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Abstract: The aim of this study is to produce noble-metal-free oxygen reduction reaction (ORR)
catalyst via irradiation. Gamma ray irradiation reduction has been utilized to produce N-doped
reduced graphene oxide (rGO)-supported iron (Fe)-based catalysts, whose weight percent (wt.%) of
Fe loading varies from 10% to 20%. In this study, the physicochemical properties of Fe/N-rGO with
various loadings of Fe (10 wt.%, 15 wt.% and 20 wt.%) were explored through X-ray diffraction (XRD),
field emission scanning electron microscopy-energy dispersive spectroscopy (FESEM-EDS), Raman
spectroscopy and Fourier transform infrared spectroscopy (FTIR). XRD showed that a broad-peak
nanocrystallite Fe2O3 phase formed. Raman spectroscopy revealed that Fe insertion increased the
disordered GO structure. Fourier transform infrared (FTIR) demonstrated that N was functionalized
into rGO. FESEM-EDX presented that Fe nanoparticles existed on the wrinkled rGO surface but their
amount was low. Linear sweep voltammetry (LSV) was performed with a rotating disk electrode
in 0.1 M KOH at a scanning rate of 20 mVs−1 and revolution rates of 400, 900 and 1600 rpm and
the corresponding electron transfer numbers were investigated with a Koutecky–Levich model.
This model indicated that the number of electron transfers of 20% Fe/N-rGO was above 2 and its
performance toward ORR was higher than those of 10% Fe/N-rGO and 15% Fe/N-rGO.

Keywords: alkaline electrolyte; gamma irradiation; Koutecky–Levich relationship; oxygen reduc-
tion reaction

1. Introduction

Oxygen reduction reaction (ORR) at the cathode side of a fuel cell is slow. Its kinetics
can be improved with high amounts of Pt-based catalysts but these catalysts increase a
fuel cell’s cost. For this reason, new and reliable nonprecious metal ORR catalysts with a
performance comparable with that of Pt-based catalysts should be explored. For instance,
nitrogen-doped carbon catalysts, which contain iron (Fe), cobalt (Co) and manganese
(Mn), are considered the most encouraging Pt/C substitute because of the amplifying and
synergistic effects between nitrogen, carbon support and transition metals [1–3]. Fe can
bond with multiple nitrogen (N) atoms, which change the configuration and characteristics
of Fe species, thereby improving the overall catalyst behavior [4]. The efficiency of Fe-
based catalysts is strongly affected by the synthesis procedures and the nature of existing
heteroatoms. The most prominent synthesis of Fe-based catalysts is pyrolysis, which
improves the durability of carbon-based nonprecious catalysts [5,6]. A carbon structure
assumes a critical function in deciding the catalytic activity. Hence, appropriate carbon,
metal and nitrogen antecedents should be chosen to build an exceptionally alluring catalyst
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for ORR [7,8]. Graphene as a catalyst support helps increase catalytic activity and durability
because of its high explicit surface area (2630 m2 g−1) and high electrical conductivity [9–11].
Several graphene-type materials, such as graphene oxide (GO), reduced graphene oxide
(rGO), carbon nanotube and carbon nanofiber, are used as catalyst supports. Among these
catalyst supports, rGO has been the most widely explored; its thermal stability is better
than that of GO [12,13]. rGO is derived from GO, which can be produced via chemical
and thermal exfoliation, chemical vapor deposition or arc discharge [10,14]. However,
these methods are not suitable for producing GO in large quantities. As such, modified
Hummer’s method is widely applied to produce GO and hydrazine hydrate is used as a
reducing agent to subsequently reduce GO to rGO [15,16].

Gamma irradiation has been used to produce different metal, metallic compound and
metal oxide nanoparticles [17]. It is an attractive, easy and environment-friendly method
of producing graphene-based nanomaterials [18,19]. It also helps reduce metal ions and
modifies carbon properties and chemical reactions on surfaces [20,21].

In this study, rGO was synthesized using modified Hummer’s method and reduced
with hydrazine hydrate. rGO, urea and iron catalyst at different loadings were irradiated
with gamma rays to produce N-doped rGO-based Fe catalysts.

2. Materials and Methods

GO was produced via Hummer’s method [18]. In this technique, 3.0 g of graphite
powder was combined with 1.5 g of sodium nitrate and 100 mL of concentrated H2SO4 in a
beaker in an ice bath. Afterward, 12.0 g of KMnO4 was gradually added to the mixture
and temperature was maintained under 5 ◦C. The mixture was stirred for 24 h. After
24 h, 150 mL of deionized (DI) water was poured gradually into the slurry and mixed for
another 24 h. Then, 15 mL of 30 wt.% H2O2 was added to the slurry. Finally, the slurry was
washed with 5% HCl and DI water multiple times to eliminate the overabundance of metal
particles. The obtained brown dispersion was kept in an oven at 90 ◦C [15].

At the subsequent stage, GO was reduced with hydrazine hydrate. In this cycle, GO
powder was dispersed in DI water (1 mg/mL) and ultrasonicated for 1 h at <50 ◦C to
obtain a homogeneous suspension. Next, 2 mL of hydrazine hydrate was placed in 50 mL
of the GO solution and pH was adjusted to 10. This solution was stored in an oven at 90 ◦C
for 24 h. Afterward, the dried rGO powder was washed with DI water and methanol to
achieve pH of ~7. The rGO suspension was kept in a hot air oven at 60 ◦C [22].

The liquid solutions were gamma irradiated under an inert atmosphere at room
temperature under the conditions proposed by Park et al. [17]. A solid mixture of rGO
and urea was prepared at a mass ratio of 3:1 (rGO:urea) [23]. Gray powder was added
to a mixture of DI water and ethanol. Finally, 10%, 15% and 20% of iron (III) nitrate with
a mass ratio of 3:1 (rGO:urea) were taken to prepare the solutions for catalyst synthesis.
The range and ratios were adopted from Sudarsono et al. [7], Xi et al. [24] and Osmeiri
et al. [25]. Afterward, the solutions were ultrasonicated for 30 min. N2 was purged into
the mixture for 15 min and sealed for irradiation. A 60Co gamma irradiation source with a
total dose of 100 kGy (a dose rate of 2 kGy/h) was used. After irradiation, the mixture was
filtered with isopropanol and DI water and dried at room temperature.

A catalyst ink was prepared by mixing 10 µL of 5 wt.% Nafion, 100 µL of DIW, 890 µL
of ethanol and 2 mg of catalyst. Then, the ink was dispersed in an ultrasonic sonicator for
30 min to acquire a homogeneous suspension. Next, 10 µL of the suspension was drop cast
onto a glassy carbon terminal (GCE) and dried at room temperature [21].

Raman spectroscopy (Renishaw inVia Reflex) with an excitation laser of 532 nm
wavelength was employed to evaluate the quality of the rGO produced from graphite
powder. X-ray diffraction (XRD; Panalytical, X’pert Pro MPD) operated with Cu radiation
in the range of 20◦ to 70◦ was applied to examine the phases of the compositions. A field
emission scanning electron microscope (FESEM; Carl Zeiss, GeminiSEM 500) was utilized
to explore the surface morphology of rGO and the catalysts. Fourier transform infrared
(FTIR) (Bruker Tensor II) was carried out in the range of 700 cm−1 to 4000 cm−1.
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For rotating disk electrode (RDE) measurements, the required electrode was prepared
in accordance with previously described methods [26]. Under oxygen (O2) saturated
conditions, a linear sweep voltammetry (LSV) test was performed with a scan rate of
20 mVs−1 in a rotation speed range of 400–1600 rpm [23–25] and in the potential range
of 0.1 mV to −0.8 mV for all three catalysts. Current densities were calculated from LSV
and normalized through the geometric surface. The number of electron transfers (n) was
calculated with the Kouteky–Levich (K–L) equation [26–28]:

1
J
=

1
JK

+
1

Bω1/2 , (1)

where
B = 0.62nFCo2Do2

2/3 υ−1/6, (2)

where J, JK and ω are the measured current density, kinetic limiting current density and
rotating speed of the electrode, respectively; F is the Faraday constant (96,485 C mol−1);
Co2 is the bulk concentration of O2 electrolyte (1.2 × 10−6 mol cm−3); DO2 is the diffusion
coefficient of O2 in the electrolyte (1.9 × 10−5 cm2 s−1); and υ is the kinetic viscosity
(0.01 cm2 s−1).

3. Results and Discussion
3.1. X-ray Diffraction Analysis

The X-ray diffraction (XRD) patterns of the nonirradiated rGO and the irradiated
Fe/N-rGO are presented in Figure 1a,b, respectively.

Figure 1. (a) X-ray diffraction (XRD) patterns of reduced graphene oxide (rGO) (before irradiation)
and (b) 10% Fe/N-rGO, 15% Fe/N-rGO and 20% Fe/N-rGO.

In Figure 1a, one main peak was observed at 2θ = 24.67◦, corresponding to the (002)
plane of the rGO phase with the calculated d-spacing of 0.36 nm. Both peak positions and
inter-planar distance confirmed the formation of rGO. rGO exhibited its characteristic peak
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in the range of 20◦ to 30◦. Generally, the XRD pattern of rGO displays a broad peak with
a low intensity. The peak intensity corresponding to the (002) plane indicates that some
oxygenated species are present in the sample. Graphite exhibits a peak at 2θ of ~26.5◦,
corresponding to the (002) plane, whereas a GO peak appears at 2θ of 11.49◦, corresponding
to the (100) plane [12,15,29–31]. In Figure 1b, no sharp and narrow peak was observed.
This amorphous XRD pattern confirmed the presence of Fe nanoparticles in the samples.
The characteristic peaks of rGO in Figure 1a are not detected in Figure 1b possibly because
of the existence of iron compounds that overwhelm the weak carbon peaks. Nevertheless,
the broad peaks were likely attributed to the α-Fe2O3 phase and the particle size was at
a nanoscale.

3.2. Raman Spectroscopy Analysis

Raman spectroscopy was performed to characterize the samples and elucidate the
carbon structure. In Figure 2, all the samples possessed two characteristic peaks at ~1348
(D band) and ~1598 (G band) cm−1. The 2D band intensity of rGO and GO normally
appears at around 2700 cm−1 but it was completely absent in all the three samples in
this study. The absence of the 2D band intensity confirmed that the structure had high
amount of defects. The 2D peak intensity depends on electron doping and structural
disorders [32,33]. In our study, the D band resulted from structural imperfection caused by
the presence of the disordered carbon and the G band was attributed to the E2g vibration
of carbon atoms. The intensity ratio of the D and G bands (ID/IG) was used to estimate
the defects of the samples. Our results revealed that 10% Fe/N-rGO, 15% Fe/N-rGO
and 20% Fe/N-rGO had ID/IG of 0.69, 0.65 and 0.71, respectively, suggesting that 20%
Fe/N-rGO had the highest amount of defects [18]. ID/IG is closely related to the sp3/sp2

carbon hybridization ratio. The sp2-hybridized carbon is assigned to the carbon graphitic
structure, whereas the sp3 carbon hybrid is assigned to the bond between carbon and
atoms such as nitrogen, oxygen and iron anchored on the carbon surface. Furthermore, 15%
Fe/N-rGO showed the lowest ID/IG, suggesting that the low amount of Fe or few point
defects [34–37] were introduced to the rGO structure. The result was consistent with the
XRD results, which demonstrated that the lowest peak intensity among the three samples
and the semi-quantitative EDS results reported in Table 1 reaffirmed the lowest Fe content
of 15% Fe/N-rGO.

Figure 2. Raman spectra of D and G bands of 10% Fe/N-rGO, 15% Fe/N-rGO and 20% Fe/N-rGO.
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Table 1. Energy dispersive spectroscopy (EDS) results presenting the elemental composition of X
Fe/N-rGO (X = 10%, 15% and 20%).

Name of Samples wt.% of C wt.% of O wt.% of Fe

10% Fe/N-rGO 71.22 24.37 4.41
15% Fe/N-rGO 86.85 11.50 2.10
20% Fe/N-rGO 76.65 13.43 9.92

3.3. Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infrared (FTIR) spectroscopy was applied to determine the possible
functional groups in the compositions. The FTIR spectra of the irradiated samples are
depicted in Figure 3. All the three samples were composed of C–H (884.34 cm−1), C–O
(1127.35 cm−1), C–C/C–N (1314.46 cm−1), C=C (2158 cm−1) and O–H (3668.94 cm−1). C–N
stretching confirmed the existence of a N atom in the composition and formed a weak bond
with a carbon atom. No sharp peak was observed in 15% Fe/N-rGO, indicating the weaker
bond between the two atoms. Furthermore, 10% Fe/N-rGO and 20% Fe/N-rGO exhibited
a slightly sharp peak. The C–N bond in 15% Fe/N-rGO almost disappeared. Previous
studies revealed the C–O stretching peak between 1028 and 1308 cm−1, the C–H stretching
peak between 500 and 1000 cm−1 and the O–H stretching peak after 3420 cm−1. The peaks
of C–O and O–H respectively found at ~1127.35 cm−1 and 3668.94 cm−1 could be ascribed
to the deformation of rGO [38,39].

Figure 3. Fourier transform infrared (FTIR) spectra of 10% Fe/N-rGO, 15% Fe/N-rGO and 20%
Fe/N-rGO.

3.4. Field Emission Scanning Electron Microscopy Analysis

Field emission scanning electron microscopy (FESEM)-EDS was conducted to examine
the surface morphology and distribution of elements. The FESEM images of all the three
samples are presented in Figure 4a–c. The surface of all the three samples was rough,
folded and wrinkled, indicating that GO was reduced to rGO. This observation agreed with
the XRD pattern shown in Figure 1a [18,26]. A few nanoscale iron particles were detected
on the rGO surface in the micrographs. The lack of iron particles was probably due to the
confinement of nanoparticles in the rGO interlayer or the lack of nitrogen-anchoring sites
on rGO. The element mapping of 20% Fe/N-rGO via EDS is shown in the circulated area
in Figure 4c and the distributions of Fe, C and O are illustrated in Figure 4d. The respective
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semiquantitative element distributions of all the samples are summarized in Table 1 to
estimate the Fe loading on rGO. Approximately 50% of the designed Fe in all the samples
except in 15% Fe/N-rGO was embedded onto rGO upon irradiation.

Figure 4. Surface morphology of (a) 10% Fe/N-rGO, (b) 15% Fe/N-rGO and (c) 20% Fe/N-rGO. (d)
Element mapping of 20% Fe/N-rGO with its corresponding Fe, O and C.

3.5. Electrocatalytic Activity

The LSV curves of 10% Fe/N-rGO, 15% Fe/N-rGO and 20% Fe/N-rGO are presented
in Figure 5a,c,e, respectively and their corresponding K–L plots at different potentials are
illustrated in Figure 5b,d,f.
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Figure 5. (a,c,e): Rotating disk electrode (RDE) measurement of the oxygen reduction reaction (ORR)
of Fe/N-rGO catalyst with Fe loadings of 10%, 15% and 20% in O2-saturated 0.1 M KOH, respectively.
(b,d,f) Corresponding Koutecky–Levich plots at 0.34, 0.35 and 0.36 V (vs. RHE), respectively.

At 1600 rpm, 20% Fe/N-rGO exhibited the highest onset potential of 0.84 V (vs. RHE),
whereas 15% Fe/N-rGO showed the lowest onset potentials 0.72 V (vs. RHE). The onset
potential of 10% Fe/N-rGO was 0.74 V (vs. RHE). The onset potential of 20% Fe/N-rGO
was comparable with those reported by Sudarsono et al. [7], Xi et al. [24] and Osmeiri
et al. [25]. A higher onset potential indicated a higher catalytic activity. No limiting current
plateau is observed in Figure 5a,c,e, indicating that the ORR in all the three samples was
dominated by the mixed kinetics-diffusion controlled mechanism. Fe nanoparticles are
possibly confined in rGO layers, so the active sites of nanoparticles may be hindered from
participating in ORR. The ORR of these samples is also affected by the degree of carbon
layer graphitization [40,41].

The number of electron transfers was estimated with the K–L plot at 0.34, 0.35 and 0.36
V (vs. RHE). A decent straight relationship could be observed between J−1 andω−1/2 at
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various cathode potentials. The number of electron transfers was calculated using Equation
(2) at the different electrode potentials. The results showed that 10%, 15% and 20% Fe/N-
rGO had average electron transfers of 1.37, 1.26 and 2.25, respectively, suggesting that the
preferred reaction pathway for these catalysts was two-electron reduction. This pathway
could result in an reduction of oxygen to form peroxide ions (HO2

−) as the final product.
Jung et al. [42] have suggested that O2 prefers to adsorb on single atom catalyst in “end-on”
binding mode that hinders O-O bond breakage, which may be the case in our catalyst,
judging from the EDS result. The rate of generating OH- increases as the concentration of
HO2

− increases. The increasing trend of HO2
- concentration leads to an increase in the

dissolved Fe ion concentration [42,43]. These results contradicted some of the findings
that suggested the four-electron reaction pathway for this type of catalyst. Similar to other
non-pyrolyzed Fe-based catalysts, these catalysts have a very low catalytic activity for fuel
cell applications [44]. This observation could be attributed to the lack of an appropriate
ratio of doped N and the contribution of Fe-Nx. rGO needs a high amount of N because of
its large surface area. N should be added to more than 60 wt.% of rGO [45]. The weight
percent of urea was one-third of rGO; as such, no strong C–N sites were detected in this
work. Adding metallic N could improve electron densities and develop N-supported sites
with carbon and Fe, directly participating in ORR. The intense interaction between Fe-Nx
and O2 facilitates a fast electron transfer. Fe3C, N and Fe are important species to improve
ORR [5,24,46–48].

4. Conclusions

In this work, we used a gamma irradiation method to synthesize N-doped rGO-
supported Fe catalysts with different Fe loadings. Physicochemical characterizations via
XRD, Raman spectroscopy, FTIR and EDS revealed that gamma irradiation could introduce
N and Fe into the samples, although their optimum loadings were not achieved. K–L plot
analysis suggested that the ORR of all the samples followed a two-electron transfer reaction
pathway. The catalytic ORR was not as high as that in our previous works [7] possibly
because of insufficient and underdeveloped active sites. In future studies, the concentration
of N precursors should be increased so that higher amounts of N could be doped onto
rGO, thereby increasing the anchor sites of Fe. This work also demonstrated that ORR was
affected by Fe loading; that is, the higher the amount of Fe successfully loaded on rGO,
the higher the ORR activity. However, further studies should be performed to optimize
synthesis parameters.
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