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A B S T R A C T

Fe-N-C materials with Fe-Nx coordination sites are promising to replace the state-of-the-art Pt-based electro-
catalysts for oxygen reduction reaction (ORR) due to high activity and low cost although there is still debate on
its activity origin. Herein, we develop a strategy to investigate the role of iron species in Fe-N-C nanohybrids for
catalysing ORR by delicately tuning the iron chemical state. By engineering peripheral substituents of iron
porphyrin precursors, two Fe-N-C nanohybrids with metallic or oxidized iron species inside are achieved while
holding the similar catalyst structure. Systematic experiments and theoretical analysis discover that metallic iron
species promote the electrocatalytic activity of Fe-Nx sites for ORR, while oxidative ones inhibit O2 adsorption on
Fe-Nx sites, decreasing their ORR activity. This finding sheds light on unravelling the activity origin in Fe-N-C
electrocatalysts for ORR towards their applications in energy devices.

1. Introduction

The sluggish oxygen reduction reaction (ORR) limits the efficiency
of the next-generation clean energy devices such as fuel cells and metal-
air batteries [1]. Platinum-based materials are the state-of-the-art
electrocatalysts for ORR. However, their prohibitive cost, small reserve,
and low methanol tolerance have hampered their commercialization
[2]. Much efforts have therefore been done on the development of
highly efficient non-precious metal (NPM) catalysts for ORR [3–6].

Among all kinds of NPM catalysts, Fe-N-C materials with Fe-Nx

coordination sites have attracted much attention due to their promising
catalytic performance for ORR in both acid and alkaline media. Gewirth
gave a detailed review about the progress in the synthesis and char-
acterization of Fe-N-C catalysts recently [7]. Although ORR process
may differ on Fe-N-C materials in different media, it is suggested that
Fe-Nx site is involved in the ORR initiation process of O2 adsorption in
different pH [8,9]. The various strategies have been developed to in-
corporate Fe-Nx sites to improve the activity of Fe-N-C catalysts
[10–16]. Most of them focused on the pyrolysis of the mixture of iron,

nitrogen, and carbon sources, resulting in multiple complex active
components besides Fe-Nx coordination sites, such as N-doped carbon,
metallic Fe/Fe3C nanoparticles, oxidative FeOx nanoparticles, or FeNx

nanoparticles etc [17–23]. Such complex structure made it difficult to
get insight into the role of each component in catalysing ORR, thus the
exact activity origin in Fe-N-C catalysts is still unclear [24–30]. The
catalysts with N-doped carbon and Fe-Nx coordination sites have de-
monstrated the good activity for ORR [31,32]; however together with
Fe-based nanoparticles they usually exhibited the enhanced activity
[23,33–37]. In order to understand how these species work, the delicate
design is essential but still challenging to well control the state of Fe
species in the catalysts while keep the morphology and structure un-
affected.

In this work, we came up with to use iron porphyrins with well-
defined Fe-N4 sites and tunable substituents as precursors to synthesize
Fe-N-C catalysts with Fe-Nx sites and iron-based nanoparticles. The iron
chemical states of nanoparticles could be controlled by simply en-
gineering the porphyrin substituents. Cyano group brought metallic Fe/
Fe3C nanoparticles in the catalyst (denoted as Fe(0)@FeNC), while
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aldehyde group induced oxidative Fe3O4 nanoparticles in the catalyst
(denoted as Fe3O4@FeNC). It was interestingly discovered that the
former enhanced the ORR activity of Fe-N-C catalysts while the latter
poisoned the activity. Benefiting from the promotion effect of metallic
Fe/Fe3C nanoparticles, Fe(0)@FeNC exhibited superior ORR activity
with a half-wave potential of 26mV more positive than commercial Pt/
C. When used as the cathode of Zinc-air battery, it outputs a peak power
density of 113mW cm–2, 32mW cm–2 higher than Pt/C cathode.
However, the half-wave potential of Fe3O4@FeNC for ORR is 204mV
lower than that of Fe(0)@FeNC due to the adverse effect from Fe3O4

nanoparticles and the less amount of Fe-Nx sites.

2. Experimental Section

2.1. Synthesis of 5,10,15,20-tetra(4-cyanidephenyl) porphyrin (TPP-CN)

The TPP-CN was obtained through solvothermal reaction between
p-cyanobenzaldehyde and pyrrole. Typically, 10mmol p-cyano-
benzaldehyde was dissolved in 50mL propanoic acid and sonicated for
several minutes to form a transparent suspension, followed by injecting
10mmol (0.63mL) pyrrole rapidly. The suspension was transferred into
a Teflon-lined stainless-steel autoclave and heated at 150 °C for 8 h. The
purple precursor (TPP-CN) was collected after filtering, washing by
ethanol and drying at 60 °C overnight.

2.2. Synthesis of Fe(0)@FeNC catalysts

Firstly, multi-walled carbon nanotubes (CNTs) were refluxed in
60mL HNO3 for 10 h to remove metal and impurities and to make CNTs
more dispersible in water. In a typical synthesis, 214mg pretreated
CNTs, 214mg TPP-CN and 600mg iron chloride tetrahydrate were
dispersed in 60mL N,N-dimethylformamide (DMF). The mixture was
stirred and refluxed at 100 °C for 12 h under N2 atmosphere. 50mL of
water was then added to produce black precipitate, which was sepa-
rated by filtering, drying at 60 °C overnight. Subsequently, the black
powders were placed into a quartz tube and heated to a pyrolysis
temperature of 700 °C for 2 h at a rate of 5 °Cmin–1 under N2 atmo-
sphere. The product is named as Fe(0)@FeNC.

2.3. Synthesis of Fe3O4@FeNC catalyst

5,10,15,20-tetra(4-formylphenyl) porphyrin (TPP-CHO), was used
to replace TPP-CN while other synthetic condition was kept same as
that for Fe(0)@FeNC. The obtained catalyst is named as Fe3O4@FeNC.

2.4. Synthesis of NC catalyst

For comparison, NC catalyst was prepared under the same condition
for synthesizing Fe(0)@FeNC except for no addition of iron chloride.

2.5. Material characterizations

The crystalline phases of the samples were characterized by X-ray
powder diffraction (XRD) using an X-ray diffractometer with Cu Kα
radiation. The morphologies and elemental compositions of the samples
were characterized by transmission electron microscopy (TEM, JEM-
2100UHR, Japan) equipped with an energy dispersive X-ray spectro-
scopy (EDS). Raman spectra were measured on a Renishaw DXR Raman
spectroscopy system with a 532 nm laser source. X-ray photoelectron
spectroscopy (XPS, Thermo Scientic ESCALab250Xi) was used to ana-
lyze the chemical states of elements on the samples surface. The binding
energies for all spectra were calibrated with respect to C 1 s line at
284.8 eV. Spectra were fitted with Lorentzian-Gaussian functions and
smart background using Thermo Avantage software. The specific sur-
face area was determined by nitrogen adsorption/desorption mea-
surement on a Micromeritics ASAP 2050 America at 77 K. Before

measurements, the samples were degassed in a vacuum at 60 °C for at
least 6 h. The Mössbauer spectra were obtained in transmission mode
with a 57Co source in a rhodium matrix. The Mössbauer spectrometer of
the electromechanical type was fixed absorber and operated source on
constant-acceleration mode, which was calibrated by using an α-Fe foil.
Mössbauer spectra were fitted via least squares method, providing the
values of isomer shift, electric quadrupole splitting, and relative area of
Fe ions.

2.6. Electrochemical measurements

All electrochemical measurements were conducted on RRDE-3A
(ALS, Japan) device connected with CHI 760E Bipotentiostat (CH
Instruments). All electrochemical tests were performed in a three
electrode system. Glassy carbon electrode, Ag/AgCl electrode and Pt
column were used as working electrode, reference electrode, and
counter electrode, respectively. For the preparation of catalyst ink,
2 mg as-prepared catalyst was dispersed in a mixed solution of 800 μL
ethanol and 5 μL 5wt% Nafion. To evaluate the non-precious catalyst in
this work, 15 μL ink was loaded on the glassy carbon electrode to
produce catalyst loading of 300 μg cm–2. For comparison, 2.5mgmL−1

commercial Pt/C (Johnson Matthey, 20 wt % Pt) catalyst ink was pre-
pared by the similar procedure and Pt/C catalyst was tested at Pt
loading of 20 μg cm−2. Before each ORR test, the electrolyte was pur-
ging with O2 at least for 30min. The CV curves were recorded in the
potential range of -1 V to 0.2 V at 50mV s-1 in O2- or N2-saturated 0.1M
KOH solution. The LSV curves were recorded in the potential range of
0.1 V and -0.8 V at 10mV s−1 in O2-saturated electrolyte. The rotation
speed of working electrode for LSV recording is 1600 rpm. The stability
tests were conducted at constant voltage of 0.5 V for 10 h in O2-satu-
rated electrolyte. For methanol crossover measurements, the current
was recorded at constant voltage of 0.5 V and 0.1M methanol were
injected into the electrolyte at around 300 s.

The transfer electron number (n) was calculated by the
Koutechy–Levich (K–L) equation:

= + = +
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Where JK, and J are the measured current density, the kinetic current
density, and diff ;usion limiting current density, respectively, ω is the
rotation rate, n is the number of transferred electron per oxygen mo-
lecule, F is the Faraday constant (F= 96485 Cmol–1), C0 is the con-
centration of O2 in 0.1M KOH (1.2× 10−3 mol L-1), D0 is the diff ;usion
coefficient of O2 in 0.1M KOH (1.93×10–5 cm2 s1), ϑ is the kinetic
viscosity of the electrolyte in 0.1 M KOH solution (0.01 cm2 s–1).

All the potentials are given versus reversible hydrogen electrode
(RHE) according to the following equation:

E (vs. RHE)=E (vs. Ag/AgCl)+ 0.059*pH

2.7. Zinc-air battery evaluation

Zinc-air battery was constructed in a configuration of home-built
electrochemical cell, where the Fe(0)@FeNC catalyst was loaded on a
gas diffusion layer (Teflon-coated carbon fiber paper with a catalyst
loading of 2.0mg cm−2) as air cathode and Zn foil was used as anode
and 6.0M KOH as electrolyte. Commercial Johnson-Matthey Pt/C with
20wt.% Pt loading was also used for comparison with a catalyst loading
of 1.0 mg cm−2. All Zn-air batteries were tested under the same ex-
perimental conditions.

2.8. Density functional theory (DFT) calculation

The calculations were performed with VASP package [38,39]. The
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exchange-correlation interaction was described by PBE functional, and
the PAW method was used for ion-electron interaction. A p(6× 6)
graphene with a vacuum layer of 18 Å was used to modeled the Fe
embedded material, where six carbon atoms were substituted by one Fe
and four N atoms (Fig. S1). The functionality of metallic Fe/Fe3C was
described by a Fe add-atom adsorbed on the graphene, which was
adopted from our previous report [33]. The functionality of oxidative
iron oxide was investigated by a Fe1O1 adsorbed model and a Fe2O3

adsorbed model to verify the effects on different number of Fe and
different valence of Fe. The plane wave basis set of 520 eV with a
3× 3×1K-point mesh was used in all calculations. All atoms were
allowed to relax in the geometry optimization until the force on each
atom was less than 0.05 eV/Å. And the coverage criterion of energy is
10−5 eV in the calculations.

3. Results and Discussion

3.1. Preparation and characterizations

As shown in Scheme 1, 1,5,10,15,20-tetra(4-cyanidephenyl) iron
porphyrin with cyano (TPP-CN-Fe) and aldehyde (TPP-CHO-Fe) sub-
stituents were firstly coated on carbon nanotubes (CNTs), followed by
pyrolysis at 700 °C (See Experimental Section and Fig. S2 for details).
The optimal pyrolysis temperature of 700 °C was selected by measuring
the electrochemical performance of products (Fig. S3 for details). After
pyrolysis, the samples with iron-containing nanoparticles in different Fe
chemical states were obtained. The X-ray diffraction (XRD) patterns
(Fig. 1a) shows that the sample pyrolyzed from TPP-CHO-Fe coated
CNTs exhibits the typical diffraction peaks of Fe3O4 apart from the
diffraction of graphitic carbon at 26°. No other peaks are observed. This
result indicates the product contains crystallized Fe3O4, which should
be resulted from the reaction of iron and oxygen in aldehyde groups.
The sample pyrolyzed from TPP-CN-Fe coated CNTs displays the typical
diffraction from metallic Fe and Fe3C. Transmission electron micro-
scopy (TEM) images (Fig. 1b and c) show that two samples share the
similar morphology of carbon nanotubes with nanoparticles in dark
contrast. High-resolution TEM (HRTEM) image (inset in Fig. 1b) in-
dicate that the nanoparticles in Fe(0)@FeNC are encased by carbon
layers. The continuous lattice fringes with a distance of 0.201 nm is well
consistent with the d-spacing of (031) planes of Fe3C or (110) planes of
Fe. Together with XRD result, it suggests the nanoparticles in Fe(0)@
FeNC are metallic Fe or Fe3C. While HRTEM image (inset in Fig. 1c) of a
nanoparticle in Fe3O4@FeNC displays the lattice fringes with a distance
of 0.25 nm, which can be well assigned to the d-spacing of (311) planes
of Fe3O4. The result corroborates the nanoparticles in Fe3O4@FeNC are
Fe3O4, agreeing with XRD pattern. The statistical analysis shows that
the average size of nanoparticles in Fe(0)@FeNC is about 35 nm and

that in Fe3O4@FeNC is around 33 nm (Fig. 1d–e). These results reveal
that the chemical state of iron-containing nanoparticles in porphyrin-
derived Fe-N-C nanohybrids can be modulated through substituent
engineering of iron porphyrin while keeping the similar product mor-
phology.

Moreover, the energy dispersive spectroscopic (EDS) elemental
mapping images (Fig. S4) disclose that elemental Fe and N distribute
uniformly besides Fe-based nanoparticles, implying Fe-Nx coordination
sites may exist. To get further insight of such sites, 57Fe Mössbauer
spectroscopy, a technique sensitive to the chemical environment of iron
element, was carried out on Fe(0)@FeNC and Fe3O4@FeNC at 298 K. As
shown in Fig. 1f-g, the spectrum of Fe(0)@FeNC can be well fitted to
one singlet δ=-0.09mm s-1), one doublet (δ=0.33mm s–1), and one
sext δ=-0.02mm s1) structures, corresponding to super paramagnetic
iron (Fe or Fe3C) [40]. Fe-N4 coordination center [41], and α-Fe, re-
spectively [27]. The spectrum of Fe3O4@FeNC sample can be split to
one doublet and two sexts. The doublet (δ=0.48mm s1) could be as-
signed to Fe-N4 [42]. and two sexts (δ=0.3mm s–1 and 0.58mm s–1)
are assigned to Fe3O4 [43]. These results corroborate the existence of
Fe-N4 coordination sites in both Fe(0)@FeNC and Fe3O4@FeNCcata-
lysts. The fitting results are summarized in Table S1-S2.

3.2. Electrochemical measurements

The electrocatalytic activities of the samples for ORR were firstly
evaluated by CV tests in N2 and O2 saturated 0.1 M KOH. For com-
parison, the sample without Fe (denoted as NC) was also prepared in
parallel using the same procedure as Fe(0)@FeNC except for no addi-
tion of iron source. Both EDX and XPS spectra verify the absence of iron
element in NC (Fig. S5). It is clearly seen that onset potential of NC,
Fe3O4@FeNC, and Fe(0)@FeNC is 0.901, 0.816, and 0.946, respectively
(Fig. S6a). The most positive onset potential of Fe(0)@FeNC suggests its
highest ORR electrocatalytic activity. The activities were further eval-
uated on rotation disk electrode (RDE) at a rotation of 1600 rpm. As
shown in Fig. 2a, Fe(0)@FeNC exhibits the most positive half-wave
potential of 0.852 V, which is 26mV higher than commercial Pt/C
catalyst (20 wt.% Pt). When oxidative iron species are present in the
catalyst, Fe3O4@FeNC shows severely degraded catalytic activity for
ORR in terms of much lower half-wave potential of 0.648 V, even ne-
gative than 0.776 V of NC catalyst. The catalytic activity of Fe(0)@
FeNC significantly decreases in terms of negatively shifted onset po-
tential and lowered limiting current density without addition of CNT
(Fig. S7), indicating that CNT may be capable of facilitating the electron
transfer of ORR process. The Tafel slope of ORR on Fe(0)@FeNC is
determined to be about 72mV dec–1 (Fig. S8), which is close to the
theoretical value of 60mV dec–1. This result indicates that the transfer
of the first electron is probably the rate-determining step in ORR

Scheme 1. Schematic illustration of the preparation of Fe(0)@FeNC and Fe3O4@FeNC catalysts.
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catalyzed by Fe(0)@FeNC [44]. However, the half-wave potential of Fe
(0)@FeNC for ORR in 0.5 M H2SO4 is around 100mV lower than that of
Pt/C catalyst (Fig. S9). The catalytic durability for ORR was in-
vestigated by chronoamperometric measurements as shown in Fig. 2b.
After 10 h of successive tests, Fe(0)@FeNC reserves 84% of original
current. In contrast, Pt/C exhibits ˜50% of current loss under the same
condition. Besides, the long-term stability of catalyst was also assessed

using the accelerated durability text protocol from the US Department
of Energy by cycling the catalysts between 0.6 and 1.0 V at 50mV s–1

under O2 atmosphere. After 5000 continuous cycles, the half-wave
potential of ORR on Fe(0)@FeNC negatively shift by about 33mV,
much smaller than 104mV on Pt/C (Fig. S10). The methanol test in-
dicates that Fe(0)@FeNC shows a much better tolerance to methanol
poisoning than Pt/C (Fig. S11). These results suggest the good stability

Fig. 1. (a) XRD patterns of Fe(0)@FeNC and Fe3O4@FeNC. TEM images (b, c) and statistical analysis on particle size (d, e) of Fe(0)@FeNC (b, d) and Fe3O4@FeNC (c,
e). The insets in (b) and (c) are HRTEM images of a Fe/Fe3C and Fe3O4 nanoparticle, respectively. (d) Fe/Fe3C particle size and (e) Fe3O4 particle size in Fe3O4@
FeNC. (g, h) 57Fe Mössbauer spectra of Fe(0)@FeNC (f) and Fe3O4@FeNC (g).

Fig. 2. (a) LSV curves of Fe3O4@FeNC, Fe(0)@FeNC, NC, and Pt/C for ORR. (b) Chronoamperometric responses of Fe(0)@FeNC and Pt/C. LSV curves of (c) Fe(0)@
FeNC and Fe(0)@FeNC_AL, (d) Fe3O4@FeNC and Fe3O4@FeNC_AL for ORR. All measurements were carried out in O2-saturated 0.1M KOH.
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of Fe(0)@FeNC for ORR. The Fe3O4@FeNC also exhibits the good me-
thanol tolerance (Fig. S12a), similar to Fe(0)@FeNC. However, chron-
oamperometric response shows the fast decay of current density, in-
dicating much lower stability of Fe3O4@FeNC than Fe(0)@FeNC (Fig.
S12b). The electron transfer number (n) for catalyst Fe(0)@FeNC,
Fe3O4@FeNC, and NC, were calculated to be 3.78, 3.29, and 3.41 at
0.5 V (Fig. S6b and Fig. S13), corresponding to the H2O2 yield of 11%,
35%, and 29% (Fig. S14), respectively. The n value close to 4 for Fe(0)
@FeNC implies that a four-electron pathway dominates the ORR pro-
cess on the catalyst.

It is obvious that Fe(0)@FeNC exhibit significantly better ORR ac-
tivity than Fe3O4@FeNC although they have similar morphology and
the latter has a slightly larger surface area (240 vs 296m2/g, Fig. S15).
This could be caused by the difference in two aspects: the state of na-
noparticles and the state of Fe-Nx sites. The influence of different na-
noparticles on the activity was first investigated by the leaching ex-
periments. Fe(0)@FeNC and Fe3O4@FeNC were leached in 1M HCl at
85 °C for 12 hours to remove metallic and oxidative species. The acid
leached samples are labelled as Fe(0)@FeNC_AL and Fe3O4@FeNC_AL,
respectively. As shown in Fig. S16, only the diffractions from carbon are
observed in XRD patterns of both samples after the leaching. Almost no
Fe/Fe3C and Fe3O4 nanoparticles are found in their TEM images (Fig.
S17). Inductively coupled plasma mass spectrometry (ICP-MS) result
shows that the iron content in these two catalysts is about 0.5 and
0.4 wt%, respectively. These results confirm that Fe/Fe3C and Fe3O4

nanoparticles are basically removed. The electrochemical measure-
ments show the opposite trend in activity change before and after the
leaching for the two catalysts. The onset (0.910 vs. 0.946 V) and half-
wave potentials (0.799 vs. 0.852 V) of Fe(0)@FeNC_AL become more
negative than Fe(0)@FeNC (Fig. 2c), indicating the appreciable de-
gradation of ORR activity after leaching. This suggests that Fe/Fe3C
nanoparticles promote the ORR process and enhance the ORR activity,
agreeing with previous study [33]. However, after leaching out Fe3O4

nanoparticles, the catalytic activity of Fe3O4@FeNC_AL is improved in
terms of 63mV positive shift of onset potential compared with Fe3O4@
FeNC. This result implies that the presence of oxidative Fe3O4 nano-
particles is unfavourable for ORR, which is completely different from
the effect of metallic Fe/Fe3C nanoparticles.

It is reported that Fe-Nx sites normally dominate the ORR activity in
Fe-N-C catalysts [45,46]. To understand the active sites in our catalysts,
the poisoning experiments were carried out on both Fe(0)@FeNC and
Fe3O4@FeNC by adding SCN– to block Fe-Nx sites. The electrochemical
results disclose that the ORR activity for both catalysts significantly
decrease after the addition of SCN– (Fig. S18), indicating the ORR
process should mainly occur on Fe-Nx sites. After leaching out the na-
noparticles, the similar activity degradation for these two catalysts is
observed (Fig. S18), suggesting the Fe-Nx sites survive well during
leaching and act as catalytic centers for ORR. Together with the results
in leaching experiments, it can be inferred that the metallic Fe/Fe3C
nanoparticles can accelerate ORR process on Fe-Nx sites via the fa-
vourable electronic interaction, while oxidative Fe3O4 species may re-
tard ORR process on Fe-Nx sites, leading to reverse effects on ORR ac-
tivity.

3.3. Theoretical calculations and catalytic mechanism

To get further insight on the interaction between Fe species and Fe-
Nx sites for ORR, density functional theoretic (DFT) calculations were
conducted. The model structures of bare Fe-Nx moiety (FeNC), metallic
iron modified Fe-Nx moiety (Fe@FeNC), and oxidative iron modified
Fe-Nx moiety (Fe1O1@FeNC and Fe2O3@FeNC) are shown in Fig. 3a–d
and Fig. S1. The first electron transfer during the adsorption of oxygen
molecule is the rate-determining step for ORR on Fe-Nx sites. The ad-
sorption energy of O2 (Ead) on various model structures are given in
Fig. 3e. It can be clearly seen that Ead on Fe@FeNC increases compared
with bare FeNC structure after the modification of metallic iron. This

result suggests metallic iron favours the adsorption of O2 on Fe-Nx sites.
On the contrary, the Ead decreases on Fe1O1@FeNC and further de-
crease on Fe2O3@FeNC, indicating oxidative iron species disfavour the
adsorption of O2 on Fe-Nx sites. These DFT results are well consistent
with the measured electrochemical results.

Moreover, it is noted that the ORR activity of Fe3O4@FeNC_AL is
also inferior to Fe(0)@FeNC_AL in terms of negative half-wave potential
and lower limiting current density after leaching out the nanoparticles
to exclude their influences (Fig. S19). This difference should be ascribed
to the variation on the amount of Fe-Nx sites. X-ray photoelectron
spectroscopic (XPS) analyses disclose that the nitrogen content in Fe(0)
@FeNC is larger than that in Fe3O4@FeNC (2.68 vs. 1.19 at.%, Table
S3). This could originate from the formation of volatile NOx species
during pyrolysis in the presence of O species, leading to the decrease of
N content. The deconvoluted XPS signals for Fe-Nx unveil ˜55% de-
crease of Fe-Nx sites in Fe3O4@FeNC vs. Fe(0)@FeNC (Fig. S20). This
result also suggests that ORR activity is proportion to the amount of Fe-
Nx sites, corroborating it is responsible for ORR activity.

3.4. Zinc-air batteries

Inspired by the impressive catalytic activity of Fe(0)@FeNC for
ORR, a laboratory Zn-air battery was constructed to explore the po-
tential application in practical energy devices. As schematically shown
in Fig. 4a, the battery is composed of Fe(0)@FeNC or commercial Pt/C
(20 wt.% Pt) on carbon paper as cathode, Zn foil as anode, and 6M KOH
as electrolyte. It can be seen in Fig. 4b that the Zn-air battery with Fe(0)
@FeNC cathode continuously outputs an open-circuit potential of
1.48 V. It is only 50mV smaller than that with Pt/C cathode, suggesting
its good catalytic performance. The power density for Fe(0)@FeNC
reaches about 113mW cm2 at around 190mA cm–2 (Fig. 4c), which
outperforms Pt/C cathode (81mW cm–2). Furthermore, when galva-
nostatically discharged at a current density of 5mA cm–2, the voltage of
the battery with Fe(0)@FeNC cathode overlaps with that with Pt/C
cathode, indicating the comparable durability at battery operation
(Fig. 4d). These results demonstrate the superior catalytic activity and
durability of Fe(0)@FeNC as non-precious cathode in practical Zn-air
battery.

4. Conclusion

In summary, in order to unravel the effect of Fe chemical state in Fe-
N-C nanohyhybrids on ORR activity, two iron porphyrins with different
groups (cyano or aldehyde) in periphery have been designed to produce
metallic Fe/Fe3C or oxidative Fe3O4 nanoparticles inside Fe-N-C cata-
lysts while keeping the similar morphology and structures. 57Fe
Mössbauer spectra, XPS, and EDS mapping results together with poi-
soning experiments suggest that Fe-Nx sites exist and dominate ORR
activity. Leaching experiments reveal that metallic Fe/Fe3C nano-
particles promote ORR on Fe-Nx sites, while oxidative Fe3O4 nano-
particles slow down ORR on Fe-Nx sites. The results also indicate that
Fe-Nx sites can survive well under the leaching condition and pro-
portionally correlate with ORR activity of Fe-N-C catalysts. DFT cal-
culations demonstrate that metallic iron favours the absorption of O2

molecule on near Fe-Nx sites but oxidative iron inhibits it, agreeing with
the electrochemical results. Benefiting from the superior ORR activity
of Fe(0)@FeNC, a Zinc-air battery with Fe(0)@FeNC cathode demon-
strates a high power density of 113mW cm–2 at 190mA cm–2. These
findings give new insights into the activity origin in Fe-N-C catalysts,
opening a path for rationally designing highly active ORR electro-
catalysts for diverse applications.
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Fig. 3. Optimized structure of O2 adsorbed on (a) bare FeNC, (b) Fe@FeNC, (c) Fe1O1@FeNC, and (d) Fe2O3@FeNC. (e) Absorption energy of O2 on bare and
modified FeNC structures.

Fig. 4. (a) A schematic diagram of primary Zn-air battery. (b) Time-dependent open-circuit potential, (c) polarization curves (solid lines) and corresponding power
density (dashed lines) plots, and (d) long-time discharge curves of batteries at 5 mA cm–2 using Fe(0)@FeNC and Pt/C catalysts as cathodes.
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