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It is still a grand challenge to develop a highly efficient nonprecious-
metal electrocatalyst to replace the Pt-based catalysts for oxygen
reduction reaction (ORR). Here, we propose a surfactant-assisted
method to synthesize single-atom iron catalysts (SA-Fe/NG). The half-
wave potential of SA-Fe/NG is only 30 mV less than 20% Pt/C in
acidic medium, while it is 30 mV superior to 20% Pt/C in alkaline
medium. Moreover, SA-Fe/NG shows extremely high stability with
only 12 mV and 15 mV negative shifts after 5,000 cycles in acidic and
alkaline media, respectively. Impressively, the SA-Fe/NG-based acidic
proton exchange membrane fuel cell (PEMFC) exhibits a high power
density of 823 mW cm−2. Combining experimental results and
density-functional theory (DFT) calculations, we further reveal that
the origin of high-ORR activity of SA-Fe/NG is from the Fe-pyrrolic-N
species, because such molecular incorporation is the key, leading to
the active site increase in an order of magnitude which successfully
clarifies the bottleneck puzzle of why a small amount of iron in the
SA-Fe catalysts can exhibit extremely superior ORR activity.

single-atomic iron catalysts | oxygen reduction reaction | Fe-pyrrolic-N
moieties | N-doped porous carbons | density-functional theory

To meet the clean energy requirements in the future, the acidic
proton exchange membrane fuel cell (PEMFC) and recharge-

able metal–air battery with high energy densities have been con-
sidered as the most promising vehicle power suppliers (1). The
oxygen reduction reaction (ORR) plays a key role in the PEMFC
and metal–air battery, because the rate of ORR in cathode is
several orders slower than hydrogen oxidation reaction in anode
and they severely rely on the precious Pt-based catalysts, which
extremely hinders their commercial applications (2, 3). Therefore,
development of highly active nonprecious metal ORR catalysts is
of significant importance to boost their applications (4, 5).
Previous investigations indicate that the iron and nitrogen-

codoped porous carbons are one of the most promising ORR cat-
alysts (6, 7). Currently, the ORR performance of most Fe-N-C
catalysts exceeds commercial 20% Pt/C in alkaline conditions but
are still less by about 60 mV than Pt/C in acidic conditions (2, 3, 5,
8), which is attributed to the different states of the active sites in
acidic and alkaline conditions (9). Unfortunately, there are still
many difficulties in the design of refined metal-N-C configuration
since the transitional-metal–containing precursors can easily turn
into uncontrollable metal clusters at a high temperature, leading to
a relatively weak catalytic activity and hindering the profound un-
derstanding of the active sites (10). Compared with metal-clusters–
doped catalysts, metallic single-atom catalysts (SACs) provide the
maximum atomic efficiency, and possess the refined M-N-C con-
figuration (M = Fe, Co, and Ni, etc.) and the strong interaction
between single atom (SA) and supports, which offers an ideal model
to develop the highly efficient catalysts and further explore the or-
igin of high catalytic activity (11–15). Most recently, several research
groups have successfully synthesized SACs and the configurations of
the active sites were determined by the precise characterization (6,
12, 16–28). However, the origin of high ORR activity of SACs is
indefinite, and the effect of the coordination of single-atom and the
different N species on the ORR activity is yet unclear (29, 30).

Therefore, revealing the origin of high-ORR activity of SACs is
extremely significant for development of highly efficient catalysts.
Here we report a surfactant-assisted method to synthesize the SA

Fe catalysts supported on nitrogen-doped graphitic carbons (marked
as SA-Fe/NG). SA-Fe/NG exhibits extremely outstanding ORR
activities in acidic and alkaline media. Moreover, the SA-Fe/NG-
based acidic PEMFC exhibits a high power density of 823 mW cm−2,
which indicates that SA-Fe/NG is among the rank of excellent
nonprecious-metal ORR catalysts. By combining experimental re-
sults and density-functional theory (DFT) calculations, we further
reveal that the origin of high-ORR activity of SA-Fe catalysts is from
the Fe-pyrrolic-N species, because such molecular incorporation
leads to the increase of active sites in an order of magnitude, i.e.,
creating an Fe atom and eight C atom active sites next to pyrrolic N,
which opens an approach for developing not only the excellent ORR
catalysts but also other heterogeneous catalysts.

Results and Discussion
The surfactant-assisted synthesis process of the SA-Fe/NG is shown
in Fig. 1A, in which the SA-Fe/NG sample can be obtained by py-
rolyzing the layered-like precursor formed by Fe-loaded F127 [F127
is a water-soluble surfactant of polyoxyethylene–polyoxypropylene–
polyoxyethylene (PEO-PPO-PEO)] and g-C3N4 (Fig. 1A and SI
Appendix, Fig. S1). To highlight the importance of surfactant in the
synthesis, Fe/NG sample was also prepared by the same process but
without the addition of surfactant F127.
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We propose a surfactant-assisted method to synthesize single-
atom iron catalysts (SA-Fe/NG) supported on nitrogen-doped
graphitic carbons, and experimentally demonstrated that the
SA-Fe/NG catalyst possesses extremely outstanding catalytic
activities for oxygen reduction reaction (ORR) in both acidic and
alkaline media. Impressively, both the SA-Fe/NG-based acidic
proton exchange membrane fuel cell and Zn-air battery show
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density-functional calculations, we reveal that the origin of high-
ORR activity of SA-Fe/NG is from the Fe-pyrrolic-N4 active spe-
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tended to synthesis of other single-atom catalysts, and unveiling
the origin of high-ORR activity of SA-Fe/NG will open an ap-
proach for developing other heterogeneous catalysts.
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The SEM and transmission electron microscopy (TEM) images
(Fig. 1 B and C) show that SA-Fe/NG is the graphene-like structure
without Fe aggregation, which is also verified by powder X-ray
diffraction (PXRD) (Fig. 1D), where SA-Fe/NG shows only one
broad carbon peak at ∼26°and no other sharp peaks of crystalline
metallic Fe and/or Fe compounds. The importance of F127 might
be related to the extension of surface area and therefore less ag-
glomeration (and carbide formation), which may be the origin of
larger site density of samples. However, the elemental mapping
(SI Appendix, Fig. S2) and X-ray photoelectron spectroscopy
(XPS) (Fig. 1E and SI Appendix, Table S1) exhibit the presence of
Fe element in SA-Fe/NG, which means that Fe may be atomically
dispersed on N-doped graphitic carbons. The high-resolution Fe
2p spectrum of SA-Fe/NG shows two peaks at 710.8, 713.7, 719.3,
and 724 eV corresponding to Fe 2p2/3 and Fe 2p1/2 (SI Appendix,
Fig. S3A) (31), and no peak between 700 and 710 eV is assigned to
zero-valence iron, indicating that the iron atom is mostly co-
ordinated with the surrounding nitrogen atoms. However, without
surfactant addition, Fe/NG exhibits well-defined diffraction peaks
associated with Fe-based carbides (Fig. 1D and SI Appendix, Fig.
S4), where these Fe-based carbide clusters cannot be etched by
acid (19). The high-resolution N 1s spectrum (SI Appendix, Fig.
S3B) can be fitted into three peaks at 398.4, 400.1, and 401.0 eV,
corresponding to pyridinic N, pyrrolic N/Fe-N, and quaternary N,
respectively (32). The XPS data indicate that the contents of total
nitrogen and pyrrolic N/Fe-N of SA-Fe/NG are greatly higher than
Fe/NG (SI Appendix, Figs. S3B and S5 and Table S1). The possible
reason is that the addition of F127 effectively prevents the loss of
nitrogen, due to the formation of Fe-loaded F127 nanosheet by
the electrostatic interaction. Moreover, SA-Fe/NG possesses ap-
parently larger Brunauer–Emmett–Teller-specific surface area
and pore volume than Fe/NG (SI Appendix, Fig. S6 and Table S2).
Obviously, the surfactant-assisted synthetic strategy is an effective
and facile method to prepare SACs, because the Fe-doped sur-
factant F127 sheets tightly anchor on g-C3N4 substrate so that the
Fe can easily coordinate with nitrogen in the pyrolysis process.
Meanwhile, the Fe clusters formed on the surface can be easily
removed by pickling (SI Appendix, Figs S7 and S8) (33).

The high-angle annular dark-field scanning TEM (HAADF-
STEM) image of SA-Fe/NG (Fig. 2A) exhibits many evenly scattered
bright spots at an atomic scale. The spots are assigned to the iron
atom, which was further confirmed by electron energy loss spectros-
copy (EELS, Fig. 2B). The selected area in Fig. 2C (marked by red
box) was further analyzed by EELS mapping (Fig. 2 D–H), where all
of the elements are uniformly distributed in SA-Fe/NG. The overlay
signals of Fe and N (Fig. 2G) clearly reveal uniform distribution of Fe
and N atoms, suggesting that the Fe is surrounded by N. To confirm
the universality of Fe atom uniform dispersion in SA-Fe/NG, we
selected another region to analyze and found that it still shows a
similar uniform dispersion (SI Appendix, Fig. S9), as expected.
The X-ray absorption near-edge structure (XANES) and ex-

tended X-ray absorption fine structure (EXAFS) were used to ex-
plore metal coordination environment and reveal the presence of
Fe-N-C configuration in SA-Fe/NG. The XANES curves show that
the iron in SA-Fe/NG is more positively charged, compared with Fe
foil and Fe/NG, because a shift to the high energy between 7,110
and 7,125 eV was observed in the spectra of Fig. 2I. As shown in
Fig. 2J, EXAFS curve of SA-Fe/NG exhibits an obvious peak at
about 1.5 Å, which is attributed to the isolated Fe-N (O) bonds,
while Fe/NG is dominated by the peak of Fe-Fe bond at about 2.2 Å
(SI Appendix, Fig. S10), implying that most iron atoms in SA-Fe/NG
form Fe-N (O) moieties. Moreover, the oscillation curves deter-
mined by intrinsic atomic arrangements for SA-Fe/NG and Fe/NG
are inconsistent (SI Appendix, Fig. S11), which confirms that the
atomic coordination of the two samples is obviously different. The
quantitative analysis of the EXAFS data using the IFEFFIT pack-
age (SI Appendix, Fig. S12 and Table S3) indicates that the co-
ordination number N of the SA-Fe/NG is 4.0 with the R factor of
0.00457. The fitting results are listed in SI Appendix, Table S3.
To gain insight into the Fe coordination type (Fe-N or Fe-O) in

the SA-Fe/NG, the Mössbauer spectrum based on the recoil-free
absorption of γ-rays by 57Fe nuclei was performed at 295 K (Fig.
2K). The Mössbauer curves of SA-Fe/NG were fitted with three
doublets (D1, D2, and D3), which are all attributed to Fe-Nx
moieties (16). No sextets and singlet were found in Mössbauer
curves of SA-Fe/NG, meaning no presence of zero-valence iron
crystalline and iron carbide phases in SA-Fe/NG, which is in ex-
cellent agreement with the EXAFS and HAADF-STEM results.
The main difference between these three type sites is their local
coordination environment, i.e., ferrous low-spin Fe-N sites (D1),
two ferrous midspin Pc-type Fe-N (D2), and Porph-type Fe-N (D3),
in which the proportion of D2 is the largest (SI Appendix, Table S4),
suggesting that the most coordination types of iron and nitrogen in
SA-Fe/NG are the analog of iron phthalocyanine structure. The
combination of the Mössbauer spectra and EXAFS analysis defi-
nitely verifies the formation of Fe-N4 moieties in SA-Fe/NG.
Fig. 3A presents the ORR polarization curves of two as-synthesized

samples in 0.5MH2SO4 and 20% Pt/C in 0.1MHClO4 using rotating
ring-disk electrode (RRDE) test (also see SI Appendix, Fig. S13). The
SA-Fe/NG shows an onset potential of 0.9 V [versus reversible hy-
drogen electrode (RHE)] and a half-wave potential of 0.8 V (versus
RHE), which is obviously better than Fe/NG and among the rank of
excellent nonnoble metal catalysts (SI Appendix, Table S5) (5, 28, 34–
43). Obviously, the Fe-N4 moieties in SA-Fe/NG are more efficient
than Fe cluster in Fe/NG for ORR in acidic medium. However, the
half-wave potential of SA-Fe/NG is still slightly lower (∼30 mV) than
20% Pt/C in 0.1 M HClO4 (0.83 V versus RHE) (Fig. 3A).
The kinetic current densities (Jk) of the SA-Fe/NG is 15.6 mA/cm2

at 0.75 V in acidic media, which is almost the same as that of
Pt/C while it is 2.1 times of Fe/NG (SI Appendix, Fig. S14). The
SA-Fe/NG also displays a small Tafel slope (77 mV/dec) in acidic
media (Fig. 3B), which is better than 20% Pt/C (104 mV/dec) and
Fe/NG (98 mV/dec), indicating that the SA-Fe/NG possesses
a fast electron transfer rate. The electron transfer number (n) of
SA-Fe/NG is 3.95 at 0.6 V, which was obtained by the Koutecky–
Levich (K-L) equation based on the RDE curves from 400∼ 2,025 rpm
(AFMSRCE rotor; Pine Research Instrumentation) (SI Ap-
pendix, Fig. S13B). Moreover, the n of SA-Fe/NG obtained by
RRDE results is about 3.94 in the range of 0.5 ∼ 0.8 V (SI

Fig. 1. Synthesis illustrations and characterizations of SA-Fe/NG. (A) Schematic
procedure for the synthesis of SA-Fe/NG catalyst. (B) SEM image (scale bar, 200 nm)
and (C) TEM image of SA-Fe/NG (scale bar, 200 nm) of SA-Fe/NG. (D) PXRD graphs
of g-C3N4, SA-Fe/NG and Fe/NG. (E) XPS spectra of SA-Fe/NG and Fe/NG samples.
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Appendix, Fig. S15), which is almost the same as that of 20% Pt/C
(3.98–3.99) and matches with the ones from the RDE results
mentioned above. Importantly, the percentage of peroxide (HO2

−)
yields of SA-Fe/NG are below 5% in the range of 0.2 ∼ 0.6 V in

acidic condition (Fig. 3C), which is also smaller than Fe/NG
(∼5.80–7.45%). All these observations illustrate that SA-Fe/NG
catalyzes the ORR reaction toward a four-electron pathway in
acidic medium.

Fig. 2. The structure characterizations of SA-Fe/NG at atomic scales. (A) HAADF STEM image of the SA-Fe/NG with iron atom bright points. (Scale bar, 5 nm.)
(B) EELS atomic spectra of Fe element from the bright points, where the Fe was designated by red circle. (C) TEM image of SA-Fe/NG; the red box area in C was
further analyzed by EELS mapping with 4× magnification in D–H. (Scale bar, 200 nm.) (D–H) EELS mapping of carbon, iron, nitrogen, and superimposed iron
and nitrogen and superimposed iron, nitrogen, and carbon for SA-Fe/NG sample. (I) XANES spectra and (J) Fourier transforms of Fe K-edge spectra of SA-Fe/
NG, Fe/NG, and Fe foil. (K) 57Fe Mössbauer spectroscopy of SA-Fe/NG.

Fig. 3. Characterizations of ORR activity in acidic medium. (A) RRDE ORR polarization curves of as-synthesized catalysts in O2-saturated 0.5MH2SO4 and 20%Pt/C in 0.1M
HClO4 with a sweep rate of 5 mV/s. (B) Tafel plots derived from SA-Fe/NG, Fe/NG, and 20% Pt/C in acidic conditions. (C) The percentage proportion of peroxide to the total
oxygen reduction products of SA-Fe/NG, Fe/NG, and 20% Pt/C at different potentials (0.2–0.6 V) in O2-saturated acidic solutions from RRDE. (D) LSV curves of SA-Fe/NG and
before and after 5,000 potential cycles in O2-saturated 0.5 M H2SO4. (E) Methanol resistance of SA-Fe/NG in O2-saturated 0.5 M H2SO4 without and with CH3OH. (F)
Polarization and power density curves of the SA-Fe/NG-based and 20%Pt/C-basedmembrane electrode assemblies in PEMFCs. Test conditions: cathode loading 2.0mg cm−2

for SA-Fe/NG and 0.2 mg Pt cm−2 for 20% Pt/C, anode loading 0.2 mg Pt cm−2, Nafion 211 membrane, 5-cm2 electrode area, 80 °C, 100% relative humidity, 2.5-bar O2/H2.

6628 | www.pnas.org/cgi/doi/10.1073/pnas.1800771115 Yang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1800771115/-/DCSupplemental


The cycling durability tests of SA-Fe/NG and 20% Pt/C cat-
alysts were performed at scanning speed of 1,600 rpm from 0 to
1 V (versus RHE) at scan rate of 50 mV s −1, rotation rate of
1,600 rpm in O2-saturated acidic solutions (AFMSRCE rotor;
Pine Research Instrumentation). Interestingly, the SA-Fe/NG
shows more superior stability (∼8-mV negative shift for half-
wave potential, Fig. 3D) than 20% Pt/C (∼38-mV negative
shift for half-wave potential, SI Appendix, Fig. S16) after 5,000
cycles in acidic medium. Methanol tolerance was investigated by
instantaneously adding 0.3 mL 2 M methanol in acidic medium
(Fig. 3E). After adding methanol, almost no oscillation was ob-
served in SA-Fe/NG system, while it decreases about 30% for
20% Pt/C in the same condition.
The excellent ORR activity of SA-Fe/NG in acidic condition

was further confirmed by the H2-O2 PEMFC measurements. Fig.
3F shows the polarization curve and power density plot of
PEMFC using SA-Fe/NG as cathode catalyst and Pt/C (20%) as
anode catalyst. The SA-Fe/NG catalyst produces a current
density of 0.85 A cm−2 at 0.6 V, and 3.34 A cm−2 at 0.2 V. The
maximum power density of the SA-Fe/NG-based PEMFC rea-
ches 823 mW cm−2, which indicates that SA-Fe/NG is among the
rank of excellent PGM-free catalysts (SI Appendix, Table S6).
The excellent performance of the PEMFC may be attributed to
the easily accessible dense active sites dispersed on nitrogen-
doped carbon nanosheets. The stability test of SA-Fe/NG cata-
lyst was also performed in the PEMFC at 0.5 V with H2/O2
feeding (SI Appendix, Fig. S17). It shows a typical decay behavior
of highly active Fe-N-C catalysts, i.e., a fast decay in the initial
stage followed by a stabilized current density ∼0.25 A cm−2 (44).
SA-Fe/NG possesses not only the excellent ORR performance

in acidic condition, but also the extremely better ORR activity in
alkaline medium, as expected. The half-wave potential of SA-Fe/NG
reaches 0.88 V (versus RHE), which is 30 mV superior to
20% Pt/C (0.85 V, versus RHE) and 62 mV better than Fe/NG in
O2-saturated 0.1 M KOH electrolyte (Fig. 4A). Definitely, the
Fe-N4 moieties in SA-Fe/NG significantly improve its ORR
performance in alkaline medium. Interestingly, SA-Fe/NG also
exhibits an extremely high Jk of 52.4 mA/cm2 at 0.8 V (Fig. 4B), which
is 2.8 and 5.7 times of these of 20% Pt/C (18.7 mA/cm2) and
Fe/NG (9.14 mA/cm2), respectively.
The excellent ORR activity of SA-Fe/NG was also confirmed by

Tafel slope. SA-Fe/NG shows a smaller Tafel slope (82 mV/dec)
than Fe/NG (85 mV/dec) and 20% Pt/C (89 mV/dec) in 0.1 M
KOH (SI Appendix, Fig. S18). This means that the rate-determining
step is the last electron-transfer step in ORR process of SA-Fe/NG,
which is similar to 20% Pt/C. The ORR kinetics of SA-Fe/NG was
also studied by an RDE system at different rotating rates in 0.1 M
KOH (SI Appendix, Fig. S19). The K-L equation calculated n value
of SA-Fe/NG is 3.87–3.96 in the range of 0.5 ∼ 0.8 V based on the
RDE curves (SI Appendix, Fig. S19B). The RRDE test reveals that
the HO2

− yields of SA-Fe/NG in alkaline condition are below 8.6%
in the range of 0.2–0.6 V, which is almost similar to 20% Pt/C (SI
Appendix, Fig. S20). The n of SA-Fe/NG obtained by RRDE results
is 3.83–3.97 in the scanning range of potential (SI Appendix, Fig.
S20), which is consistent with the RDE results. Both the n and
peroxide yields indicate a four-electron pathway of SA-Fe/NG for
ORR in alkaline conditions.
The stability and antimenthol of the samples were also tested. As

expected, the half-wave potential of SA-Fe/NG presents only neg-
ative shift of 9 mV after 5,000 cycles in alkaline solution, which is
more stability than 20% Pt/C (∼37-mV negative shift for half-wave
potential), as shown in SI Appendix, Fig. S21. Moreover, all of the
chronoamperometry tests and cyclic voltammetry and linear sweep
voltammetry (LSV) curves (SI Appendix, Figs. S22 and S23) indicate
that the SA-Fe/NG possesses the extremely stable methanol re-
sistance in alkaline medium.
To evaluate the possible application of SA-Fe/NG, a home-made

Zn-air battery was assembled (SI Appendix, Fig. S24). For compar-
ison, the counterpart with 20% Pt/C as air cathode was also made.
The polarization curves display that the discharging voltage of the
SA-Fe/NG-based Zn-air battery is more positive than the Pt/C-

based battery in the same mass loading of catalyst. SA-Fe/NG–based
battery shows a current density of ∼60 mA/cm2 at 1.0 V while it is
∼45 mA/cm2 at 1.0 V for the 20% Pt/C-based one (Fig. 4C). The
power density peak of SA-Fe/NG–based battery reaches 91 mW/cm2

at 186 mA/cm2, about 1.08 times the 20% Pt/C-based one (84 mW/
cm2 at 164 mA/cm2). This indicates that the SA-Fe/NG catalyst
possesses the highly active sites for ORR, and the porous electrode
prepared from the SA-Fe/NG catalyst is beneficial for efficient mass
transport O2, which contributes to the excellent performance of
SA-Fe/NG–based battery. To evaluate the stability of SA-Fe/NG, a
rechargeable Zn-air battery was assembled. The mixture of SA-Fe/NG
and IrO2 was used as an air catalyst and the coupled 20% Pt/C IrO2
severed as a counterpart. (Fig. 4D). The SA-Fe/NG–based battery
produces the discharging potential of 1.24 V and charging potential
of 1.97 V at 10 mA/cm2. As expected, the discharging potential of
SA-Fe/NG–based battery does not exhibit significant change after
20 h charging/discharging cycle tests (∼30 cycles), whereas the over-
potential (the difference between charging and discharging poten-
tials) of 20% Pt/C-IrO2 increases to 0.81 V from the initial 0.72 V,
which demonstrates the superior durability of the SA-Fe/NG–based
battery. Moreover, the morphology of SA-Fe/NG was well preserved
after a long stability test for Zn-air battery (SI Appendix, Fig. S25).
Recent experiments have verified that the Fe-Nx species in SACs

is more efficient for ORR. However, all previous studies did not
unveil the origin of high-ORR activity of SACs, and one cannot
identify that the active sites are from the Fe-pyridinic-N or Fe-
pyrrolic-N moieties (11, 20, 33). To reveal the origin of high-ORR
activity of SA-Fe/NG, on the basis of the experiments, two models
of Fe@pyridine-N and Fe@pyrrole-N with Fe-N4 coordination
were proposed. For both models, we considered Fe atom and C
atom next to N atom as possible active sites for ORR, namely (i)
Fe@pyridinic N(Fe), (ii) Fe@pyridinic N(C), (iii) Fe@pyrrolic
N(Fe), and (iv) Fe@pyrrolic N(C) (SI Appendix, Fig. S26).
According to electrochemical framework developed by Nørskov

et al. (45) (calculation details were presented in SI Appendix, Figs
S27 and S28 and Tables S7–S9), we first investigated the elec-
trochemical properties of Pt (111), which is commonly consid-
ered as a theoretical model of commercial Pt/C, and calculated
the free-energy diagrams of the four-electron transfer ORR on
Pt(111) in alkaline condition (SI Appendix, Fig. S29A). When the
output potential (URHE) increases from 0 to 0.80 V, the free
energy of the last electron transfer step in the reaction becomes
zero first while the other steps remain downhill, which indicates

Fig. 4. Characterizations of ORR activity in alkaline medium. (A) RRDE ORR po-
larization curves of SA-Fe/NG, Fe/NG, and 20% Pt/C with a sweep rate of 5 mV/s
and electrode-rotation speed of 1,600 rpm in O2-saturated 0.1 M KOH (AFMSRCE
rotor; Pine Research Instrumentation). (B) Kinetic current density of SA-Fe/NG,
Fe/NG, and 20% Pt/C in O2-saturated 0.1 M KOH. (C) Discharging polarization
curves and the corresponding power plots of SA-Fe/NG–based and 20% Pt/C-based
batteries. (D) Cycling performance at the charging and discharging current density
of 10 mA cm−2 of SA-Fe/NG+IrO2–based and 20% Pt/C+IrO2-based batteries.
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that the four-electron transfer ORR cannot proceed spontane-
ously at URHE > 0.80 V since the last step become endothermic
(ΔG > 0). Therefore, URHE = 0.80 V is the onset potential
(Uonset

RHE) of Pt (111), which is in agreement with previous
theoretical works (45). The free-energy paths of four-electron
transfer ORR on Fe@pyridinic N(Fe), Fe@pyrrolic N(Fe),
and Fe@pyrrolic N(C) at URHE = 0 V are shown in SI Appendix,
Fig. S29B. Uonset

RHE and ΔGmax of these catalyst models can be
obtained from SI Appendix, Fig. S29B and Table S10. To un-
derstand the selectivity of ORR catalysts, it is necessary to ex-
plore the competition between the main reaction (i.e., four-
electron transfer ORR toward H2O) and the side reaction (i.e.,
two-electron transfer ORR toward H2O2). The free-energy dia-
gram of four-electron transfer ORR and the two-electron
transfer ORR at URHE = 0.6 V is plotted in SI Appendix, Fig.
S30. ΔGH2O and ΔGH2O2 are reaction free energy of potential-
determining steps of four-electron transfer ORR and two-
electron transfer ORR at URHE = 0.6 V, respectively (SI Ap-
pendix, Table S11). It is noted that any reaction intermediates
(O, OH, and OOH) cannot be adsorbed on Fe@pyridinic N(C)
stably and would diffuse to Fe@pyridinic N(Fe), while the in-
termediates can be adsorbed on Fe@pyrrolic N(C). Therefore,
Fe@pyrrolic N(C) may act as active sites for ORR, while
Fe@pyridinic N(C) cannot. According to previous theoretical
calculations (46–48), the weaker binding strength for Fe@pyr-
idinic N(C) to adsorb reaction intermediates (O, OH, and OOH)
is attributed to a lower energy level location of the p band of
Fe@pyridinic N(C) than that of Fe@pyrrolic N(C) (SI Appendix,
Fig. S31).
Fig. 5A shows the comparisons of Uonset

RHE of four-electron
transfer ORR from experiments and DFT calculations. The the-
oretical Uonset

RHE of Fe@pyrrolic N(Fe) rather than Fe@pyridinic
N(Fe) is higher than that of Pt(111), which satisfactorily agrees
with the experimental results, i.e., Uonset

RHE of SA-Fe/NG is higher
than 20% Pt/C (Fig. 4A). The experimentally measured exchange
current densities (j0

expt) of samples can be calculated by Tafel plots
(49) (SI Appendix, Fig. S18), while they can also be obtained the-
oretically by the microkinetic model (46, 50, 51). The theoretically

calculated j0 is in direct proportion with ΔGmax
−1. Fig. 5B shows

that Fe@pyrrolic N(Fe) possesses higher ΔGmax
−1 than Pt(111),

meaning that it has a higher j0 than Pt(111), which agrees quali-
tatively with the fact that SA-Fe/NG has higher j0

expt than Pt/C (SI
Appendix, Fig. S18). Moreover, Fe@pyrrolic N(Fe) shows a lower
ΔGH2O-ΔGH2O2 than Pt(111) (SI Appendix, Fig. S20), meaning
that H2O2% of Fe@pyrrolic N(Fe) is lower than that of Pt(111),
which also excellently agrees with the experimental result, i.e., the
H2O2% of SA-Fe/NG is lower than that of 20% Pt/C (Fig. 5C). All
above analysis indicates that the calculated electrocatalytic per-
formance (Uonset

RHE, ΔGmax, and ΔGH2O2) of Fe@pyrrolic-N (Fe)
is superior to Pt (111), which coincides with the fact that the ORR
performance (Uonset

RHE, j0
expt, and H2O2%) of SA-Fe/NG is better

than 20% Pt/C. By matching the DFT results with experimental
data, we believe that the Fe-N4 moieties in SA-Fe/NG should be
the Fe-pyrrolic-N species. Interestingly, besides the high activity of
Fe@pyrrolic N(Fe) itself, SA-Fe incorporation also arouses the
eight carbon atoms next to the nitrogen atom to become ORR
catalytic sites [Fig. 5D, Fe@pyrrolic N(C) ORR activity in SI Ap-
pendix, Table S11], i.e., the synergistic effect of both Fe and C
atoms next to pyrrolic-N further improves the catalytic activity of
SA-Fe/NG, while the synergistic effect does not occur in the
Fe@pyridinic-N species. Combining the DFT calculations with
experimental results, we unveiled that the formation of Fe-pyrrolic
N moieties is the origin of high-ORR activity of SA-Fe/NG, be-
cause an SA-Fe incorporation leads to the increase of active sites in
an order of magnitude.

Conclusions
In summary, we have proposed an efficient and universal surfactant-
assisted method to successfully synthesize the single-atom iron
catalyst (SA-Fe/NG). It is found that the addition of surfactant
F127 is the key to synthesizing the SA-Fe/NG catalyst, because it
helps disperse the iron to easily form Fe-Nx moieties, and Fe-
doped F127 sheets strongly anchor on the g-C3N4 substrate so
that the surface Fe clusters can be easily removed by acid etch-
ing. The SA-Fe/NG exhibited excellent ORR activity, and the
onset and half-wave potentials reach 1.0 V (vs. RHE) and 0.88 V

Fig. 5. DFT calculation studies on the origin of high-ORR activity of SA-Fe/NG. (A) Comparison of onset potential with RHE (Uonset
RHE) between theoretical

calculation and experiment measurement for four-electron transfer ORR on different catalysts in an alkaline electrolyte. (B) Comparison between the the-
oretical reaction free energy of potential-determining step at equilibrium potential (ΔGmax) and the exchange current density in experiment (j0

exp) for four-
electron transfer ORR on different catalysts in an alkaline electrolyte. (C) The difference between the theoretical reaction free energy of potential-
determining step for four-electron and two-electron transfer ORR (ΔGH2O-ΔGH2O2), and the experimental peroxide percentage at URHE = 0.6 V on different
catalysts in an alkaline electrolyte. (D) Computational models of Fe@pyrrolic N moieties for ORR, where both Fe atom and eight-carbon atoms next to pyrrolic N
are the active sites marked by red letters.
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in alkaline medium while they are 0.9 V (vs. RHE) and 0.8 V in
acidic medium, respectively. Moreover, SA-Fe/NG possesses
extremely long-term stability and tolerance to methanol. The
outstanding ORR performance of SA-Fe/NG in acidic and al-
kaline media was attributed to the Fe-N4 moieties. Combining
the experimental data and DFT results, we further revealed that
the formation of Fe-pyrrolic-N moieties is the origin of high-ORR
activity of SA-Fe/NG, because an SA-Fe incorporation creates an
Fe atom and eight C atom active sites next to pyrrolic N, leading
to the increase of active sites in an order of magnitude. In-
terestingly, the SA-Fe/NG–based PEMFC and Zn-air battery also
show excellent performance, large power density, and good sta-
bility, meaning the grand perspective of SA-Fe/NG for practical
applications. In short, the efficient and universal surfactant-assisted

method can be easily extended to synthesis of other SACs, and the
exposure of the origin of high-ORR activity of SA-Fe/NG will open
an avenue for developing highly efficient heterogeneous catalysts
for energy storage and conversion.

Methods
Experimental details on synthesis and characterization of SA-Fe/NG catalyst, in-
cluding structure and electrochemical characterization, and the SA-Fe/NG–based
PEMFC and Zn-air battery measurements, and DFT calculation details on models,
reaction mechanism, and reaction free energy, are provided in SI Appendix.
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