(f)).
Across  the  potential  range  of  0.2‒0.8  V  vs.  RHE,  FePc-Mn3O4-
CNTs achieves an electron-transfer number (n) close to 3.96, with
a  hydrogen-peroxide  yield  below  5%  (Fig.  3(g)),  indicating  a
highly  efficient  4e– transfer  pathway  and  high  selectivity.  The

 

Figure 2    (a) XRD patterns of the synthesized samples. (b) Fe 2p XPS spectra for FePc-Mn3O4-CNTs and FePc-CNTs. (c) Mn 2p XPS spectra for FePc-Mn3O4-CNTs
and Mn3O4-CNTs. (d) Schematic illustration of the electronic interfacial interaction between FePc-CNTs and Mn3O4-CNTs. (e) Normalized Fe K-edge XANES spectra
for FePc-Mn3O4-CNTs, FePc-CNTs, FePc, Fe2O3 and Fe foil. (f) FT-EXAFS spectra at the Fe K-edge for FePc-Mn3O4-CNTs, FePc-CNTs, FePc, and Fe foil. (g‒i) WT
plots for Fe foil, Fe2O3, and FePc-Mn3O4-CNTs.
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double-layer  capacitance  (Cdl)  of  FePc-Mn3O4-CNTs  is
13.46 mF·cm–2, higher than those of 11.55 mF·cm–2 for FePc-CNTs
and  2.56  mF·cm–2 for  Mn3O4-CNTs  (Figs.  S23(a)‒S23(f)  in  the
ESM),  suggesting  an  expanded  electrochemical  interface  with
more  accessible  active  sites.  Regarding  stability,  after  10,000
accelerated durability test cycles, FePc-Mn3O4-CNTs shows only a
5 mV negative shift in E1/2, outperforming the 9 mV decay of FePc-
CNTs  (Fig. 3(h)).  Amperometric i‒t testing  further  confirms  its
stability,  with  FePc-Mn3O4-CNTs  retaining  86.8%  of  its  initial
current after 20,000 s continuous operation, compared to a 16.8%
decay for FePc-CNTs (Fig. 3(i)).

The  post-reaction  XRD  patterns  of  FePc-Mn3O4-CNTs  show
that  the  characteristic  diffraction  peaks  remain  largely  consistent
with  those  of  the  pristine  sample,  indicating  that  the  crystal
structure  is  preserved.  TEM  imaging  further  confirms  that  the
cubic  morphology  of  Mn3O4 within  FePc-Mn3O4-CNTs  is
maintained  after  10,000  cycles.  In  addition,  XPS  analysis  reveals
that the binding energies and peak areas of Fe 2p, Mn 2p, and N
1s remain essentially unchanged after 10,000 cycles, demonstrating
that  the  chemical  valence  states  of  Fe  and  Mn  are  stable.  In
summary,  post-reaction  XRD,  TEM,  and  XPS  analysis  of  FePc-
Mn3O4-CNTs and FePc-CNTs reveals that their crystal structures
and  chemical  states  remain  largely  unchanged  (Figs.  S24‒S26  in
the  ESM).  These  integrated  results  demonstrate  that  the
engineered  Fe-O  linkage  within  the  asymmetric  Fe-N4-O

configuration is pivotal: It optimizes the electronic structure of the
iron center for enhanced intrinsic activity and kinetics,  reinforces
the  interface  with  the  Mn3O4-CNTs  support,  and  leads  to
improved  charge  transfer,  expanded  active  area,  and  exceptional
structural stability during ORR.

To deeply  investigate  the synergistic  mechanism between axial
coordination  and  the  heterojunction  interface  and  its
enhancement  effect  on  the  ORR  performance  of  FePc-Mn3O4,
density  functional  theory  (DFT)  calculations  were  further
performed.  Based  on  experimental  characterizations  (HAADF-
STEM  and  EXAFS),  a  simplified  theoretical  model  featuring  an
axial Fe-O coordination interface was constructed, as presented in
Fig. 4(a).

Charge density difference analysis (Fig. 4(a)) shows axial charge
accumulation  between  Fe  and  the  axially  coordinated  O  atom,
accompanied by significant charge depletion around the Fe center,
confirming electron transfer from the Fe site to the axial O atom
and  resulting  in  a  pronounced  redistribution  of  electron  density
perpendicular  to  the  FePc  plane.  Bader  charge  analysis  further
indicates  that  the  Fe-N4 center  in  FePc-Mn3O4 loses  additional
electrons through the axial Fe-O coordination heterojunction built-
in  electric  field  (BIEF)  effect,  with  the  electron  count  at  the  Fe
center  decreasing  from  6.87e to  6.67e (a  reduction  of  0.2e),  and
approximately  1.25e  transferred  from  FePc  to  Mn3O4,  thereby
forming an electron-deficient Fe-N4 active center [44].

 

Figure 3    (a)  LSV curves of  various catalysts.  (b)  Onset  potential  (Eonset)  and half-wave potential  (E1/2)  of  various catalysts.  (c)  LSV curves of  FePc-Mn3O4-CNTs at
different r.p.m. (d) Tafel plots of various catalysts. (e) Kinetic current densitry (Jk) and mass activity (Jm) at 0.85 V vs. RHE for various catalysts. (f) Nyquist plots from
EIS measurements for various catalysts. (g) H2O2 yield and electron transfer numbers (n) for FePc-Mn3O4-CNTs and Mn3O4-CNTs. (h) LSV curves of FePc-Mn3O4-
CNTs and FePc-CNTs before and after 10,000 cycles. (i) Chronoamperometric (i‒t) stability tests for the iron-based samples.
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Work function calculations (Figs.  4(b) and 4(c)) show that the
work function of FePc is 4.40 eV, while that of Mn3O4 is 7.85 eV.
The higher  Fermi level  of  FePc relative  to  Mn3O4 drives  electron
flow from FePc to Mn3O4, consistent with the charge depletion at
the  Fe  center  observed  in  the  charge  density  difference  analysis.
This  interfacial  electron  transfer  spatially  separates  positive  and
negative  charges,  inducing  charge  polarization  at  the  interface.
Thus,  under  the  BIEF  effect  at  the  axial  Fe-O  coordination
interface,  FePc  exhibits  pronounced  charge  polarization  on
Mn3O4, in agreement with the XPS and XANES analyses.

To explore the regulatory mechanism of axial  coordination on
the  electronic  structure,  density  of  states  (DOS)  analysis  was
performed.  The  projected  density  of  states  (PDOS)  results
(Fig. 4(d)) show partial overlap between the PDOS of Fe and O in
FePc-Mn3O4, indicating strong interaction between the Fe site and
the axial O atom. The total DOS analysis (Fig. S27(a) in the ESM)
reveals  that  the  electronic  density  of  states  at  the  Fermi  level  is
significantly  higher  for  FePc-Mn3O4 than  for  FePc,  suggesting
superior electrical conductivity and charge transport capability.

Furthermore,  PDOS  analysis  (Fig. 4(e))  demonstrates  the
modulation of the Fe d-band center by the BIEF effect at the axial
heterojunction interface. In FePc-Mn3O4,  the d-band center of Fe
shifts downward significantly.  Specifically,  the spin-up peak shifts
from –0.06 to –0.18 eV, and the spin-down peak shifts from –1.90
to –2.27  eV,  lowering  the  average d-band  center  from –0.98  to
–1.225 eV. Together with the charge loss at the Fe center revealed
by  Bader  charge  analysis,  this  indicates  that  axial  coordination
weakens  the  adsorption  strength  between  Fe  and  oxygen-
containing intermediates.

The ORR free energy diagram of FePc-Mn3O4 (Fig. 4(f)) shows
that  at U =  0  V,  the  free  energy  changes  for  each  reaction  step
(ΔG1 to ΔG4)  are more uniform compared to those of  FePc (Fig.
S27(b)  in  the  ESM),  indicating  that  the  energy  barriers  for  each
step  are  more  balanced,  thereby  effectively  reducing  the
overpotential  for  ORR  [47].  Additionally,  in  the  FePc-Mn3O4
heterojunction, the rate-determining step shifts from *OOH → *O
to *O → *OH,  suggesting  that  the  synergistic  effect  of  axial  Fe-O

coordination  and  the  interfacial  built-in  electric  field  enhances
ORR  by  facilitating  O-O  bond  cleavage  in  *OOH  [46, 48].  This
synergy modulates the electronic structure of the Fe active center,
shifting  the d-band  center  downward  and  enabling  balanced
adsorption and desorption of oxygen intermediates.

To evaluate the FePc-Mn3O4-CNTs catalyst in a practical zinc-
air  battery  system,  a  custom battery  was  assembled using  a  zinc-
foil  anode  paired  with  a  FePc-Mn3O4-CNTs/RuO2 composite
cathode  (Fig. 5(a)).  The  assembled  battery  delivered  an  open-
circuit  potential  (OCP)  of  1.50 V,  approximately  140 mV higher
than  the  20%  Pt/C-RuO2 reference  (~1.36  V)  and  closer  to  the
theoretical  value  of  1.65  V  (Fig.  5(b),  Fig.  S28(a)  in  the  ESM).
Comparative electrochemical analysis shows that the FePc-Mn3O4-
CNTs/RuO2 battery  achieves  a  higher  discharge  current  density
with a smaller voltage gap during cycling (Fig. S28(b) in the ESM).
The  battery  reaches  a  peak  power  density  of  171.81  mW·cm–2,
about 1.53 times higher than the 112.07 mW·cm–2 of the 20% Pt/C-
RuO2 benchmark (Fig. 5(c)).  It  also exhibits a specific capacity of
754.12  mAh·gZn–1 at  5  mA·cm–2,  outperforming  the  reference
(709.50  mAh·gZn–1)  by  ~6.3%  (Fig.  5(e)).  Step-wise  current  tests
between 2 and 10 mA·cm–2 show stable discharge voltages without
noticeable decay, with rapid recovery to the initial value when the
current density is reset to 2 mA·cm–2, reflecting the catalyst’s high
structural  integrity  and  excellent  reaction  reversibility
Rechargeable  batteries  subjected  to  extended  cycling  at
10  mA·cm–2 (0.5  h  each  for  discharge  and  charge)  demonstrate
outstanding  stability  over  160  h  without  significant  voltage-gap
widening  (Fig.  5(g)),  nearly  eight  times  longer  than  the  20  h
sustained  by  the  20%  Pt/C-RuO2 counterpart.  These  results
underscore  the  operational  advantages  of  the  FePc-Mn3O4-
CNTs/RuO2 catalyst  in  zinc-air  batteries  and  affirm  its  potential
for integration into practical energy-storage solutions (Fig. 5(d)).

 4    Conclusions
In  summary,  an  oxygen-bridged  axial  coordination  strategy  was
used  to  synthesize  a  FePc-Mn3O4-CNTs  catalyst  with  an

 

Figure 4    (a) Charge density difference of FePc-Mn3O4.Yellow and cyan isosurfaces represent electron accumulation and depletion, respectively. (b) Calculated work
functions of FePc and Mn3O4. (c) Schematic illustration of the built-in electric field between FePc and Mn3O4. (d) PDOS of FePc-Mn3O4. (e) PDOS plots of the Fe 3d
orbitals in FePc and FePc-Mn3O4, along with the corresponding d-band centers. (f) Free-energy diagrams of the ORR intermediates on FePc-Mn3O4.
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asymmetric  Fe-N4-O  coordination  architecture.  This  design
enables  synergistic  adjustment  of  the  Fe-site  coordination
geometry through axial bonding while improving charge transport
via heterojunction interface effects. XAS analysis confirms that the
FePc  moiety  undergoes  a  symmetry  transition  from D4h to C4v,
forming  an  asymmetric  Fe-N4-O  coordination  structure.  DFT
calculations further demonstrate that this axial Fe-O coordination
heterojunction  BIEF  effect  induces  electron  transfer  from  the  Fe
center  to  the axial  O atom and downshifts  the  Fe d-band center,
thereby  weakening  the  adsorption  of  oxygen-containing
intermediates  and  achieving  a  balanced  adsorption-desorption
state. The synergy between axial coordination and heterointerface
engineering markedly boosts ORR catalytic performance, yielding
a half-wave potential of 0.89 V vs. RHE. In a zinc-air battery, FePc-
Mn3O4-CNTs  delivers  a  high  power  density  (171.81  mW·cm–2)
and  stable  operation  exceeding  160  h,  demonstrating  strong
practical  potential.  Despite  these  promising  results  in  alkaline
media,  the  catalyst’s  performance  and  stability  in  acidic  media
remain to be optimized in future work.  Moreover,  further efforts
should  be  directed  toward  simplifying  the  synthesis  process  to
evaluate  its  feasibility  for  large-scale  production,  thereby
facilitating  the  practical  deployment  of  this  molecular  design
strategy.  This  work  introduces  a  synergistic  approach  combining
axial  coordination  engineering  and  heterojunction  design,
advancing the development of efficient Fe-N-C molecular catalysts
for zinc-air batteries.
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