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ABSTRACT: In this work, we develop a simple method to thermally synthesize a
nonprecious metal-based nitrogen-doped graphene (NG) electrocatalyst using exfoliated
graphene (Ex-G) and urea with varying amounts of iron (Fe) precursor. The morphology
and structural features of the synthesized electrocatalyst (Fe-NG) were characterized by
SEM and TEM, revealing the existence of graphitic nanoshells that potentially contribute to
the ORR activity by providing a higher degree of edge plane exposure. The surface elemental
composition of the catalyst was analyzed through XPS, which showed a high content of a
total N species (∼8 at. %), indicative of the effective N-doping, present mostly in the form of pyridinic nitrogen groups. The
oxygen reduction reaction (ORR) performance of the catalyst was evaluated by rotating disk electrode voltammetry in alkaline
electrolyte and in a zinc-air battery cell. Fe-NG demonstrated high onset and half-wave potentials of −0.023 V (vs SCE) and
−0.110 V (vs SCE), respectively. This excellent ORR activity is translated into practical zinc-air battery performance capabilities
approaching that of commercial platinum-based catalyst.

■ INTRODUCTION

In recent years, researchers have put tremendous effort in
developing highly efficient metal air batteries and fuel cells,
especially for high capacity applications such as electric vehicles.
Currently, Pt-based catalysts are considered the best oxygen
reduction reaction (ORR) catalysts, although Pt is extremely
expensive and susceptible to volatile market prices. Thus, there
is increasing demand for replacing Pt with more abundant
metals due to the scarcity and high price of this noble metal.1−3

To remedy these drawbacks, the development of an efficient
and durable electrocatalyst as a promising renewable energy to
replace expensive precious metal based catalyst for the future is
absolutely necessary. Promising candidates for substituting Pt-
based electrocatalyst for ORR are carbon supported transition
metal−nitrogen complexes of which the exact identity of the
active site remains a subject of debate,4 despite being
consistently demonstrated to provide reasonable catalytic
activities toward the ORR.4−7 Particularly, it is conceived that
Fe-containing catalysts have higher ORR activity than those
containing other nonprecious metals due to its ability to
undergo a four-electron transfer process during ORR.3,7 For the
Fe metals to effectively catalyze the ORR, nitrogen (N) species
need to be present, potentially forming metal−nitrogen−
carbon or nitrogen−carbon complexes, which can easily be
done by a simple pyrolysis process.7,8 In this work, Fe is chosen
as a non-noble metal in combination with heterogeneously
doped nitrogen atoms to develop an efficient ORR catalyst as
an inexpensive and commercially viable electrode material for
Zn-air battery applications.3,9

On the other hand, graphene has recently attracted much
attention from various fields of study for its unique and superior
properties. Graphene is a monolayer of sp-2 bonded carbons

atoms, which exhibit high surface areas, outstanding chemical/
mechanical/thermal stability, and excellent electron mobi-
lity.10,11 Through the heat treatment of GO, the oxygen groups
of graphene oxide are thermally reduced to form exfoliated
graphene layers.12,13 This robust synthesis technique also allows
for the modification of graphene properties through substitu-
tional doping of heteroatoms, such as N, and can enhance
electron transfer efficiency of graphene.13 One of the common
ways to produce graphene sheets is to thermally reduce
graphene oxide (GO). Different methods of N-doping have
been reported, most commonly by chemical vapor deposition
(CVD),12,14 plasma treatment,14 solvothermal treatment,15 or
thermal treatment.16 For example, a thermal method
introduced by Wang et al.16 uses NH3 gas as the N precursor
with graphene to produce N-doped graphene (NG) achieving
high ORR performance. Recently, our group and others have
introduced unique thermal methods to reduce GO and dope
nitrogen simultaneously into individual graphitic layers to
produce NG.2,12,16−20 These methods involve instant exposure
to high temperatures, which provides electrochemical advan-
tages in comparison to NG produced via different methods.
Herein, Fe-NG was synthesized as an ORR cathode catalyst

by a simple thermal treatment using urea to efficiently
functionalize the graphene layers. These precursors are
physically mixed in a mortar, simplifying the process and
eliminating the drying step necessary in cases where the
precursors are combined in a solvent.1,9,12,21−24 Upon pyrolysis,
graphitic nanoshells were produced encapsulating metal-based
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nanoparticles, whereby it is expected that the large degree of
edge plane exposure present in these nanoshells contributes to
the excellent ORR activity demonstrated through half-cell
testing and in a full-cell zinc-air battery.

■ EXPERIMENTAL SECTION
1. Synthesis of Highly Oxidized Graphene Oxide and

Graphene. Highly oxidized graphene oxide (H-GO) was
prepared from graphite powder (Alfa Aesar, A Johnson
Matthey Co., U.S.) through improved method procedure as
reported by Marcano et al.25 In a typical synthesis, graphitic
powder (2 g) was dispersed in a 400 mL mixture of
concentrated H2SO4 and H3PO4 (9:1) in an ice bath. With
continuous agitation, 18 g of KMnO4 was slowly added to the
solution maintaining the temperature of the solution below 25
°C. The mixture then was heated to 55 °C and stirred until the
color became brownish (∼16 h). Deionized (DI) water (400
mL) then was slowly added to the mixture. Subsequently, the
suspension was treated with H2O2 solution (20 mL, 30%)
turning bright-yellow in color. The resulting solution was
centrifuged (6000 rpm for 5 min), and the supernatant was
decanted. The pellet was washed with DI water (250 mL), HCl
(250 mL, 30%), ethanol (250 mL), and finally DI water (200
mL) twice, and then was lyophilized. The lyophilized H-GO
was annealed in an argon (Ar) environment at 900 °C for 10
min to produce exfoliated graphene (Ex-G).
2. Synthesis of Fe-NG and Post Treatment. The

composite catalyst of Fe-NG was prepared using Ex-G as the
starting material. Ex-G (50 mg) and urea (2 g) were
mechanically grounded until there was no evidence of urea
particles. Subsequently, iron(II) acetate was added to the above
mixture and ground. The powdered mixture then was placed in

a quartz tube under Ar environment that was loaded outside of
a heating zone of the horizontal tube furnace. With 100 sccm
flow rate of Ar, the furnace was heated to 900 °C; after that the
position of the quartz tube was manually shifted along the
horizontal furnace to bring the powdered mixture to the
heating zone. At this point, iron deposited nitrogen doped
graphene (Fe-NG) was produced. The sample names were
referred to as Fe-NG-5-b, Fe-NG-30-b, Fe-NG-50-b, and Fe-
NG-100-b based on the amount of iron in the mixture (5, 30,
50, and 100 mg, respectively), and -b (indicating before the
post treatment). This stepwise increase in temperature allowed
urea decomposition, which doped nitrogen into the graphene
layer.
Fe-NG (20 mg) was acid washed in dilute H2SO4 (0.5 M, 50

mL) by dispersion in an ultrasonication bath for 30 min. The
mixture then was heated at 85 °C for 5 h under a reflux. The
mixture was washed with DI water (1 L) via vacuum filtration
using polycarbonate filter paper (Millipore, 0.8 μm). The
filtrated Fe-NG was redispersed in DI water and lyophilized.
Subsequent annealing was carried out in the same way as
described above to afford Fe-NG. This treatment was effective
in removing some inactive metal species.

3. Rotating Disk Electrode (RDE) Experiments. The
ORR activity of Fe-NG in alkaline electrolyte (0.1 M KOH)
was tested in a three-electrode electrochemical cell using
rotating disk electrode (RDE) voltammetry, which consists of a
potentiostat (Pine Instrument Co., AFCBP-1) and a rotation
speed controller (Pine Instrument Co., AFMSRCE). All RDE
voltammetry was performed at room temperature using a
saturated calomel electrode (SCE) as a reference electrode. A
platinum wire was used as the counter electrode. A glassy
carbon electrode (5 mm OD) was coated with 20 μL of 4 mg

Figure 1. SEM images of (a) Ex-G, (b) before post treatment Fe-NG (Fe-NG-30-b); and TEM images of before and after post treatment of Fe-NG:
(c) before, and (d) after post treatment.
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mL−1 Fe-NG suspension made by mixing Fe-NG, and a 0.5 wt
% of Nafion solution in ethanol is used as the working electrode
leading to an electrode loading of 0.4 mg cm−2. The ORR
activities were measured from 0.1 to −1.0 V at a scan rate of 10
mV s−1 with O2-saturated electrolyte under various rotation
speeds (100, 400, 900, 1600 rpm). The ORR polarization
curves are background corrected by subtracting the currents
obtained under the same testing conditions in Ar-electrolyte.
Pt/C was tested as the comparison under the same conditions
and the loading. The electrochemical stability of Fe-NG-30 was
evaluated by exposing the catalyst to repeated potential cycles
in the range from −0.33 to 0.07 V vs SCE under oxygen
saturated electrolyte.
4. Preparation of Zinc-Air Battery. All air electrodes used

in this zinc-air full cell test were prepared by spraying the
catalyst onto a gas diffusion layer (GDL) (Ion Power Inc., SGL
Carbon 10 BB, 2.5 cm × 2.5 cm) to achieve a catalyst loading of
0.5 mgcatalyst/cm

2. The electrolyte used in the zinc-air battery
was 6 M KOH, and a polished zinc plate was used as the anode.
The galvanodynamic test was done with a multichannel
potentiostat (VersaSTAT MC, Princeton Applied Research,
U.S.) with current densities varying from 0 to 200 mA to
measure the discharge performance of batteries. The
galvanodischarge curves of zinc-air batteries were recorded at
50 mA cm2.
5. Material Characterization. Scanning electron micros-

copy (SEM) (LEO FESEM 1530) and transmission electron
microscopy (TEM) (Phillips CM300) were used to understand
the morphology. X-ray diffraction (Bunker AXS D8 Advance) is
used to study the (002) peak angle of the graphene samples,
and to investigate the crystal structure of Fe-NG to study the

crystal structure. X-ray photoelectron spectroscopy (XPS)
(Thermal Scientific K-Alpha XPS spectrometer) is conducted
to determine the atomic composition ratio between carbon,
nitrogen, and iron species.

■ RESULTS AND DISCUSSION
The final Fe-NG materials were produced by a post treatment
process of Fe-NG-b (b indicates before treatment), which
consists of acid washing followed by a second pyrolysis. The
morphological change from Fe-NG-b to Fe-NG is clearly
observed by SEM and TEM characterization. Figure 1a shows
SEM image of the starting carbon material, Ex-G. The use of
urea and iron(II) acetate facilitated N-doping along with the
formation of iron nanoparticles in Fe-NG-b (Figure 1b and c),
with the latter observation commonly reported for heat treated
iron-based catalysts.12 After the post treatment of Fe-NG-b
with H2SO4 (0.5 M) and annealing for a second time at 900 °C,
Fe-NG is observed to maintain the voile-like morphology of
graphene sheets, while both the number and the size of Fe
aggregates have significantly decreased (Figures 1d and 2a).
The presence of oxygen containing functional groups on the
surface of the starting exfoliated graphene materials allows Fe
species to be adsorbed onto the surface by the negative net
charge at the surface.6,25 Meanwhile, the Ex-G interacts with the
nitrogen species from urea allowing N-doping into the defected
plane.12,13 These doped-N sites could potentially coordinate
with Fe-ions in an Fe−N complex arrangement based on this
high content of pyridinic nitrogen indicated by XPS (discussed
later), a species that resides on the edge plane structures of
NG.7,26 Particularly, the presence of these edge plane sites is
advantageous as they are known to provide a catalytic site for

Figure 2. SEM and TEM images of after post treatment of Fe-NG. (a) SEM image of Fe-NG-30 after the post treatment showing decreased amount
of Fe particles. (b) TEM image of Fe-NG-30 revealing both hollow and Fe nanoparticle occupied nanoshells. (c) High-resolution TEM (HR-TEM)
image of Fe nanoparticle occupied nanoshells. (d) HR-TEM image of the hollow nanoshell.
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reduction of oxygen.5,27 Similar to the SEM analysis, TEM
images of Fe-NG revealed a wrinkled surface morphology
characteristic of nitrogen doped graphene nanosheets, along
with well-distributed dark sports representing Fe nano-
particles,26,28 albeit present with decreased quantity and sizes
after post-treatment. Unnecessary Fe species were removed
during this step, enhancing the level of exposure of catalytic
sites that could assist in improving the ORR activity. High-
resolution TEM images of Fe-NG show graphitic edges
surrounded by irregular nanoshell features (Figure 2b). The
encapsulation is reported to be promoted during the formation
of Fe nanoparticles along with the graphitization (Figure
2c).22,26,27,29,30 The presence of nanoshells is commonly
observed from acid leached catalysts due to the removal of
iron nanoparticles (Figure 2d).22,26,29,30 Figure 2d clearly shows
a hollow nanoshell formed by the removal of a nanoparticle.
This suggests that some Fe complexes that were incompletely
encapsulated by graphitic layers have dissolved during the acid
treatment. The shell structured graphitic layers are tightly
packed where the interlayer distance of each lattice was
revealed to be ca. 0.34 nm. High-resolution TEM images of an
occupied nanoshell (Figure 2c) show some Fe nanoparticles
were well protected from acid leaching by the graphitic
layers.22,26 The presence of the ridges of the shells increases the
degree of edge exposure of the graphene, which is most likely to
result in improved ORR performance due to the increased
exposure of sites responsible for oxygen adsorption.8

The crystalline structure for Fe-NG-b to Fe-NG was
characterized by the X-ray diffraction (XRD) as demonstrated
in Figure 3a. XRD patterns of both material products show a
peak (marked with ◇) at 26.3°, identified as the 002 peak of
N-doped graphene sheets.1,24,29 This pattern corresponds to
the crystalline graphite structure, which is an indication that the
graphene layers are maintained after the thermal treatment.
The d-spacing calculated using the 002 peak is 3.39 Å,

consistent with typical d-spacing of heat treated N-doped
graphene sheet reported previously.24 The high intensity of the
◇ peak as compared to the reported graphene sheet signifies
the existence of turbostratic carbon, which is the consequence
of the formation of the nanoshells and edges created by the
graphitic layers as observed in the TEM images.22,26,29 The
XRD pattern of Fe-NG exhibits other peaks at 37.2°, 39.6°,
40.6°, 43.6°, 44.7°, 48.7°, 50.6°, 54.8°, and 63.2°, which
correspond to the reported crystalline structure of Fe-carbide
(marked with ▽).24,26,29 Only a slight suppression of these
peaks was observed after post acid treatment, indicating that the
Fe-carbide peaks arise due to the encapsulated Fe-particles by
graphitic layers.5,29 The metal precursor has a significant role in
shaping and forming the Fe nanoparticles when combined with
carbon, promoting graphitic lattice distortion and encapsulation
of Fe-nanoparticles. This structure of the formed nanoparticles
is important in ultimately aiding to improve the ORR activity.
Dodelet et al. have reported the improved fuel cell durability
due to the presence of graphitic nanoshells surrounding metal
nanoparticles.8,26,27 The formation of carbon nanoshells is
reported to be promoted by metal nanoparticles acting as seeds,
where graphitic structures are formed around it as they are heat
treated at 900 °C.6,22,26

X-ray photoelectron spectroscopy (XPS) is used to analyze
the elemental composition of Fe-NG. Figure 3b shows the XPS
spectrum survey of Fe-NG with atomic percentages of C, O, N,
and Fe of 87.47, 5.83, 5.81, and 0.89 at. %, respectively. The
high-resolution spectrum of Fe-2p of Fe-NG reveals a
distribution of Fe-2p into two species: Fe-2p1/2 and Fe-2p3/2
observed at 723.88 and 710.48 eV, respectively (Figure 3c),
consistent with previously reported Fe deposited carbon
materials.23,24,31 The spectrum has missing peaks at 706−708
eV corresponding to Fe-2p species in comparison to previously
reported XPS results.24,32,33 This suggested that the detection
of the residual Fe particles was hindered due to the thickness of

Figure 3. Physical and composition analysis of Fe-NG-30. (a) XRD analysis of Fe-NG-30 and Fe-NG-30-b. (b) XPS survey spectrum of Fe-NG-30.
(c) High-resolution XPS Fe-2p spectra. (d) High-resolution XPS N 1s spectra.
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the nanoshells. As identified by XPS, the high-resolution N-1s
spectrum of Fe-NG reveals four different configurations of N-
species: pyridinic- (N-6), pyrolic- (N-5), graphitic- (N-G), and
oxidized-N (N-O) with binding energies of 398.08, 399.08,
400.78, and 403.48 eV, respectively (Figure 3d).12,23,24 The
relative atomic percentage of N-6 species is calculated to be
45.08% of the total N-species, indicating a high degree of edge
plane exposure. A possible pathway for N-doping is by the
thermal decomposition of urea into melamine groups
(ammelide and ammeline) and carbon nitride during
pyrolysis.12,34

The oxygen reduction activity of the synthesized catalyst (Fe-
NG-b) is evaluated using rotating disk electrode voltammetry in
an alkaline aqueous electrolyte half-cell by comparison to N-
doped graphene (NG) that is synthesized using the same
procedure but without the addition of Fe-precursor, and
thermally exfoliated graphene (Ex-G) (Figure 4a). The carbon
precursor, Ex-G, shows insufficient ORR performance alone. N-
doping of the Ex-G in the absence of iron showed an
improvement in both half-wave and limiting current, but also

shows poor kinetic and diffusion limited oxygen reduction
activity.
Addition of Fe to the NG showed remarkably improved

ORR activity from its precursors, NG and Ex-G. Variation in Fe
loading was studied to evaluate the optimal amount of Fe
(Figure 4b). As shown, Fe-NG-30-b shows the most out-
standing ORR activity among the nonacid washed samples with
an onset potential of −0.050 V (vs SCE) and a half-wave
potential of −0.143 V (vs SCE) comparable to those of
produced in three different Fe loadings: 5, 50, and 100 mg
(indicated by the numbers of the name in Figure 3b).
Improvements to both onset and half-wave potentials are
observed as the iron content is decreased from 100 to 30 mg.
This trend does not continue at 5 mg (Fe-NG-5-b), however,
showing a decrease in ORR performance in comparison to Fe-
NG-30-b. The lower loading of Fe indicates a decrease in the
formation of nanoparticles, consequently lowering the level of
aggregation created.1,5 This result suggests that a sufficient Fe-
aggregation is needed for the construction of carbon nanoshells,
which contributes to efficient ORR activity. The ORR activity
evaluated after the acid wash and thermal treatment of Fe-NG-
30-b, named as Fe-NG-30, shows a significant improvement in
both onset and half-wave potential to −0.023 V (vs SCE) and
to −0.110 V (vs SCE), respectively (Figure 4c), resulting from
the post treatment process.
ORR performance of a typical carbon-based electrocatalyst

relates to these considerations: (1) starting carbon source,35 (2)
graphene surface affected by N-doping,1 (3) Fe and N
complexes on the surface,22 and (4) graphitic nanoshells either
encapsulating metal nanoparticles or in vacancy.8,22,26 The shift
in potentials is an indication that a deliberate acid treatment of
the synthesized product is important for more accessibility to
the catalytic sites through the removal of extra Fe nanoparticle
aggregates outside the nanoshells. On the contrary, the vacant
nanoshells are the result of the post treatment of Fe-NG-b with
0.5 M of H2SO4 and an additional pyrolysis process. Referring
to Figure 2c, the incomplete removal of the encapsulated Fe
particles indicates that metal particles are completely sealed,
preserving against acid from leaching out the metal
complexes.22,26 The enhanced ORR performance of the catalyst
is attributed to improved electron mobility due to the
morphological advantage of the graphitic nanoshells that
increases the level of edge site exposure.35 Thus, the enriched
ORR activity after the post treatment, Fe-NG, is clearly
demonstrated and evaluated through measuring the shifts in the
onset and the half-wave potentials (Figure 5b).
As presented in Figure 5a, enhanced onset and half-wave

potentials of Fe-NG-30 show comparable performance to those
of Pt/C in an alkaline electrolyte (onset and half-wave values of
Pt/C are −0.021 V (vs SCE) and −0.120 V (vs SCE),
respectively). Using the ORR polarization curves of Fe-NG at
various rotation rates (Figure 5b), Koutecky−Levich (K−L)
plots are used to determine the number of electrons transferred
at the surface of the electrocatalyst (Figure 5b, inset). The
observed current density (j) is used to relate the kinetic current
(jK) and limiting current density (jL) by:

= +
j j j
1 1 1

K L

Abiding to the Koutecky−Levich equation, the number of
electrons transferred per O2 molecule, n, is calculated:

Figure 4. Linear sweep voltammetry (LSV) in evaluating oxygen
reduction reaction in 0.1 M KOH at a scan rate of 10 mV s−1. (a)
Comparison of ORR performance of Ex-G, NG, and Fe-NG-30-b. (b)
LSVs of Fe-NG with different Fe loadings. (c) Improved ORR
performance of the catalyst after post treatment of the catalyst.
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υ ω= −j nFD C0.2L o
2/3 1/6

o
1/2

In the above equation, jL is the limiting current density, F is
the Faraday constant (96 485 C mol−1), Do is the diffusion
coefficient of O2 (1.9 × 10−5 cm2 s−1) in 0.1 M KOH, υ is the
kinematic viscosity of 0.1 M KOH (0.01 cm2 s−1), and Co is the
concentration of O2 in the electrolyte (1.2 × 10−6 mol cm−3).36

As shown in Figure 5b, inset, at different ORR potentials with
various rotating speeds, ω in rpm, the number of electrons
transferred was found to range between 3.79 and 3.99 in the
potential range investigated (−0.65 to −1.0 V vs SCE), which
suggests high selectivity toward the four-electron reduction of
oxygen during the cathodic reaction (O2 + 2H2O + 4e− →
4OH−). The high selectivity for the four-electron transfer
pathway of Fe-NG is attributed to the synergistic active sites
created by Fe- and N-species; N-containing graphene typically
incorporates Fe- atoms to the graphitic layer, which encourages

four-electron transfer pathway at higher ORR potentials.37−39

In addition to the catalytic sites promoted through Fe−N
complexes, the presence of nanoshells and the constructed
edges contributed to the improvement of the ORR activity.6,8,22

This culminates in an ORR kinetic current density calculated by
the Koutecky−Levich equation of 0.23 mA cm−2 at an
electrode potential of −0.03 V vs SCE. Figure 5c demonstrates
the stability investigation of Fe-NG-30 after exposure to
repeated potential cycles from −0.33 to 0.07 V vs SCE under
oxygen saturated electrolyte. After up to 2000 cycles, minimal
changes to the ORR kinetics are observed; however, there is a
slight loss in diffusion limited current density with an increased
number of durability cycles.
Elaborating on the electrochemical half-cell analysis of

FeNG-30, single-cell zinc-air battery testing has been carried
out to confirm the promising results. Figure 6 shows the

galvanodynamic discharge polarization curve of Fe-NG-30 that
demonstrates comparable performance to that of Pt/C
according to their ORR performances. The behavior of the
catalyst illustrates an activation loss region followed by a
pseudolinear ohmic loss region. The activation region is
associated with potential loss due to the activation barrier
that a reactant species must overcome, and the subsequent
ohmic loss region indicates the loss associated with electrical
resistance of the components. In the air breathing electrode, Fe-
G-30 provides performance capabilities approaching that of
commercial Pt/C with a peak power density of 61 mW cm−2

(Figure 6).

■ CONCLUSIONS
In summary, we introduced a simple method to synthesize high
performance nitrogen doped graphene-based catalyst. Through
this work, we were able to establish a simple preparation
method through the mechanical mixing of graphene with N and
Fe precursors, which evolved to become active sites for ORR
without the use of solvent and the subsequent drying steps. The
present work demonstrates that urea is a suitable N precursor
in introducing the dopant to the graphene layer as well as most
likely in coordination with metal precursor in forming Fe−N
complexes. Also, pyrolysis of mechanically mixing of precursors
with graphene at high temperature induces the formation of
graphitic shells, and it is speculated that these graphitized
carbon nanoshells contribute to ORR performance due to the
high degree of edge plane exposure. The synthesized product
(Fe-NG-b) was also post treated by acid washing and a second

Figure 5. Linear sweep voltammetry (LSV) in evaluating oxygen
reduction reaction in 0.1 M KOH at a scan rate of 10 mV s−1. (a)
Comparison of ORR performance of Fe-NG-30 and Pt/C. (b) LSVs of
Fe-NG-30 at different rotating speeds (inset: Koutecky−Levich plot).
(c) ORR performance of Fe-NG-30 before and after repeated cycles
from −0.33 to 0.07 V vs SCE under oxygen saturated electrolyte at
900 rpm.

Figure 6. Galvanodynamic discharge polarization curve of full-cell
zinc-air battery of Fe-NG-30 as its cathode catalyst as compared to the
cell with Pt/C as its cathode catalyst.
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pyrolysis, and the final product (Fe-NG) was found to provide
further improved ORR activity. Among different variations of
Fe loading, Fe-NG with 30 mg (i.e., 1 wt %) of Fe (Fe-NG-30)
demonstrated outstanding ORR kinetics with onset and half-
wave potentials of −0.023 and −0.110 V (vs SCE), respectively,
which were comparable to that of Pt/C. Zn-air battery
performance was also evaluated through galvanodynamic
discharge test. The catalyst shows proficient performance
upon comparing the discharge polarization curve of the catalyst
to that of Pt/C, demonstrating 61 mW cm−2 of power density.
Overall results suggest further approaches in analyzing the
mechanism of Fe−N and formation of carbon nanoshells sites
are necessary to gain a better understanding of the behaviors of
transition metals for electrocatalysts used in metal air batteries.
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