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  1.     Introduction 

 Fuel cells with their high energy and power density have been 
widely considered as green and effi cient alternative energy 
sources. However, the sluggish oxygen reduction reaction 
(ORR) usually needs to be catalyzed by Pt-based electrocata-
lysts, which exhibit excellent catalytic activity, but suffer from 
prohibitive cost, susceptibility to methanol crossover and poor 
stability. These drawbacks remain the bottlenecks of the com-
mercialization of fuel cells. Consequently, alternative ORR cata-
lysts with high catalytic activity and selectivity, strong durability 
and low cost are extremely desired. 

 Doped carbon materials have been investigated as ORR 
catalysts in alkaline electrolytes. [ 1 ]  Among them, doped gra-
phene has attracted intensive interest due to its good catalytic 
activity, high electrical conductivity, large surface area and good 
chemical stability. [ 2 ]  On the other hand, loading nonprecious 
metals, [ 3 ]  metal oxides, [ 4 ]  metal chalcogenides [ 5 ]  or metal-N 4  

structured macrocyclic compounds [ 6 ]  onto 
carbonaceous supports has also been 
demonstrated to be effective in improving 
ORR catalytic activity. However, in order 
to achieve similar current density as Pt/C, 
the loading amount of catalysts were usu-
ally several times higher than that of 
Pt/C. [ 7 ]  As a result, it brings a challenge 
for these materials to achieve excellent cat-
alytic activity as well as strong durability. 

 Recently, three dimensional (3D) 
carbon networks emerged to be more 
effective in catalyzing ORR than their one 
dimensional or two dimensional coun-
terparts due to their large surface area, 
rich macropores and multiplex electron 
transfer pathways. [ 8 ]  Moreover, using 
graphene oxide (GO) as a precursor, the 
oxygen-containing functional groups on 
GO would facilitate the effective linking 
between graphene and nanoparticles, 
which may contribute to the synergistic 
effect. [ 9 ]  All these characteristics allowed 
3D graphene to be an ideal substrate for 

catalyst particles. Nevertheless, current 3D graphene frame-
works based catalysts failed to reach comparative catalytic 
activity to that of Pt/C. [ 8a , 10 ]  As a result, further exploration of 
this new kind of substrate is highly anticipated. 

 In addition, it has been proposed that M–N–C (M = Fe 
and/or Co) structure could be the active sites of ORR cata-
lysts. [ 11 ]  Besides metal-N 4  macrocycles, composites of Fe or 
Fe-containing compounds and N-doped carbonaceous mate-
rials may be prospective candidates. Parvez et al. synthesized 
nitrogen-doped graphene (NG) decorated with Fe nanoparticles 
which showed enhanced ORR catalytic activity than metal-free 
NG. [ 12 ]  Wang et al. reported a composite of Fe 2 N/N-doped gra-
phitic nanocarbons as ORR catalyst through an ion-exchanged 
route. [ 13 ]  However, a gap still remains between these recently 
reported materials and Pt/C with respect to onset potential and 
mass activity, which might limit their future applications. 

 Based on this situation, it is highly desirable to propose a 
strategy to maximize the density of M–N–C active sites. The 
fi rst way is to introduce a metal nitride into graphene substrate. 
Iron nitrides have been reported to be capable of forming active 
Fe–N–C sites on carbon. [ 14 ]  FeN, a relatively new kind of iron 
nitride, has never been applied as ORR catalyst to the best of 
our knowledge, presumably because it is diffi cult to be synthe-
sized. However, this phase is rich in nitrogen and is therefore 
likely to form Fe–N–C structures more effectively on graphene. 
Minimizing the particle size is another way which can greatly 
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water to form a stable suspension (see Experimental Section 
for details). The dispersion was then transferred to a Tefl on-
lined autoclave and treated at 180 °C for 12 h to enable the 
assembly of GO sheets into a 3D aerogel and preliminary 
reduction of GO to reduced graphene oxide (rGO). During the 
hydrothermal process, FePc was encapsulated and anchored 
on rGO with the assistance of oxygen-containing functional 
groups on GO. The aerogel was lyophilized and annealed in 
NH 3  at 700 °C for 3 h to form strongly coupled Fe  x  N/NGA 
hybrid.  

 Achieving the catalyst with maximized Fe–N–C density 
needs careful selection of the precursor. FePc had its unique 
advantages in the synthesis of Fe  x  N/NGA. First of all, FePc has 
a conjugated structure, hence can attach to graphene through 
π–π interactions. Such interactions are crucial to prevent the 
restacking of GO during the hydrothermal process so as to 
form a porous structure and maintain a large surface area. [ 15 ]  
Second, FePc do not ionize in water and the π–π interactions 
allow FePc to form a stable suspension with GO without adding 
other stabilizer. Also, FePc serves as a source of Fe and N simul-
taneously. However, Fe precursors like Fe(acac) 3  needs other 
chemicals, such as PPy, to form a stable suspension. [ 8a ]  There-
fore, using FePc as a precursor, the experimental procedure is 
simplifi ed. Furthermore, due to the π−π interactions between 
FePc and graphene, FePc can be anchored on graphene which 
prevents the agglomeration of Fe  x  N during pyrolysis process. 
As a result, small-sized particles are obtained. Finally, the 
majority of FePc phase remained unchanged after the hydro-
thermal process, which was essential for the formation of the 
N-rich phase FeN during pyrolysis in NH 3  as discussed below. 

facilitate the formation of Fe–N–C sites because only atoms at 
the interface of the second phase and graphene are effective 
in forming such structures. Herein, we report 3D NG aerogel 
supported Fe  x  N nanoparticles (Fe  x  N/NGA) as an effi cient 
synergistic ORR catalyst. The Fe  x  N nanoparticles are mainly 
composed of the N-rich FeN phase and the particle size were 
controlled between 5 and 20 nm, which therefore signifi cantly 
increased Fe–N–C density. The hybrid was prepared through 
a simple two-step method, namely hydrothermal assembly of 
graphene sheets followed by annealing in NH 3  atmosphere to 
enable the in situ growth of Fe  x  N nanoparticles on graphene 
layers. The resulting Fe  x  N/NGA was able to fully combine the 
advantages of both 3D graphene networks and iron nitride, 
achieving more positive onset potential and higher current den-
sity than the corresponding physical mixture of Fe  x  N and NGA. 
Such synergistic effect suggested strong interactions between 
the two components. The catalytic activity of Fe  x  N/NGA even 
outperformed that of commercial Pt/C at the same mass 
loading in alkaline solutions, together with superior durability 
and total resistance to methanol crossover. The strongly cou-
pled hybrid meets the criteria of outstanding catalytic activity, 
excellent stability and low cost, and therefore has great poten-
tial to substitute Pt/C as an advanced electrocatalyst for ORR.   

 2.     Results and Discussion 

 Fe  x  N/NGA was synthesized via a two-step method which is 
schematically illustrated in  Scheme    1  . In the fi rst step, GO 
and FePc with the same mass were mixed and sonicated in 

    Scheme 1.    Illustration of the preparation procedure of Fe  x  N/NGA. 
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size and relatively low loading of Fe  x  N in the 
hybrid (Figure  1 e). In order to better reveal 
the phases of the hybrid, we increased the 
FePc/GO weight ratio to 4 and followed the 
same preparation process of Fe  x  N/NGA. 
XRD pattern of the product clearly demon-
strated the existence of FeN and Fe 2 N, and 
the intensity of FeN was signifi cantly higher 
than that of Fe 2 N, suggesting that the nano-
particles in Fe  x  N/NGA were dominantly 
composed of FeN. We propose that FeN 
might derive from the decomposition of FePc 
at high temperature because FePc is a N-rich 
phase. Nevertheless, a part of FePc served as 
a source of nitrogen during the hydrothermal 
process. When phthalocyanine cycle decom-
posed, the released Fe element would form 
Fe 2 O 3  which conversed into Fe 2 N rather than 
FeN after the annealing process under NH 3 . 
To confi rm it, we recorded the XRD pattern 
of the FePc+GO mixture after hydrothermal 
reaction (Figure S1, Supporting Informa-
tion), which displayed diffraction peaks of 
FePc and a small proportion of Fe 2 O 3 . Next, 
we annealed pure FePc and Fe 2 O 3  under NH 3  
atmosphere at 700 °C for 3 h, respectively, 
and XRD patterns of the products are shown 
in Figure S2a (Supporting Information). Both 
FePc and Fe 2 O 3  conversed to Fe 2 N. However, 
if we anneal pure FePc under NH 3  at 670 °C 
for 1.5 h, the product was FeN (Figure S2b, 
Supporting Information). The outcome was 
in coincidence with our hypothesis. More-
over, the result also suggested that NG 
layers were effective in protecting FeN from 
decomposing, which further indicated strong 
interactions between Fe x N nanoparticles and 
graphene substrate.  

 X-ray photoelectron spectroscopy (XPS) 
analysis was employed to characterize 

the content of different elements in the hybrid (Figure  1 f). 
Nitrogen and iron content in Fe  x  N/NGA was 8.19 at.% and 
2.30 at.%, respectively, while nitrogen content in pure NGA 
was only 3.07 at%. Supposing all the nitrogen atoms incor-
porated in graphene lattices were from NH 3  and the particles 
were only composed of FeN, the maximum N content in Fe  x  N/
NGA should be 5.37 at%, much lower than 8.19 at%. The result 
indicated that the high nitrogen content in the hybrid was not 
purely the outcome of NH 3  thermal treatment and existence of 
Fe  x  N, demonstrating that FePc was able to incorporate nitrogen 
into graphene lattices. To verify nitrogen states in the hybrid, 
XPS measurements were performed from 394 eV to 408 eV. 
The deconvoluted N 1s spectrum of Fe  x  N/NGA (Figure S3a, 
Supporting Information) revealed fi ve nitrogen states: pyri-
dinic N, Fe–N, pyrrolic N, graphitic N, and oxidized N, which 
peaked at 398.7 eV, 399.2 eV, 400.3 eV, 401.10 eV, and 402.7 eV, 
respectively. [ 7a , 17 ]  However, there was no peak of Fe–N in pure 
NGA (Figure S3b, Supporting Information). Note that the Fe–N 
here does not belong to pure Fe–N bonds, but to Fe–N bonds 

 The 3D structure of Fe  x  N/NGA was fi rst confi rmed by 
scanning electron microscopy (SEM). The interconnected gra-
phene networks showed a porous structure with micro-sized 
macropores ( Figure    1  a,b) . Transmission electron microscopy 
(TEM) image revealed that the sizes of nanoparticles encap-
sulated in graphene sheets were uniformly distributed with a 
range of 5 nm to 20 nm (Figure  1 c). The small particle sizes 
could be attributed to the confi nement of graphene layers which 
suppressed the agglomeration of nanoparticles. [ 16 ]  Such con-
fi nement also enhanced the contact between nanoparticles and 
graphene layers so as to improve the ORR activity and stability 
of the hybrid. [ 8a ]  High resolution TEM revealed that the lattice 
fringes of the nanoparticles were consistent with FeN structure 
(Figure  1 d). Two characteristic interplanar distances of the nan-
oparticles, 0.25 nm and 0.22 nm, correspond to (111) and (200) 
planes of FeN, respectively. X-ray diffraction (XRD) patterns of 
Fe  x  N/NGA exhibited an extended peak at 26° corresponding to 
graphene, and a small peak at 36° corresponding to the (111) 
face of zinc blende FeN possibly because of the small particle 

   Figure 1.    a,b) Typical SEM images of Fe  x  N/NGA revealing a 3D macroporous structure. 
c)  TEM and d)  High-resolution TEM image of Fe  x  N/NGA showing FeN nanoparticles on NG layer. 
e) XRD patterns of Fe  x  N/NGA and Fe  x  N/NG with excessive Fe source. The magenta and blue 
Miller indices correspond to FeN and Fe 2 N, respectively. f) XPS spectra of Fe  x  N/NGA and NGA. 
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 To further characterize the catalytic activity of Fe  x  N/NGA 
hybrid, rotating disk electrode (RDE) measurement was 
applied. The onset potential of the hybrid was about 0.00 V 
versus Ag/AgCl (Figure  2 b), close to that identifi ed from CV 
measurement (0.01 V). The polarization curves of Fe  x  N/NGA 
and Pt/C were similar, but under careful scrutiny, it was found 
that the hybrid owned a higher current density in the poten-
tial range from −0.02 V to −0.18 V and a more positive half-
wave potential, indicating more active performance than Pt/C. 
The outstanding ORR catalytic activity was again confi rmed 
by the much smaller Tafel slope of 52 mV per decade at low 
overpotentials compared with that of Pt/C (68 mV per decade) 
in 0.1  M  KOH (Figure S5, Supporting Information). In com-
parison, NGA and free Fe  x  N were also synthesized, but showed 
comparatively poor electrocatalytic activity with onset potentials 
at −0.09 V and −0.07 V, respectively, and signifi cantly lower cur-
rent densities than the hybrid. The physical mixture of the two 
above constituents failed to show any improvement, but com-
promised the performance of Fe  x  N, suggesting that the remark-
able catalytic activity of Fe  x  N/NGA hybrid was facilitated by the 
strong interactions between Fe  x  N nanoparticles and NGA. 

 The ORR mechanism occurred on the electrode was deter-
mined by RDE measurements at various rotation speed 
(Figure  2 c), based on which the Koutecky-Levich (K-L) plots 
at different potentials were obtained. As shown in the inset of 
Figure  2 c, the electron transfer number of the hybrid was able 

in Fe–N–C structure. The binding energy of pure Fe–N bonds 
should be less than 398 eV since N could attract electrons from 
Fe. [ 18 ]  However, N might donate its electrons to the conjugated 
graphene structure, resulting in the raise of binding energy to 
about 399.2 eV. The aerogel of GO and FePc after hydrothermal 
process was also characterized by XPS (Figure S4, Supporting 
Information). The O content in this product is 8.66 at.%, indi-
cating that GO was signifi cantly reduced during hydrothermal 
reaction because the original GO contains ≈32.3 at% oxygen 
according to our previous work. [ 2b ]  Together with the evidence 
that FePc was able to incorporate N into graphene, the main 
component of the aerogel after hydrothermal treatment was 
actually N-doped reduced GO. Furthermore, the O content in 
Fe  x  N/NGA was only 3.88 at%, which demonstrate that thermal 
treatment in NH 3  further reduced N-doped reduced GO to 
NGA. 

 The electrocatalytic activity of Fe  x  N/NGA was fi rst evalu-
ated by cyclic voltammetry (CV). The onset potential of the 3D 
hybrid was 0.01 V versus Ag/AgCl in O 2 -saturated 0.1  M  KOH 
solution, which was 20 mV more positive than that of commer-
cial Pt/C ( Figure    2  a). The hybrid exhibited a remarkable oxygen 
reduction peak at −0.12 V in O 2 -saturated KOH, whereas no 
cathodic peak for ORR was shown in N 2 -saturated electrolyte, 
suggesting excellent ORR catalytic activity. Compared with 
Pt/C, both the peak potential and peak current density of Fe  x  N/
NGA were superior.  

   Figure 2.    a) CV curves of Fe  x  N/NGA hybrid and commercial Pt/C supported on glassy carbon electrodes in O 2 -saturated (solid line) or N 2 -saturated 
(dash line) 0.1  M  KOH. b)  RDE voltammograms of Fe  x  N/NGA hybrid, Fe  x  N+NGA mixture, NGA, free Fe  x  N and Pt/C in O 2 -saturated 0.1  M  KOH at a 
sweep rate of 10 mV s −1  at 1600 rpm. Catalyst loading for all samples was 51 µg cm −2 . c)  RDE voltammograms of Fe  x  N/NGA hybrid in O 2 -saturated 
0.1  M  KOH at various rotation speed at a scan rate of 10 mV s −1 . Inset in (c) shows Koutecky-Levich plots of Fe  x  N/NGA hybrid at different potentials 
derived from RDE measurements. d)  High-frequency region of the impedance spectra of Fe  x  N/NGA, Fe  x  N+NGA mixture, NGA, Fe  x  N, and Pt/C 
at −0.1 V vs Ag/AgCl in 0.1  M  KOH with an inset of the complete Nyquist plots. 
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to remain stable over a long time. Such excellent durability was 
crucial for the future application of the hybrid. 

 We performed some other experiments to explore different 
conditions that may affect the electrochemical performance of 
Fe  x  N/NGA. As seen in  Figure    4  a, the ORR catalytic activity of 
the hybrid of Fe  x  N and NG sheets (Fe  x  N/NGS) was signifi cantly 
inferior to that of Fe  x  N/NGA, displaying a more negative onset 
potential and lower current density. SEM image demonstrated 
that Fe  x  N/NGS lacked a 3D interconnected porous structure 
(Figure S6a, Supporting Information), but its particle distri-
bution and particle size displayed by TEM (Figure S6b, Sup-
porting Information) were similar to that of Fe  x  N/NGA. As a 
result, the performance distinction between Fe  x  N/NGA and 
Fe  x  N/NGS could be attributed to their disparate structures, 
that is, the relatively high surface area (116.9 m 2  g −1 ) and large 
proportion of mesopores (ranged from 10 nm to 50 nm) in 
Fe  x  N/NGA revealed by Brunauer-Emmett-Teller (BET) analysis 
(Figure S7a,b, Supporting Information) facilitated the diffusion 
of electrolyte and increased the contact between electrolyte and 
catalyst, [ 8a ]  whereas Fe  x  N/NGS did not possess these features. 
BET measurements showed a surface area of only 7.1 m 2  g −1  
and the pore size were mainly below 10 nm (Figure S8a,b, Sup-
porting Information), which blocked the contact of oxygen, 
electrolyte and active sites.  

 We also investigated the performance of the hydrothermally 
assembled aerogels annealed under different atmospheres. The 
sample annealed under Ar displayed an onset potential which 
was 20 mV more negative than Fe  x  N/NGA, and its current 

to reach 4.0 at −0.4 V, indicating that Fe  x  N/
NGA hybrid catalyzed ORR mainly through a 
four electron pathway. The Tafel plot of Fe  x  N/
NGA showed a slope close to the Nernstian 
Tafel slope (59 mV) at low overpotentials 
(Figure S5, Supporting Information). In 
fact, many heat treated ORR catalysts based 
on transition metals possess similar Tafel 
slopes. [ 19 ]  Such a slope indicated that the 
rate determining step of ORR might be the 
splitting of O–O bonds when two electrons 
transferred from active sites to adsorbed O 2  
molecules and Fe(III) in Fe–N–C structure 
might be the sites for O 2  adsorption. [ 20 ]  

 The electrochemical impedance spectros-
copy (EIS) measurement at −0.1 V versus 
Ag/AgCl for various catalysts was conducted. It has been 
recognized that the high-frequency region of a Nyquist plot 
represents the charge transfer in catalyst layer while the low-
frequency region is related to the mass transport processes. [ 21 ]  
Figure  2 d showed the fi tted semicircles of Fe  x  N/NGA and Pt/C 
in high-frequency region with high-frequency intercepts equal 
to the electrolyte resistance and low-frequency intercepts equal 
to the sum of electrolyte resistance and charge transfer resist-
ance. The electron transfer resistance of Fe  x  N/NGA was only 
10.5 Ω, similar to that of Pt/C (10.1 Ω). Such a low charge 
transfer resistance contributed to the excellent ORR catalytic 
performance of the hybrid. Moreover, the Fe  x  N/NGA hybrid 
exhibited the smallest charge transfer resistance (Figure  2 d) 
and mass transfer resistance (inset of Figure  2 d) in comparison 
with either of its components or their physical mixture, dem-
onstrating a strong coupling between Fe  x  N and NGA, which 
signifi cantly modifi ed the electron structure of the graphene 
substrate, therefore improved the ORR catalytic activity. 

 For commercialization, apart from high catalytic activity, 
an ideal ORR catalyst should be able to afford the crossover 
of methanol from anode to cathode. The chronoamperometric 
responses of Fe  x  N/NGA hybrid and Pt/C to the addition of 
3  M  methanol at −0.25 V versus Ag/AgCl were recorded in 
 Figure    3  a. Pt/C exhibited an appreciable current shift immedi-
ately after the injection of methanol, indicating the occurrence 
of methanol oxidation reaction, whereas no noticeable change 
was observed in the ORR current for the hybrid. The results 
demonstrated that Fe  x  N/NGA hybrid possessed considerably 
better tolerance to methanol crossover than Pt/C.  

 Stability is another important aspect of 
fuel cell catalysts that needs considering. 
The chronoamperometric measurements of 
Fe  x  N/NGA hybrid at a constant voltage of 
−0.4 V displayed only a ≈9% decrease of cur-
rent density over 20 000 s, while the current 
of Pt/C decreased by ≈46% during the same 
operation (Figure  3 b). It is worth noting that 
the current density of Fe  x  N+NGA mixture 
was only ≈76% of its original value after 
20 000 s, manifesting that free Fe  x  N may not 
be stable when catalyzing ORR. However, 
when covalently supported and encapsulated 
by graphene layers, Fe  x  N particles managed 

   Figure 3.    a) Chronoamperometric responses of Fe  x  N/NGA and Pt/C at −0.25 V vs Ag/AgCl in 
O 2 -saturated 0.1  M  KOH followed by addition of 3 M methanol. b)  Current-time responses of 
Fe  x  N/NGA and Pt/C at −0.4 V vs Ag/AgCl in O 2 -saturated 0.1  M  KOH at 1600 rpm. 

   Figure 4.    a) RDE measurements of Fe  x  N/NGA, Fe  x  N/NGS, Fe 2 O 3 /NGA, and Fe/NGA. b)  RDE 
measurements of Fe  x  N/NGA prepared with different amount of Fe source. 
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infl uencing factors. The onset potentials of Fe  x  N/NGA, Fe 2 O 3 /
NGA, and Fe/NGA were similar, suggesting that they were not 
determined by the density of Fe–N–C active sites. However, 
the onset potential of Fe  x  N/NGS was more negative. There-
fore, onset potential could be related to surface area and pore 
size. On the other hand, Fe  x  N/NGA, Fe/NGA, and Fe  x  N/NGA 
with 0.5X FePc all exhibited almost the same current densi-
ties at very low overpotentials, representing comparable charge 
transfer rate. EIS measurement further confi rmed this result, 
as can be seen in Figure S11 (Supporting Information). These 
three materials showed semicircles with similar size in high-
frequency region. Therefore, charge transfer rate is not affected 
by the density of active sites when overpotential is low, but 
higher active sites lead to faster charge transfer at high overpo-
tentials. Considering that the surface of electrode is saturated 
with O 2 , this phenomenon may be explained as that Fe–N–C 
sites in these catalysts were in excess at low overpotentials. In 
other words, a part of active sites could adsorb but could not 
reduce O 2 . When the density of Fe–N–C active sites are low, as 
in the case of Fe 2 O 3 /NGA, the charge transfer rate was consid-
erably reduced. Fe  x  N/NGA with 2X FePc showed higher charge 
transfer resistance due to the obstruction of transfer passages 
by large particles. Their increased charge transfer resistance 
were again demonstrated by the larger semicircles compared 
with Fe  x  N/NGA in Nyquist plot (Figure S11, Supporting Infor-
mation). The results described above demonstrate that higher 
Fe–N–C densities and smaller particle size were two factors 
capable of facilitating charge transfer.   

 3.     Conclusions 

 In summary, we synthesized a novel 3D Fe  x  N/NGA hybrid via a 
facile two-step method. FeN, the dominant phase of Fe  x  N in the 
hybrid, were more effective in forming Fe–N–C active sites with 
NGA. In addition, the Fe  x  N nanoparticles sized mainly from 
5 nm to 20 nm. Such small sizes allowed the formation of more 
active sites on their surfaces. Due to the rich Fe–N–C structures 
together with the 3D macroporous morphology with high sur-
face area, the Fe  x  N/NGA hybrid demonstrated greatly enhanced 
synergistic catalytic activity towards ORR in alkaline solution 
compared with the physical mixture of its two components. At 
the same mass loading, the Fe  x  N/NGA hybrid outperformed 
Pt/C in terms of onset potential, current density at potential 
greater than −0.18 V versus Ag/AgCl, resistance to methanol 
crossover, and stability. In general, we discovered that surface 
area, porosity, density of Fe–N–C active sites, and size of parti-
cles on graphene were able to affect the catalysts’ ORR activity 
considerably. The outstanding catalytic performance and low 

density was signifi cantly lower as well (Figure  4 a). XRD pat-
terns exhibited that the second phase in the hybrid was mainly 
Fe 2 O 3  rather than Fe  x  N (Figure S9a, Supporting Information) 
(the product is termed as Fe 2 O 3 /NGA) and XPS measurement 
revealed only 5.5 at% N content, suggesting that the active sites 
were closely related to Fe  x  N nanoparticles on graphene. When 
Fe atoms were surrounded by O atoms, Fe–N–C structures were 
unlikely to form, thus inhibited its ORR catalytic activity. The 
formation of Fe 2 O 3  under inert atmosphere was the result of 
high oxygen content in the product after hydrothermal process. 
As shown in Figure S4 (Supporting Information), the O con-
tent in the aerogel after hydrothermal reaction was 8.66 at%, 
much higher than that in Fe  x  N/NGA (3.88 at%). Unlike NH 3 , 
Ar could not reduce oxygen-containing groups, thus the 
remaining oxygen would contribute to the formation of Fe 2 O 3 . 
We also annealed the hydrothermally formed aerogel under Ar/
H 2  (5%) forming gas to produce Fe/NGA, as demonstrated by 
XRD analysis (Figure S9b, Supporting Information). Fe/NGA 
showed improved catalytic activity than Fe 2 O 3 /NGA, but it still 
catalyzed ORR through a two-step mechanism as manifested 
by the RDE curve from 0.00 V to 0.32 V and from 0.35 V to 
0.62 V. Without the impediment of O atoms, Fe might form 
more Fe–N–C structures with NGA than Fe 2 O 3 , and that was 
probably the reason why it exhibited similar catalytic perfor-
mance to Fe  x  N/NGA at low overpotentials. However, Fe had to 
rely on relatively sparse N atoms on graphene surface to form 
Fe–N–C active sites, while Fe  x  N nanoparticles, with N on their 
surfaces, were more effective to form such active sites on gra-
phene. This distinction resulted in the disparate catalytic behav-
iors at high overpotentials. 

 To further explore how Fe  x  N infl uenced the formation of 
active sites, we prepared Fe  x  N/NGA with various Fe content. 
RDE measurements of these hybrids showed that the optimum 
weight ratio of GO and FePc was 1:1 to achieve the best onset 
potential and current density (Figure  4 b). If we reduced the 
amount of FePc by half, the RDE curve exhibited an apparent 
two-step reduction process, corresponding to that from 0.00 V 
to −0.34 V and from −0.35 V to −0.71 V. This result corroborated 
that Fe  x  N was closely related to the active sites on graphene. 
Insuffi cient Fe  x  N led to fewer active sites and, as a result, the 
two-step reduction of oxygen. However, if we double the quan-
tity of FePc, the current density was compromised, although 
the onset potential remained the same as Fe  x  N/NGA with 1X 
FePc precursor. The performance degradation when over-
loading Fe  x  N could be attributed to the much larger Fe  x  N nano-
particles (up to ≈100 nm) (Figure S10, Supporting Information) 
on graphene which might block the pores in graphene sup-
port [ 22 ]  and the uncoordinated Fe  x  N particles which increased 
the charge transfer resistance between catalyst and electrolyte. 
In addition, as shown in  Table    1  , XPS analysis revealed that the 
Fe and N content raised proportional to the increasing amount 
of FePc. O content remained stable when FePc increased from 
0.5X to 1X, while it raised evidently when the amount of FePc 
changed from 1X to 2X, suggesting possible formation of Fe–O 
bonds which affected the density of Fe–N–C active sites. Fur-
ther amplifying the amount of FePc resulted in failure to form 
aerogels.  

 To achieve catalysts with more positive onset potential and 
lower charge transfer resistance, it is crucial to fi gure out their 

  Table 1.    Content of Fe, N, and O in samples with different amount of 
Fe source.  

Sample Fe 
[at%]

N 
[at%]

O 
[at%]

Fe  x  N/NGA-FePc 0.5X
1.32 6.85 3.74

Fe  x  N/NGA-FePc 1X
2.30 8.19 3.88

Fe  x  N/NGA-FePc 2X
4.34 9.45 5.25
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O2OB n0.2 F Cν( )O2
D −

  (2)   

 Where  J  and  J  K  are the measured and kinetic-limiting current 
densities,  ω  is the rotation speed,  n  is transferred electron number, 
 F  is the Faraday constant ( F  = 96485 C mol −1 ), O2

D  is the diffusion 
coeffi cient of O 2  ( O2

D  = 1.9 × 10 −5  cm 2  s −1 ),  ν  is the kinematic viscosity 
( ν  = 0.01 cm 2  s −1 ), and O2

C  is the concentration of O 2  in the solution 
( O2
C  = 1.2 × 10 −6  mol cm −3 ). The constant 0.2 is adopted when rotation 

speed is expressed in rpm. For Tafel plots, the kinetic current was 
determined after mass-transport correction of RDE curves by

 
K

LJ
J J
J JL

=
  (3)    
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cost of Fe  x  N/NGA hybrid make it a promising candidate to 
replace Pt in fuel cells and our synthetic strategy may promote 
the emergence of more 3D graphene based nanocomposites for 
energy related applications.   

 4.     Experimental Section 
  Synthesis of Graphene Oxide (GO) : GO was prepared from natural 

graphite powder by a modifi ed Hummer’s method. [ 23 ]  Graphite 
powder (1 g), NaNO 3  (0.5 g), and 23 mL of concentrated sulfuric acid 
were added into a 250 mL round-bottom fl ask and stirred at room 
temperature for 24 h. Next, the fl ask was moved into an ice bath and 3 g 
KMnO 4  was slowly added under vigorous agitation. The fl ask was then 
heated in a water bath at 38 °C for 2 h. 46 mL of water was gradually 
added to the fl ask and the suspension was allowed to stir for 15 min. 
The suspension was diluted by 140 mL of water and the reaction was 
ended by addition of 10 mL of 30% H 2 O 2 . 10 min later, the bright yellow 
suspension was centrifuged and washed with 10% HCl solution twice. 
The precipitate was fi nally washed with water, collected by centrifugation 
and dried in a vacuum oven at 70 °C overnight. 

  Synthesis of Fe x N/NGA Hybrid, Fe x N/NGS Hybrid, NGA, and Fe x N : In 
a typical process, 60 mg GO and 60 mg iron (II) phthalocyanine (FePc) 
were dispersed in 10 mL of water and sonicated for 1 h to form a stable 
suspension. It was then transferred to a 50 mL Tefl on-lined autoclave, 
followed by addition of 30 mL of water, and hydrothermally treated at 
180 °C for 12 h. The as-synthesized aerogel was lyophilized and annealed 
in NH 3  atmosphere at 700 °C for 3 h. 

 Fe  x  N/NGS was prepared by the same method as Fe  x  N/NGA hybrid, 
except that only 20 mg GO and 20 mg FePc were involved in the 
hydrothermal treatment. For the preparation of NGA, no FePc was added 
during the hydrothermal procedure. In the case of free Fe  x  N, no GO was 
added and the product after hydrothermal treatment was annealed in 
NH 3  at 670 °C for 1.5 h. 

  Structure and Morphology Characterizations : SEM, TEM and HRTEM 
images were recorded on a Hitachi S4800, FEI Tecnai T20 and FEI Tecnai 
F30, respectively. XRD patterns were acquired on a Philips X’Pert Pro 
diffractometer with Cu Kα ( λ  = 1.5405 Å) radiation. XPS measurements 
were carried out on an Axis Ultra (Kratos Analytical Ltd.) imaging 
photoelectron spectrometer and the C 1s peak at 284.8 eV was taken as 
an internal standard. 

  Electrochemical Measurements : Electrochemical characterizations 
were performed on a CHI760C electrochemical workstation with a three-
electrode system. A glassy carbon electrode of 5 mm in diameter was 
used as the working electrode, a Pt foil as the counter electrode and a 
saturated Ag/AgCl electrode as the reference electrode. For electrode 
preparation, 2 mg sample catalyst was fi rst homogeneously dispersed 
in ethanol to form a 1 mg mL −1  suspension by sonication for at least 
30 min. Next, 10 µL of the catalyst ink was loaded onto the glassy carbon 
electrode, followed by dropping of 2 µL of Nafi on (0.1 wt%) solution. 
Commercial Pt/C (20 wt% Pt on Vulcan XC-72) electrode was prepared 
by the same procedure. Catalyst loading for all samples, including Pt/C, 
was 50 µg cm −2 . 

 0.1  M  KOH was saturated with O 2  by bubbling oxygen for 20 min 
before testing. For cyclic voltammetry (CV) measurements, the working 
electrode was cycled between −1.2 V and 0.2 V at a scan rate of 100 mV s −1  
with continuous O 2  fl ow. For control experiments in N 2  saturated KOH, 
switching O 2  to N 2  and other procedures remain unchanged. Rotating 
disk electrode (RDE) measurements were conducted at different rotating 
speed from 400 to 2025 rpm at a scan rate of 10 mV s −1 . Electrochemical 
impedance spectroscopy was measured in 0.1  M  KOH at −0.1 V. 
The frequency is from 10 −3  to 10 5  Hz and the potential amplitude 
is 5 mV. 

 Koutecky-Levich (K-L) plots were analyzed at various potentials to 
determine the number of electrons transferred based on K-L equation: [ 24 ] 

 
1 1 1 1 1

K K
1/2J J J JL Bω

= +
J

= +
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