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Nitrogen functionalized graphite nanofibers/Ir
nanoparticles for enhanced oxygen reduction
reaction in polymer electrolyte fuel cells (PEFCs)

S. Gouse Peera,a A. K. Sahu,*a S. D. Bhata and S. C. Leeb

Nitrogen functionalization of graphite nanofibers (N-GNF) was performed using hexa methyl tetra amine

(HMTA) as the nitrogen source and used as a support material for metal nanoparticle deposition. The

successful incorporation of nitrogen was confirmed using X-ray photoelectron spectroscopy (XPS) and

Raman spectroscopy analysis. Iridium (Ir) nanoparticles with a particle size of �2.2 nm were deposited

onto N-GNF by a simple ethanol reduction method. The oxygen reduction reaction (ORR) activity of

N-GNF and the ameliorating effect of ORR on Ir deposited N-GNF (Ir/N-GNF) were studied by various

physicochemical and electrochemical methods. The enhancement of ORR activity for Ir/N-GNF was

evidenced by high onset potentials and mass activities. The presence of nitrogen in the Ir/N-GNF catalyst

facilitates quick desorption of the –OH species from the Ir surface and accelerates the electrochemical

reaction of Ir particles which in turn enhances the ORR activity. The electrochemical stability of the Ir/N-

GNF was investigated by repeated potential cycling up to 2500 cycles and was found to have excellent

stability for ORR activity. The PEFC with Ir/N-GNF catalyst delivers a peak power density of 450 mW

cm�2 at a load current density of 1577 mA cm�2, while the PEFC with Ir/GNF catalyst delivers a peak

power density of only 259 mW cm�2 at a load current density of 1040 mA cm�2 under identical

operation conditions.
Introduction

Polymer electrolyte fuel cells (PEFCs) are regarded as a possible
alternative power source for stationary andmobile applications,
due to their high power density and near-zero pollutant emis-
sion.1 In PEFCs, carbon-supported platinum (Pt) is usually used
as a catalyst for the electro reduction of oxygen. Since the oxygen
reduction reaction (ORR), which involves four-electron transfer,
is kinetically sluggish, the signicant over potential for the
ORR, even on pure Pt, is in excess of 300 mV, which limits the
efficiency of PEFCs.2 In addition Pt is an expensive metal, and
thus there have been efforts to develop non-platinum alterna-
tive catalysts for PEFCs for more than a decade. Several prom-
ising non-precious metal catalysts, such as Co, Fe and Ru based
alloy catalysts, are proposed in the literature in view of their
ORR activity.3–7 Particularly, Ru based chalcogenides have
shown a high ORR activity, especially when it is modied with
selenium.8 In spite of this progress, very few catalysts are
showing real promise to replace Pt in the real H2/O2 (air) fuel
cell environment reported so far.9
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Iridium (Ir), one of the most stable metal in acidic media and
less expensive than Pt has been investigated as an ORR catalyst
and Ir-based metal oxides are also widely used in water elec-
trolysis for their high activity for oxygen evolution reaction
(OER).10,11 Calle-Vallejo et al., studied nitrogen functionalized
graphitic carbon materials along with transition metals and
their complexes for ORR and OER by density functional theory
analysis. In this study, the active sites composed of Ir metal
seemed to be more active for ORR and OER than other transi-
tion metals found in their volcano plot.12 Chang et al. prepared
iridium oxide nanoparticles supported on Vulcan XC-72 carbon
and a PEFC with this catalyst delivered a power density of only
20 mW cm�2 in H2–O2 fuel cells operated at 60 �C.13,14 Generally,
the surface of Ir has a strong affinity for –O and –OH species,
forming a surface with high oxide coverage even at a low
potential. The formation of Ir–O/–OH species is responsible for
the low ORR activity. To overcome this issue, studies were
conducted to enhance the Ir nanoparticles activity for the ORR.
For instance Gang Liu et al. modied the Ir nanoparticles with
selenium which could effectively hinder the formation of oxide
on the Ir surface and can deliver a power density of 500 mW
cm�2 in a H2–O2 fuel cell.15 In another study, J. Qiao et al.
deposited Ir nanoparticles on a vanadium modied carbon
support and demonstrated improved ORR activity. In this case,
vanadium acts as an oxygen adsorption site and electro bridge
with Ir in promoting improved ORR activity. The modied
This journal is © The Royal Society of Chemistry 2014
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catalyst showed improved catalytic activity and selectivity
following the four electron reduction of O2 to H2O. A maximum
power density of 517mW cm�2 was achieved, although the exact
structure of the vanadium surface modication has not yet been
identied.16 This report is the second best H2-PEFCs perfor-
mance on low and non-platinum electrocatalysts for PEFCs, as
in a recent review by Brouzgou et al.17

In this work, investigation on improving the ORR activity of
Ir by taking the advantage of a co-catalytic system of nitrogen
doping of the GNF surface was carried out. It is established that
the surface hydroxyl groups of N-GNF could effectively help in
fast desorption of the –O/–OH intermediates from the metal
surface, which in turn enhances the ORR activity.18 Further-
more, N-GNF efficiently introduces chemically active sites for
use in catalytic reactions, which improves the dispersion of
metal nanoparticles,18–28 enhances electric conductivity and
helps in improving the adhesion of metal nanoparticles.18–29 It is
noteworthy, that the electrochemical stability of the Ir/N-GNF
catalyst aer 2500 repeated potential cycling exhibited almost
no degradation of ORR activity, representing excellent stability
in acidic conditions. When using this catalyst in fuel cell
performance, a peak power density of 450 mW cm�2 at a load
current density of 1577 mA cm�2 was achieved for a H2/O2 fuel
cell environment at 70 �C and ambient pressure.

Experimental
Materials

Graphite nanobers (GNF) and hexa methyl tetra amine
(HMTA) were purchased from Sigma-Aldrich, while iridium
trichloride, methanol and NaOH were obtained from Acros
Organics. Pt/C (40 wt% Pt on carbon) was obtained from Alfa
Aesar, (Johnson Matthey Ltd.). All the chemicals were used as
received. De-ionized (DI) water (18.4 MU cm) used for the
experiments was produced by a Millipore system.

Nitrogen functionalization on GNF

HMTA as a source of nitrogen was mixed with GNF and was
optimized to amass ratio of 1 : 10. Themixture was dispersed in
isopropyl alcohol (IPA) and deionized water under ultra-
sonication for 1 h. The resulting mixture was then heat treated
at 100 �C for 3 h. Aer cooling to room temperature, the mixture
was washed with DI water followed by drying in vacuum at 80 �C
for 12 h. The materials were ground well and heat treated at 800
�C for 1 h in a tubular furnace under nitrogen atmosphere with
a heating ramp of 5 �C min�1. The materials were collected and
ground to a ne powder. The resultant powder is represented as
nitrogen functionalized graphitic nanober (N-GNF).

Deposition of Ir nanoparticles on nitrogen functionalized
GNF

Ir was deposited on N-GNF by the ethanol reduction method.
Briey, N-GNF and the required amount of iridium trichloride
were suspended in an ethanol and water mixture followed by
ultrasonication to form an ink. The pH was adjusted to �10 by
adding aq. 0.5 M NaOH solution drop wise and the mixture was
This journal is © The Royal Society of Chemistry 2014
reuxed at 80 �C for 2 h for complete reduction of the Ir. The
product was ltered and washed with copious amounts of DI
water. The resulting Ir/N-GNF composite was dried under
vacuum at 80 �C for 12 h. In a similar manner, Ir nanoparticles
were deposited on pristine GNF without nitrogen doping for
comparative studies. An Ir loading of �37 wt% was achieved in
all of the catalysts.

Physico-chemical characterization

Powder X-ray diffraction (XRD) patterns for all of the catalysts
were obtained on a Philips Pan Analytical X-ray diffractometer
employing CuKa radiation of wavelength 1.54 Å. The effect of
nitrogen doping on GNF was also examined by Raman spectros-
copy (RFS27, Bruker) employing a Nd:YAG laser of wavelength
1064 nm. The Ir particle size and distribution in the supporting
materials was analyzed using a eld-emission transmission
electron microscope (FE-TEM) (Hitachi, HF-3300) with an accel-
eration voltage of 300 keV. X-ray photoelectron spectroscopy
(Thermo Fisher Scientic, ESCALAB 250 XPS system) using a
monochromated Al Ka source at 15 keV and 150 W systems was
used to ensure the presence of functional groups and the inter-
action of the Ir nanoparticles with the support materials.

Electrochemical measurements

Electrochemical tests on the catalysts were performed with a
rotating-disk electrode (RDE) apparatus (Biologic instruments
(VSP/VMP 3B-20)) at 25 �C. A glassy carbon disk electrode
(geometric area: 0.071 cm2) was used as a substrate. A catalyst
suspension was obtained by adding 2.13 mg of catalyst to 1 mL
of water followed by ultra-sonication for 30 min. A 15 mL aliquot
of the dispersed suspension was transferred onto the glassy
carbon disk to obtain an Ir loading of 90 mg cm�2. 5 mL of 0.5
wt% Naon solution was dropped onto the catalyst and allowed
to dry at ambient conditions. Pt wire and saturated calomel
electrode (SCE) were used as the counter and reference elec-
trodes, respectively. Hydrogen adsorption–desorption voltam-
mograms were recorded at a scan rate of 50 mV s�1 in 0.5 M
HClO4 aq. solution purged with N2 gas to remove dissolved O2.
The region for hydrogen adsorption between 0.01 V and 0.35 V
vs. RHE on the backward potential scan was used to calculate
the electrochemical surface area (ESA). Linear sweep voltam-
metry (LSV) for ORR activity measurements was performed
using RDE in aq. 0.5 M HClO4 saturated with O2 at a scan rate of
5 mV s�1 at different rotation speeds. All potentials are reported
in terms of the reversible hydrogen electrode (RHE) scale for
convenience. To evaluate the electrochemical stability of the Ir/
GNF and Ir/N-GNF catalysts, CVs were repeated for 2500 cycles
and the ESA values were recorded every 500 cycles. LSV in the
presence of O2 was conducted aer repeated 2500 potential
cycling to assess the electrochemical stability of the Ir/GNF and
Ir/N-GNF catalysts towards the ORR.

Fabrication of the membrane electrode assemblies (MEAs)
and PEFC performance evaluation

Commercial gas-diffusion layers (SGL DC-35) were used as the
backing layers. For the reaction layers, prepared catalysts were
RSC Adv., 2014, 4, 11080–11088 | 11081
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Fig. 1 XPS survey for (a) the pristine GNF and N-GNF; (b) C (1s) region
for the pristine GNF and N-GNF.

Fig. 2 Raman spectra for the pristine GNF and N-GNF.
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dispersed in isopropyl alcohol and ultrasonicated for 30 min
followed by the addition of 30 wt% Naon solution. The resul-
tant slurries were ultrasonicated for 1 h and coated onto the
GDLs (representing the cathode) until an Ir loading of 0.4 mg
cm�2 was achieved. For the anode, 40 wt% commercial Pt/C was
used with 7 wt% Naon until a Pt loading of 0.2 mg cm�2 was
achieved. MEAs were obtained by sandwiching the pre-treated
Naon-212 membranes between the cathode and anode fol-
lowed by its hot-compaction under a pressure of 20 kg cm�2 at
130 �C for 3 min. The MEAs were coupled with Teon gas-
sealing gaskets and placed in single-cell test xtures with
parallel serpentine ow-eld machined on graphite plates. The
galvanostatic polarization data was obtained using a fuel cell
test station (Biologic: FCT-150 S) with gaseous H2 (80% RH) and
gaseous O2/air (80% and 50% RH) to the anode and cathode of
the PEFC respectively. All the MEAs were evaluated with an
active area of 25 cm2 in PEFCs at a cell temperature of 70 �C
under atmospheric pressure.

Results and discussion

Nitrogen functionalized GNF was successfully synthesized with
HMTA as the nitrogen source. HMTA, with a molecular formula
(CH2)6N4, is a heterocyclic organic compound, which in
aqueous solution decomposes into ammonia by heating above
70 �C and is the key factor for nitrogen functionalization.30,31 To
conrm the nitrogen doping, XPS measurements were carried
out for pristine GNF and N-GNF, as shown in Fig. 1. The signal
of N 1s appears at the binding energy of 399.01 eV in the case of
N-GNF conrming the successful doping of nitrogen,32 whereas
the shape for GNF is a at line without any wave crests. The
content of nitrogen determined from the XPS analysis is about
2.9 atom%. Furthermore, the C 1s peak of N-GNF becomes
wider in relation to the pristine GNF. Full width half maxima
(FWHM) values for N-GNF and GNF are 1.14 and 1.10 eV
respectively. In the case of N-GNF some of the carbon atoms are
replaced with nitrogen atoms in the carbon matrix. The strong
interaction between the carbon and nitrogen contributes to the
wider C 1s peak in the case of N-GNF. These widening effects are
also found in many N-doped carbon nanomaterials.33–36

Raman spectroscopy is an effective tool to study the prop-
erties of carbon materials and can provide useful information
about the degree of ordering of the materials and state of
carbon hybridization. Raman spectroscopy data for pristine
GNF and N-GNF is shown in Fig. 2. The Raman spectra displays
two characteristic bands around 1338 cm�1 and 1574 cm�1 for
both of the samples. The D band at 1338 cm�1 is associated with
vibrations of carbon atoms with dangling bonds relating to in-
plane termination of disordered graphite and associated defects
and disorders in the structures of carbon materials.37 The G
band at 1574 cm�1 is a characteristic feature of ordered
graphitic carbon attributed to the stretching of the E2g mode for
the sp2 carbon lattice. The G peak positions of the pristine GNF
and N-GNF are 1574 and 1577 cm�1, respectively. The red shi
of the G peak in the case of N-GNF is due to a change in the
electronic structure of GNF by the doping of nitrogen species,
which is consistent with what has been observed similarly in N-
11082 | RSC Adv., 2014, 4, 11080–11088
doped graphene.38–41 The intensity ratio of D- to G-bands (ID/IG)
gives qualitative information about the degree of defects in N-
GNF. From the Raman spectra, the ID/IG ratios of GNF and N-
GNF are 0.72 and 0.92 respectively, indicating a higher degree of
defects in N-GNF, which is due to the strong interaction
between the carbon and nitrogen that induces disorder in the
This journal is © The Royal Society of Chemistry 2014
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carbon–carbon rings.32 This observation is consistent with the
XPS data.

Aer ascertaining the successful nitrogen functionalization
to the GNF, investigation into the electrochemical properties
was carried out. Fig. 3(a) shows the cyclic voltammetry curves
for GNF and N-GNF in an O2 atmosphere. A featureless vol-
tammetric curve was observed for GNF. By contrast, capacitance
enhancement is observed for N-GNF which shows high elec-
trical conductivity and faster charge transfer indicating the
intrinsic ORR activity.42 Moreover, a well-dened reduction
peak at about �0.5 V (vs. RHE) is attributed to the electro
catalytic reduction of oxygen and it could not be replicated aer
the O2 was replaced by N2, indicating that the peak is a typical
ORR peak. Fig. 3(b) shows the electrochemical activity of N-GNF
towards the ORR at different rpm in acidic solution at room
temperature and is compared with the GNF sample. The
signicant improvement in onset potential, half wave potential
and limiting current for N-GNF shows enhanced ORR activity
for the N-GNF catalyst. Well dened limiting currents were
Fig. 3 Cyclic voltammograms for (a) GNF (O2 atmosphere) and N-
GNF in an O2 and N2 atmosphere recorded at 25 �C in 0.5 M HClO4

solution at a scan rate of 50 mV s�1; (b) linear sweep voltammograms
for N-GNF at different rpm in O2-saturated aqueous 0.5 M HClO4

solution at a scan rate of 5 mV s�1.

This journal is © The Royal Society of Chemistry 2014
observed with an increase of rotation speed in the diffusion
control region. The Koutecky–Levich plots, i.e., plots of the
inverse of current density j�1 as a function of inverse of square
root of the rotation rate u�1/2, were obtained from eqn (1) and
(2) and used to calculate the number of electrons involved in the
ORR process.16,43

id ¼ Bu�1/2 (1)

B ¼ 0:2nFCO2
DO2

2=3w�1=6 (2)

where id is the diffusion controlled limiting current density, u is
the rotations per minute of the disk (u ¼ 2pN, N is the linear
rotation speed), F is the Faraday constant (96 485 C mol�1); CO2

is the bulk concentration of the O2 in the electrolyte (1.23 �
10�6 mol cm�3), DO2

is the diffusion coefficient of O2 (1.93 �
10�5 cm�2 S�1), w is the kinematic viscosity of the electrolyte
(1.01 � 10�2 cm2 s�1); 0.2 is a constant used when u is
expressed in rotations per minute, n is the number of electrons
transferred in the ORR. The number of electrons transferred
can be calculated from the slope of the K–L plot. The slope value
(B) obtained from the K–L plot is 1.4 mA�1 cm2 u�1/2. By using
this value, n is calculated and found to be 3.7 which is close to 4,
revealing that the ORR proceeds through a four electron
transfer process for the N-GNF catalyst.

Powder XRD patterns for the Ir/GNF and Ir/N-GNF are shown
in Fig. 4. The diffraction peaks at 2q value of 26� are attributed
to the (002) planes of hexagonal graphite structure, and the 2q
values of 41�, 69�, and 83� are assigned to the Ir (111), Ir (220),
and Ir (311) planes respectively.15 Analysis of the Ir diffraction
peaks shows that both the catalysts have a faced centered cubic
crystal structure. The Ir (111) peak is considered to calculate the
average Ir crystallite size using the Debye–Scherrer formula, and
is about �2.2 nm for both catalysts.

The presence of nitrogen species on the GNF surface effec-
tively provides nucleation sites which facilitate the homoge-
neous dispersion of the Ir nanoparticles with a strong
interaction between the Ir and GNF.44 Nitrogen functionaliza-
tion also improves the hydrophilicity and wettability of the
carbon materials.45 TEM images of the Ir particle size and its
Fig. 4 XRD patterns for the Ir/GNF and Ir/N-GNF catalysts.

RSC Adv., 2014, 4, 11080–11088 | 11083
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Fig. 6 Cyclic voltammograms for (a) Ir/GNF and Ir/N-GNF recorded at
25 �C in 0.5 M HClO4 solution at a scan rate of 50 mV s�1; (b) hydroxyl
surface coverage (qOH) for the Ir/GNF and Ir/N-GNF catalysts.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
9 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

on
 7

/2
1/

20
22

 3
:3

1:
10

 A
M

. 
View Article Online
distribution over GNF and N-GNF are shown in Fig. 5. The
distribution of Ir nanoparticles is inhomogeneous in the case of
pristine GNF substrates. Some regions of GNF are not covered
by Ir particles, while in many regions Ir nanoparticles are
agglomerated, especially at the ber edges. This may be due to
the lack of sufficient functional groups in the GNF surfaces and
limited interactions between Ir and pristine GNF. By contrast, Ir
nanoparticles are widespread and homogeneously dispersed on
the N-GNF surface. This is due to effective nitrogen function-
alization on the entire GNF surface, which acts as an anchoring
site for Ir deposition.

Fig. 6(a) shows the cyclic voltammograms for Ir/GNF and Ir/
N-GNF catalysts in de-aerated 0.5 M HClO4. In the hydrogen
adsorption–desorption (Ha/d) region, all of the catalysts showed
large Ha/d peaks between 0.01 and 0.35 V vs. RHE.46,47 The ESA
values for the Ir/GNF and Ir/N-GNF catalysts are calculated by
integrating the Ha/d peaks, assuming the hydrogen monolayer
adsorption–desorption charge of 220 mC cm�2 on the Ir surface.
ESA values for the Ir/N-GNF and Ir/GNF catalysts are 67 and 50
m2 g�1 respectively. A higher ESA for Ir/N-GNF is attributed to
the even distribution of Ir nanoparticles on the N-GNF support
and are electrochemically more accessible for the reaction. A
reversible peak at 0.55–0.65 V vs. RHE shown in the inset of
Fig. 6(a) can be attributed to the Ir/Ir–OH or Ir–O redox
process.46,47 The redox peak shiing towards a positive potential
for the Ir/N-GNF catalyst is an indication of higher intrinsic
ORR activity. It is to be noted, that the surface of Ir has a strong
affinity for –OH and –O species which is responsible for the low
ORR activity.48 Strong adsorption of the –OH groups always
retards the oxygen reduction process.49,50 The –OH adsorption
region (0.45–0.75 V vs. RHE) for Ir/GNF and Ir/N-GNF shown in
Fig. 6(b) is selected to obtain hydroxyl species coverage on the Ir
Fig. 5 TEM images (a and b) of the Ir/GNF catalyst at different
magnifications; (c and d) the Ir/N-GNF catalyst at different
magnifications.

11084 | RSC Adv., 2014, 4, 11080–11088
surface of both the catalysts. The adsorption of the hydroxyl
species (OH coverage %) was calculated based on the OHads

peak in the CV curves in the backwards scan. OH coverage %
was obtained by normalizing the hydroxyl adsorption charge by
Fig. 7 Linear sweep voltammograms for Ir/GNF, Ir/N-GNF at 1600
rpm in O2-saturated aqueous 0.5 M HClO4 solution at a scan rate of
5 mV s�1. Tafel plot shown in the inset.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Linear sweep voltammograms for (a) Ir/GNF, (b) Ir/N-GNF at
different rpm in O2-saturated aqueous 0.5 M HClO4 solution at a scan
rate of 5 mV s�1. K–L plots shown in the insets.

Fig. 9 XPS survey for the Ir (4f) region in the Ir/GNF and Ir/N-GNF
catalysts.

This journal is © The Royal Society of Chemistry 2014
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the ESA of the respective catalyst.51,52 It is seen that the % –OH
coverage for Ir/N-GNF is signicantly lower compared to Ir/GNF.
This indicates that the presence of nitrogen in the Ir/N-GNF
catalyst facilitates a quick desorption of –OH species from the Ir
surface and participates in the reaction to produce H2O.
Furthermore, the oxophilic nature of the N-GNF surface could
provide charged species which help in the removal of oxide/OH
species. As a result, the Ir/N-GNF catalyst shows a higher elec-
trochemical activity towards the ORR.18

The electrochemical activity of the catalysts towards the ORR
was investigated using RDE in acidic solution at room temper-
ature (�25 �C) and is shown in Fig. 7. A more positive onset
potential for the Ir/N-GNF catalyst shows the ORR is relatively
faster in relation to the Ir/GNF. The half-wave potential for Ir/N-
GNF shows a positive shi of 90 mV compared to Ir/GNF.
Favorable shis in the onset potential, half wave potential and
limiting current reect an enhanced catalytic activity towards
the ORR for the Ir/N-GNF catalyst. Fig. 8(a) and (b) show the
ORR voltammograms for Ir/GNF and Ir/N-GNF respectively at
different rpm along with the K–L plots as insets. It can be seen
that the current density increases rapidly with an increase of
rotation speed due to a shortened diffusion distance at high
speeds. The linearity of the K–L plot suggests rst order kinetics
towards the ORR and similar electron transfer for ORR at
Fig. 10 Performance curves of H2–O2 PEFC employing (a) GNF, N-
GNF, Ir/GNF, Ir/N-GNF cathode catalysts at 70 �C under atmospheric
pressure; (b) performance curves for Ir/N-GNF in H2-air at 70 �C under
atmospheric pressure (stability test in H2/air @ 200 mA cm�2 shown in
the inset).

RSC Adv., 2014, 4, 11080–11088 | 11085
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different potentials. The slope values obtained from the K–L
plot are 1.38 and 1.45 mA�1 cm2 u�1/2 for Ir/GNF and Ir/N-GNF
respectively. The number of electrons calculated from eqn (1)
and (2) for Ir/GNF and Ir/N-GNF are 3.69, and 3.88 respectively,
which is close to 4, revealing that the ORR precedes through a
direct four electron transfer process.

To determine the mass activity of the catalysts, the polari-
zation plot for RDE has been corrected for mass-transport using
eqn (3) and the mass activities are calculated using eqn (4).53,54

ik ¼ i � id

id � i
(3)

mass activity ¼ ik

m
(4)

where ik is the mass-transport corrected kinetic current density,
id is the measured diffusion limited current density, and i is the
measured current density, m is the amount of Ir loading. The ik
values for Ir/GNF, Ir/N-GNF at 0.8 V vs. RHE are found to be�0.3
and�1.03 mA cm�2 and the mass activities are 3.43 and 11.18 A
gIr

�1, respectively. The Tafel slope for Ir/GNF, Ir/N-GNF are 141
and 99 mV per decade respectively, further conrming the
enhanced activity for the Ir/N-GNF.

XPS survey for the Ir/GNF and Ir/N-GNF composite catalyst to
determine the chemical states of Ir nanoparticles are shown in
Fig. 9. The Ir 4f spectrum presents two chemical states of Ir
nanoparticles with distinct binding energies. Bands at 60.9 and
63.9 eV correspond to the typical values of 4f7/2 and 4f5/2 elec-
trons of metallic Ir (0) respectively.55 However, in the case of Ir/
N-GNF, a slight up-shi in the binding energy is observed and
Fig. 11 Cyclic voltammograms for (a) the Ir/GNF and (c) Ir/N-GNF cata
mograms for (b) Ir/GNF and (d) Ir/N-GNF before and after the stability te

11086 | RSC Adv., 2014, 4, 11080–11088
the corresponding values are 61 and 64 eV. The shi of binding
energy of the core-level orbital is closely correlated with a
change of electron density at the metal surface of nano-
particles.56 A slight up-shi in the binding energy in the case of
Ir/N-GNF further conrms the specic interaction between
nitrogen and Ir nanoparticles. Due to the electron donating
nature of nitrogen, N-GNF results in chemically active localized
areas with a higher electron density.57,58 Aer Ir nanoparticles
were deposited, electron transfer from nitrogen to the unlled
orbital of Ir could occur via the nitrogen group. This process
leads to a higher electron density at the Ir nanoparticles and is
responsible for the up-shi in binding energy and the subse-
quent enhancement of ORR activity.59–61

In order to examine the fuel cell performance, MEAs
comprising GNF, N-GNF, Ir/GNF and Ir/N-GNF as cathode
catalysts were evaluated in the H2–O2 cell at 70 �C and ambient
pressure shown in Fig. 10(a). It is evident that the PEFC
comprising N-GNF shows a higher performance in relation to
the PEFC with pristine GNF. The superior performance of N-
GNF over pristine GNF further corroborates the CV and ORR
data. Ir impregnation to the GNF and N-GNF further amelio-
rates the fuel cell performance. The PEFC with Ir/N-GNF catalyst
delivers a peak power density of 450 mW cm�2 at a load current
density of 1577 mA cm�2, while the PEFC with Ir/GNF catalyst
delivers a peak power density of only 259 mW cm�2 at a load
current density of 1040 mA cm�2 under identical operation
conditions. The higher performance of the Ir/N-GNF catalyst
further conrms the enhanced oxygen reduction activity of this
system, which has already been revealed through the RDE
lyst by repeated potentiodynamic cycling tests; linear sweep voltam-
st at 1600 rpm in O2-saturated aq. 0.5 M HClO4.

This journal is © The Royal Society of Chemistry 2014
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studies. Fig. 10(b) shows the fuel cell performance of the Ir/N-
GNF catalysts with air feed in the cathode side, which delivers a
peak power density of 270 mW cm�2. A stability test for the Ir/N-
GNF catalyst was carried out at 200 mA cm�2 for 50 h using H2-
air feeds at 70 �C and ambient pressure shown in the inset of
Fig. 10(b). There is no obvious voltage loss seen over a period of
50 h conrming the suitability of Ir/N-GNF catalyst in a fuel cell
environment.

As previously mentioned, it is observed that the Ir/N-GNF
catalyst enhances ORR activity and is extremely useful for the fuel
cell as a non-Pt metal catalyst. Generally, most reported ORR
catalysts have low stability in acidic conditions. To ensure the
electrochemical stability of the catalysts developed in this study,
repeated potentiodynamic cycling tests were carried out for 2500
cycles in an N2 saturated aqueous 0.5 M HClO4 at room tempera-
ture, as shown in Fig. 11. It is observed that the ESA value drops by
37% of the initial value aer 2500 cycles for the Ir/N-GNF catalyst,
while the drop is 83% for the Ir/GNF catalyst (Fig. 11(a and c)). The
ORR behavior of the two catalysts before and aer 2500 potential
cycles is also performed to evaluate the catalyst degradation shown
in Fig. 11(b and d). The Ir/GNF catalyst has remarkable 101 mV
negative shis in the half wave potential aer potential cycling. By
contrast, only 6 mV negative shis are observed for the Ir/N-GNF
catalyst aer 2500 potential cycles. The remarkable improvement
of the Ir/N-GNFcatalyst towardsORRactivity is exclusively credited
to the presence of nitrogen in the functionalized GNF (N-GNF).
Besides, nitrogen functionalization to theGNF increases corrosion
resistance and provides strong interaction of Ir nanoparticles to
the GNF which helps the durability of the catalyst.

Conclusions

Nitrogen functionalization of the GNF surface is established in
this study which increases the catalytic activity of N-GNF
towards the ORR. Uniform distribution of Ir nanoparticles on
the N-GNF surface results in a higher ESA value and the nano-
particles are electrochemically more accessible for the oxygen
reduction reaction. The presence of nitrogen in the Ir/N-GNF
catalyst facilitates quick desorption of the –OH species from the
Ir surface and accelerates the electrochemical reaction of Ir
particles, which in turn enhances the ORR activity. The Ir/N-
GNF catalyst exhibited a higher power density and presents
excellent stability in comparison with Ir/GNF, both in the half
cell and fuel cell environments.
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