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a  b  s  t  r  a  c  t

An  efficient  non-enzymatic  biosensor  electrode  consisting  of nitrogen-doped  graphene  (N-graphene)
and  platinum  nanoflower  (Pt  NF)  with  different  N-graphene  loadings  were  fabricated  on  indium  tin
oxide  (ITO)  glass  using  a  simple  layer-by-layer  electrophoretic  and electrochemical  sequential  depo-
sition  approach.  N-graphene  was  synthesized  by annealing  graphene  oxide  with  urea  at  900 ◦C.  The
structure  and  morphology  of  the  as-fabricated  non-enzymatic  biosensor  electrodes  were  determined
using  X-ray  diffraction,  field  emission  electron  microscopy,  transmission  electron  microscopy,  Raman
and X-ray  photoelectron  spectra.  The  as-fabricated  Pt NF-N-graphene-modified  ITO  electrodes  with  dif-
ferent  N-graphene  loadings  were  utilized  as  a  non-enzymatic  biosensor  electrode  for  the detection  of
hydrogen  peroxide  (H2O2).  The  behaviors  of the hybrid  electrodes  towards  H2O2 reduction  were  assessed
lectrodeposition
ydrogen peroxide
iosensor

using  chronoamperometry,  cyclic  voltammetry  and  electrochemical  impedance  spectroscopy  analysis.
The Pt NF-N-graphene-modified  ITO  electrode  with  a  0.05  mg  ml−1 N-graphene  loading  exhibited  the
lowest  detection  limit,  fastest  amperometric  sensing,  a wide  linear  response  range,  excellent  stability
and  reproducibility  for  the  non-enzymatic  H2O2 detection,  due  to the  synergistic  effect  between  the
electrocatalytic  activity  of  the  Pt NF  and the high  conductivity  and  large  surface  area  of  N-graphene.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanoelectroanalytical chemistry is an expanding multidisci-
linary field, which combines the unique properties of nanoma-

erials (e.g., optical, magnetic, electronic, mechanical and catalytic
roperties) with the electrochemical characterizations (e.g., low
ost, rapid detection and high sensitivity) for the fabrication of
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various application devices, such as fuel cells, supercapacitors,
catalyst and sensor devices [1]. Among these applications, elec-
trochemical biosensors, especially non-enzymatic biosensors, have
received tremendous attention due to several advantages such as
low cost, simplicity, high selectivity and sensitivity. Although non-
enzymatic biosensors can avoid the intrinsic defects of enzymatic
biosensors, especially environmental factors, such as temperature,
oxygen, pH and coexisting chemicals; the kinetics and overpoten-
tial of the electrochemical reaction are crucial factors that influence
the Faradaic current and analytical performance [2]. Therefore,
these sensors could be affected by electrode modification.

Currently, many efforts have been focused on electrode mod-
ification for the preparation of new electrocatalytic materials to
improve the kinetics of electron transfer. Therefore, noble metal

catalysts, such as Au, Ag, Pd and especially Pt, have received wide
recognition in non-enzymatic biosensors. In addition, Pt exhibits
high catalytic activity for numerous reactions and has found appli-

dx.doi.org/10.1016/j.apsusc.2016.06.045
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ation in various fields, such as catalytic hydrogenation, oxygen
eduction and fuel-cell catalysis [3]. However, Pt is expensive
nd rare, and new strategies are needed to limit the amount of
t required for various technological applications. Therefore, the
upport materials on which the Pt catalysts are attached, have
lso received much attention because they play a crucial role in
nhancing the analytical performance. The support materials of the
atalysts are influenced by many factors such as the hydropho-
icity, biocompatibility, the surface roughness and morphology.
herefore, an ideal catalyst support material as the sensing inter-
ace should possess a strong affinity towards the catalyst particles
or their immobilization, high electrical conductivity and good
hemical stability. In addition, this material should be non-toxic
nd possess a high surface area and long-term stability [4]. There-
ore, materials such as redox proteins [5], conductive polymers [6]
nd carbon [7], have been utilized as support materials for non-
nzymatic biosensors.

Graphene nanosheet, a layer of two-dimensional sp2-hybridized
arbon atoms, has gathered huge interest as an alternative
nd effective support material because of the high surface
rea (2630 m2/g), high conductivity (103–104 s/m), high electrical
obility (200000 cm2 V−1 s−1), and high chemical stability [8–10].

hese amazing physical and chemical characteristics offer bright
rospects in electronics [11], photonics [12], supercapacitors [13],
atalysis [14], batteries [15] and dye-sensitized solar cells appli-
ations [16]. However, the aggregation of graphene during the
abrication of the electrocatalyst nanostructures, could dramati-
ally decrease the surface area [17] and thereby lead to a significant
ecrease in the conductivity [17]. Therefore, the functionalization
r doping of the graphene lattice with atoms such as boron, nitro-
en, phosphorous and sulfur, is an effective strategy to modulate
he surface chemistry and the electronic properties of graphene
18]. Among these heteroatoms, nitrogen is best dopant because
f the similar atomic radius and valence electrons for the bond-
ng with carbon atoms. Furthermore, the graphene �-electronic
ystem and the lone pair of the nitrogen atoms can form strong
alence bonds. This will lead to a significant improvement of
he electronic properties of graphene, which promotes to a uni-
orm dispersion and fast nucleation growth kinetics of the catalyst
anostructures. In addition, the nitrogen doping increases the con-
uctivity of graphene with the increase of the Fermi level closer to
he conduction band [19], which improves the sensitivity of non-
nzymatic biosensors. In the past, different methods have been
tilized to produce nitrogen-doped graphene (N-graphene), such
s chemical vapor deposition (CVD)[20], thermal annealing [21]
nd direct-current arc discharge, with different nitrogen precur-
ors [22]. However, a detail investigation of the N-graphene loading
nd its influence on the analytical performance of non-enzymatic
iosensors is needed to produce platinum nanoflower (PT NF)-

oaded N-graphene catalyst materials.
Herein, for the first time, we reported a layer-by-layer elec-

rochemical deposition route for the rapid synthesis of Pt NF
nsemble as a second layer on N-graphene-modified indium tin
xide (ITO) electrodes. As the primary layer, N-graphene was
ynthesized via the annealing graphene oxide (GO) with urea
t 900 ◦C, followed by electrophoretic deposition on ITO elec-
rodes. The electrochemical and electrophoretic depositions are
imple controllable processes and environmentally benign, and
roduce uniform deposits with high purity. The nanoflower mor-
hology of Pt possesses a porous structure, with large surface
reas and active centers for enhanced analytical performance. The
s-fabricated Pt NF-N-graphene-modified ITO electrodes with dif-

erent N-graphene loadings were utilized as non-enzymatic H2O2
ensors, to gain a better understanding on the effects of N-graphene
oading on the analytical performance of H2O2 detection. The Pt
F-N-graphene-modified ITO with 0.05 mg  ml−1 N-graphene load-
 Science 386 (2016) 418–426 419

ing exhibited improved properties for H2O2 detection over a linear
range between 1 �M to 1 mM.

2. Experimental methods

2.1. Chemicals

Analytical grade chemicals (i.e., NaH2PO4, Na2HPO4, 30 wt%
H2O2 and H2PtCl6) were procured from Sigma Aldrich and
dissolved in double-distilled water (resistance = 18.3 M�).  Stock
solutions of NaH2PO4 and Na2HPO4 were used to prepare the
phosphate-buffered (PBS) solution. The experimental detection
was performed with a fresh H2O2 solution.

2.2. Synthesis of N-graphene

Graphite powder (1–2 �m,  Aldrich) was  utilized for the synthe-
sis of graphene oxide (GO) according to the modified Hummers
method [23]. The synthesis of N-graphene is described elsewhere
[24]. Briefly, 50 ml  of a GO dispersion in ethanol (1 mg/mL) was
added with 100 mg  of urea. The dispersion was heated to 80 ◦C
with stirring until it dried. The powders were then placed in an
Al2O3 crucible in a tube furnace and flushed with Ar gas to com-
pletely remove the oxygen in the medium. After the flow of Ar
gas (100 sccm), the temperature was increased to 600 ◦C at a heat-
ing rate of 3 ◦C min−1 for one hour. Then, the temperature was
increased to 900 ◦C at a rate of 5 ◦C min−1. The process was  main-
tained at 900 ◦C for 4 h, then the furnace was cooled to room
temperature, to collect the as-synthesized N-graphene.

2.3. Electrophoretic deposition (EPD) of N-graphene-modified ITO

The set-up for the EPD was  published previously [18]. The
suspension contained 40 ml  of different concentrations of N-
graphene (0.01 mg  ml−1, 0.05 mg  ml−1, and 0.1 mg  ml−1) in 0.025 M
Mg(NO3)2 in isopropyl alcohol, and was  sonicated for 30 min  to
obtain a homogeneous suspension. Before the ITO glass substrates
(10 mm × 20 mm)  were washed in acetone and distilled water, they
were immersed for a few minutes in a 5% HF solution to remove
the oxide layer. The two ITO electrodes were immersed vertically
in the suspension with a distance of 10 mm from each other. The
DC potential and deposition time were 20 V and 5 min, respectively.
Finally, the freshly coated electrodes were dried at 50 ◦C in an oven.

2.4. Electrochemical deposition of Pt NF

The fresh N-graphene-modified ITO thin film electrodes with
different N-graphene loadings were utilized as the working elec-
trode (WE) for the Pt NF deposition by cyclic voltammetry, in five
voltammetric cycles. An Ag/AgCl and a platinum wire were the
reference (RE) and counter electrodes (CE), respectively. The solu-
tion contained 20 �l of H2PtCl6 in 15 ml  of a 0.05 M Mg(NO3)2 as
the supporting electrolyte. The potential scan was  from −0.2 to
−0.8 V at 10 mV  s−1. The as-fabricated Pt NF-N-graphene-modified
ITO thin film electrodes with different N-graphene loadings (i.e.,
0.01 mg  ml−1, 0.05 mg  ml−1, and 0.1 mg  ml−1) are referred as PNG-
1, PNG-2 and PNG-3, respectively. The electrochemical deposition
of pure Pt NF-modified-ITO was  performed with the same proce-
dures. The electrodes were washed with distilled water and finally
dried at 50 ◦C in an oven.

2.5. Characterization
A X-ray powder diffractometer (XRD, PANalytical’s Empyrean)
with a monochromated CuKa radiation (l = 1.54056 Å) was  used
to characterize the powders. A transmission electron microscope
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ig. 1. The schematic of the overall fabrication of PNG-modified-ITO electrode a
-graphene: (a) 0.01 mg  ml−1, (b) 0.05 mg  ml−1, and (c) 0.1 mg ml−1.

500 kV, TEM-FEIG-4020) and field emission scanning electron
icroscope (FESEM-Hitachi SU8000) were utilized to exam-

ne the particle sizes and the morphology of the electrodes.
he electrodes were ultrasonicated in distilled water prior to
he characterization. The spectroscopic measurements were per-
ormed using an ESCALAB MK II X-ray photoelectron spectrometer
Mg  excitation source) for the X-ray photoelectron spectroscopy
XPS) analysis while a Renishaw Invia Raman Microscope instru-

ent (laser excitation, l = 514 nm)  was utilized for the Raman
pectroscopy analysis. The electrochemical experiments were
erformed using a potentiostat/galvanostat (Autolab PGSTAT30,
cochemie Netherlands).

. Results and discussions

.1. Characterization of Pt-NG-modified ITO electrode
Fig. 1 shows the schematic illustration of the overall synthesis
rocedure for Pt-NG-modified ITO electrode and N-graphene on

TO electrodes prepared by the electrophoretic deposition. As the
otographic images of N-graphene-modified ITO with different concentrations of

N-graphene loading increased, the thin film electrodes were gray-
ish in color due to the increasing thickness of the N-graphene film
(Fig. 1(a–c)). The first cycle in the cyclic voltammograms (CVs) of
the electrodeposited Pt NF on the surface of N-graphene-modified
ITO with 0.05 mg  ml−1 N-graphene loading is shown in Fig. 2. Two
reduction peaks and one oxidation peak were observed in the neg-
ative scan, which indicates the successful reduction of the Pt NF.
According to Zangari et al. [25], the electrochemical deposition of
Pt from the H2PtCl6 electrolyte involves a-three step mechanism:

PtCl2−
6 + 2e− → PtCl2−

4 + 2Cl− (1)

PtCl2−
4 + 2e− → Pt + 4Cl− (2)

and/or

PtCl2−
6 + 4e− → Pt + 6Cl− (3)
The peak at −0.38 V might be due to the reduction of Pt (IV)
to Pt (II) (Eq. (1)) or Pt (IV) to Pt (0) (Eq. (3)). The small wave
which begins at approximately −0.65 V, could be due to the electro-
chemical reduction of Pt (II) to Pt (0) (Eq. (2)). However, the anodic
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Fig. 2. CV of the as-electrodeposited Pt NF-N-graphene (0.05 mg  ml−1)-modified ITO
electrode.
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ig. 3. (a) XRD of graphite, GO and N-graphene. (b) XRD of the bare ITO, N-graphene-
TO  and PNG-2 electrodes.

eak on the reverse scan is most likely due to the desorption and
lectrooxidation of the strongly adsorbed hydrogen [25].

Fig. 3(a) shows the XRDs of graphite, GO and N-graphene. The
RD for GO shows a sharp diffraction peak at 2� = 10.6◦, is due to

he (001) lattice plane, with a d-spacing of 0.83 nm.  This d-spacing
◦
s much wider than the narrow peak at 26.8 (graphite), with an

nterlayer spacing of 0.33 nm.  This result suggests that the raw
raphite was exfoliated into GO sheets, from the presence of the
xygen, carboxyl and other functional groups [17]. For compari-
Fig. 4. Raman spectra of GO and N-graphene.

son, after the annealing of GO with urea at 900 ◦C in Ar for 4 h, the
diffractogram shows the absence of this strong peak, along with
the presence of a broad (002) diffraction peak centered at 2� of
24.86◦, which corresponds to an interlayer spacing of 0.35 nm. This
result indicates the formation of graphene, from the removal of the
oxygen functional groups during the annealing process [26]. The
crystalline structure of the Pt NF-modified ITO electrode and PNG-
2 are shown in Fig. 3(b). The N-graphene-modified ITO electrode
exhibits XRD patterns that are similar to those of the blank ITO elec-
trode, which, is due to the small amount of N-graphene. Compared
to the N-graphene-modified ITO, the spectra of the PNG-2-modified
ITO electrode (after electrodeposition of Pt NF in 5 cycles) contain
diffraction peaks at 2&z.Theta; values of 39.765◦and 67.456◦, which
is indexed to the (111) and (220) lattice planes, respectively, of
cubic platinum (JCPDS card no. 00-004-0802) with the following
lattice constants: a = b = c = 3.923 Å.

Raman spectroscopy was also utilized to further investigate
the structural and electronic properties of the as-synthesized N-
graphene. Fig. 4 compares the Raman spectra of pristine GO  and
N-graphene after the annealing with urea at 900 ◦C. The Raman
spectra of GO contain three peaks located at 1359, 1588 and
2688 cm−1, corresponding to the D, G and 2D bands, respectively.
The G band is the result of the in-plane bond stretch of the C C
sp2 bond, and the D band is attributed to the different types of
defects, such as the vacancy-like and sp3 defects. These defects are
the product of hydrogenation, oxidation, electron doping, domain
boundaries and grain boundary edges[18]. In addition to these
three peaks, N-graphene exhibits an extra weak D′ band located
at 1710 cm−1 [27]. However, the major difference between N-
graphene and GO is the degree of disorder, which can be observed
from the intensity ratio of the D and G bands (ID/IG). The intensity
ratio (ID/IG) of GO and N-graphene are 0.66 and 1.28, respectively.
The increase of the (ID/IG) ratio implies that the annealing process
created a large amount of sp2 bonds and structural defects in the N-

graphene lattice. The intensity of the 2D band which is attributed to
a two-phonon double-resonant process, is reciprocal to the rate of
the electron-hole scattering process [18]. Therefore, the increased
intensity of the 2D peak at 2703 cm−1 is from the increase of the
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Fig. 5. (a) Wide scan XPS spectra of GO and N-graphene. The high-resolutio

-graphene layers compared to what is observed in GO, after the
nnealing with urea [17].

Fig. 5 shows the X-ray photoelectron spectra (XPS) of GO and
he nitrogen-bonded groups in N-graphene. The wide-scan XPS
pectrum of GO shows the presence of oxygen and carbon. The
ide-scan XPS spectrum of N-graphene shows the presence of
itrogen doping in graphene during the annealing of GO with urea
Fig. 5(a)). The GO spectrum shows a C1 s peak at 283.2 eV and a
1 s peak at 531.6 eV [18]. The C:O atomic ratio is 0.69 but the
1 s peak intensity decreased significantly. The C:O atomic ratio
f 2.36 indicates the successful reduction of GO, after the anneal-
ng with urea. Moreover, the N-graphene spectrum shows the N1 s
eak at 398.6 eV with a N:C atomic ratio of 0.56 (Fig. 5(a)). The oxy-
en functional groups of GO and N-graphene were identified by the
econvolution of the C1 s peak. The high-resolution C1 s spectrum
f GO in Fig. 5(b) was deconvoluted into two peaks at 286.9 and
84.6 eV, attributed to the C O hydroxyl and C C epoxide groups,
espectively. The smaller peak at 288.8 eV was attributed to the

 C O of GO [18]. The C1 s spectrum of N-graphene and GO have
he same type of oxygen atoms but the N-graphene spectrum shows

 decrease in the C O and O C O intensities after the annealing
ith urea. This result confirms the recovery of the �-electron net-
ork of graphene after the annealing process, as shown in Fig. 5(c)

18]. Moreover, the C N groups at 285.7 eV suggest that the nitro-
en atoms were incorporated into the graphene nanosheets during
he annealing process with urea. A detailed information about the
itrogen functional groups can be provided by the deconvolution
f the N1 s peak in the N-graphene XPS spectrum. As shown in
ig. 5(d), the N1 s peak was deconvoluted into four different regions
t 397.9, 399.8, 400.8 and 402.9 eV, which were attributed to the
our different types of N-containing groups (i.e., pyridinic N C,
yrrolic N C, quaternary N C and oxidized-N of pyridine, respec-
ively) [28]. In the pyridinic N C structure, the N atoms are situated

t the edge of the graphene plane, each N atom donates one �-
lectron to the graphene �-electron system and is bonded to two  C
toms. While in the pyrrolic N C, each N atom contributes two �-
lectrons to the graphene �-electron network and is bonded to two
 spectra of (b) C1s of GO (c) C1s of N-graphene, and (d) N1 s of N-graphene.

C atoms. The nitrogen atoms in the quaternary-N C structures are
bonded to three carbon atoms. In addition, the oxidized nitrogens
are mostly the nitrogen atoms in the pyridine group, are bonded to
one oxygen atom and two carbon atoms.

FESEM analysis was performed to study the morphology of the
Pt NF-N-graphene hybrid (Fig. 6). The low magnification FESEM
image of the as-electrodeposited Pt NF on the surface of the N-
graphene-modified ITO (Fig. 6(a)) shows the presence of Pt forms
nanoflower-like structures. In addition, the Pt NF was uniform
and densely distributed on the surface of the electrophoretically
deposited N-graphene-modified ITO electrode. A careful and closer
view (Fig. 6(b)) reveals that the individual Pt NFs are quasi-spherical
in appearance with sizes in range of 250–300 nm.

A more detalied investigation of the morphology of the N-
graphene and Pt NFs was performed using the TEM technique.
The TEM image reveals that the Pt nanoflowers are highly deco-
rated on the surface of N-graphene. In addition, the N-graphene
exhibits a crumpled sheet-like layer morphology that were several
micrometers in diameter (Fig. 7(a)). The crumpling effect may  be
due to the defective structures formed during the exfoliation or the
doping of nitrogen atoms. The high magnification TEM image of
the Pt NF (Fig. 7(b)) shows that each Pt NF consists of randomly
shaped nanofibers that point radially outward, and the nanofibers
were assembled from tens to hundreds of self-assembled particles
growing in all directions.

3.2. Electrocatalytic activity for H2O2 reduction

The detection of H2O2 was  performed using the Pt NF-N-
graphene-modified ITO electrode to gain insight into the effect
of N-graphene loading on the analytical performance of the non-
enzymatic sensor electrode. The cyclic voltammograms (CVs) of
ITO, pure Pt NF-modified ITO, PNG-x (x = 1, 2,and 3)-modified ITO

electrode in nitrogen saturated 0.1 M PBS at pH 7.2 with the pres-
ence of 0.1 mM H2O2 at 50 mV s−1 are shown in Fig. 8(a). In Fig. 8(a),
the ITO electrode shows the weakest response toward H2O2 detec-
tion (Inset of Fig. 8a). The pure Pt NF-modified ITO shows a high
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Fig. 6. (a,b) Low and high magnification FESEM images of PNG-2-modified ITO electrodes.
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Fig. 7. (a,b) Low and high ma

eak current density of −0.47 mA  cm−2 at −0.25 V in the presence
f H2O2, much higher than the ITO electrode. The presence of N-
raphene leads to a remarkable enhancement in the current density
esponse of the pure Pt NF from −0.47 mA  cm−2 to −1.12 mA  cm−2

or PNG-1. With an increase in the N-graphene loading up to
.05 mg  ml−1, the current density increases from −1.12 mA  cm−2

o −1.24 mA  cm−2 for both PNG-1 and PNG-2. However, a fur-
her increase of the N-graphene concentration to 0.1 mg  ml−1

ed to a decrease in the current density from −1.24 mA cm−2 to
0.92 mA  cm−2. The PNG-2 (Pt NF–N-graphene, 0.05 mg ml−1) gave

he strongest response at −0.40 V with the highest peak current
ensity (2.5-fold higher than the pure Pt NF electrode) for the
2O2 reduction. This result demonstrates that the presence of
-graphene enhances the electrocatalytic activity of pure Pt NFs

oward H2O2 reduction.
The catalytic activity for H2O2 reduction was examined by cyclic

oltammetry of the PNG-2-modified ITO at various scan rates.
ig. 8(b) shows the CVs of the PNG-2-modified ITO in nitrogen satu-
ated 0.1 M PBS solution at pH 7.2 with 0.1 mM H2O2 at various scan
ates. The peak currents rise linearly with the scan rate from 10 to
0 mV s−1. The reduction peak is slightly shifted towards negative
egion, which may  be due to the changes in the activity of the PNG-
-modified ITO during the H2O2 reduction. These results indicate
hat the reduction of H2O2 is a surface-controlled process [18].

Fig. 9 shows the effect of the potential on the current density
f the PNG-2-modified ITO in nitrogen saturated 0.1 M PBS solu-
ion at pH 7.2 in 0.1 mM H2O2, between −0.2 to −0.6 V. The plot
f current density vs. potential indicates that the current density

radually increases with the potential from −0.2 to −0.4 V. How-
ver, a further increase in the potential led to a significant decrease
n the current density. The best working potential is selected from
ation TEM images of PNG-2.

the least negative potential, which exhibits a high selectivity and
high analyte-dependent current. Therefore, a potential of −0.40 V
was identified as the best working potential for the reduction of
H2O2.

In addition, the amperometric current-time technique is an
effective approach to examine the performance of the fabricated
electrochemical sensor. Therefore, the amperometric response of
the PNG-2-modified ITO electrode in nitrogen saturated 0.1 M PBS
solution with successive additions of H2O2 at −0.40 V vs Ag/AgCl
are shown in Fig. 10. The current responses of the PNG-2 hybrid are
rapid, steady, prompt (achieving the steady state current within
5 s), and reproducible when H2O2 was  added to the PBS solution.
The corresponding current-concentration and calibration curve
was performed three times, and the standard deviations were
calculated (the inset of Fig. 10). The current response of the as-
fabricated PNG-2 electrode is linear when the H2O2 concentration
is increased from 1 �M to 1 mM.  The linear regression equation is
written as I (mA) = 61.23 (�AmM−1 cm−2) + 2.193 with a correlation
coefficient of 0.9991. The limit of detection (LOD) of the PNG-2-
modified ITO electrode was  calculated using the following equation
[29]:

LOD = 3SB

b
(4)

where b is the slope of the analytical curve and SB is the stan-
dard deviation of the blank solution. The estimated LOD at a
signal-to-noise ratio of 3 is 0.34 �M.  Moreover, the amperometric
response to 0.1 mM H2O2 in PBS (0.1 M,  pH 7.2) was  obtained over

a 48 min  time period. The PNG-2-modified ITO electrode remained
stable throughout the experiment with only 5.1%, 9.8% and 12.4%
decreases in the current at 10, 30 and 48 min, respectively. The
reproducibility of the modified electrode was evaluated by measur-
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Table 1
A summary and comparison of the current results with those from previous studies on the performance of H2O2 assays.

Type of electrode Limit of detection (�M) Sensitivity (�AmM−1) Linear range (mM)  References

Pt-Carbon nanofiber/GCE 1.7 – 0.005–100 [31]
Pt-Polyaniline/MSF 0.24 50 0.001–2 [32]
Pt-Polypyrrole/GCE 1.2 80.4 1–8 [33]
Pt-Poly melamin/GCE 0.65 – 0.005–1.65 [34]
Pt-PVA-CNT/GCE 0.7 122.63 0.002–3.8 [35]
Pt/Au 60 22.18 0.1–0.9 [36]
N-graphene/GCE 0.05 – 0.005–1.2 [37]
Pt-N-graphene/ITO 0.34 61.23 0.001–1 This work

Fig. 8. (a) CVs of ITO (a), Pt NF-modified ITO (b), and PNG-1 (c), PNG-2 (d) and PNG-3
(e), enlarge inset is CVs of ITO. (b) CVs of PNG-2-modified ITO at various scan rates
in  nitrogen saturated PBS (0.1 M,  pH 7.2) with 0.1 mM H2O2.

Fig. 9. The current density vs. potential of the PNG-2-modified ITO electrode in
0.1  mM H2O2 in 0.1 M PBS at pH 7.2.

Fig. 10. Typical amperometric response of the PNG-2-modified ITO electrode in
nitrogen saturated PBS (0.1 M,  pH 7.2). Inset: calibration plot.
Fig. 11. Nyquist plots of (a) Pt NF, (b) PNG-1, (c) PNG-2, and (d) PNG-3 in 0.1 M KCl
solution containing 1 mM Fe(CN)3−/4−

6 (1:1).

ing the current response to H2O2 under the same conditions. The
relative standard deviation (RSD) of the current response to 0.1 mM
H2O2 was 5.1% for 6 successive determinations. Therefore, the PNG-
2-modified ITO electrode exhibits good stability and reproducibility
for the electrocatalytic reduction of H2O2, and the electrochemical
performance of this sensor is comparable to that of the sensors
based on other materials, as shown in Table 1.

Based on the CV curves and amperometric responses, N-
graphene has an important role in the catalytic enhancement
of the Pt NF-modified ITO electrode. Therefore, electrochemical
impedance spectroscopy (EIS) technique was  performed with a
5 mV  AC signal with a frequency range of 0.1−105 Hz to evalu-

ate the charge transfer kinetics and ion diffusion process of the
sensor electrodes. Fig. 11shows the Nyquist plots of the pure Pt
NF-modified ITO and PNG-x (x = 1, 2, 3)-modified ITO electrodes in
0.1 M KCl solution containing1 mM Fe(CN)6

3−/4− (1:1). The Nyquist
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lots of the electrodes exhibit a high-frequency response due to the
resence of the charge-transfer resistance (Rct), which is related to
he catalytic activity of the reduction of Fe(CN)6

3− to Fe(CN)6
4−

cross the electrode-electrolyte interface. In addition, the low-
requency response is due to the Warburg diffusion process. The

arburg impedance is attributed to the diffusion controlled pro-
ess across the deposited layer [29]. As shown in Fig. 11, compared
ith the pure Pt NF-modified ITO electrode, the presence of N-

raphene led to a significant decrease in the diameter of the
emicircle at higher frequency, which confirms that the conductiv-
ty of the electrode is increased due to the presence of N-graphene
n the hybrid electrodes. The increased conductivity apparently
nhances the catalytic ability of the sensor electrode for faster elec-
ron transfer process across the interface, resulting in an improved
atalytic performance of the sensor electrodes. However, the diam-
ter of the semicircle is increased when the N-graphene loading is
ncreased beyond the optimum value (0.05 mg  ml−1), which indi-
ates a decrease in the catalytic activity of the PNG-3-modified ITO
lectrode. This phenomenon can be assigned to the decreased in
onductivity of the PNG-3 hybrid electrode compared to the PNG-2
ybrid electrode due to the excessive N-graphene content, lead-

ng to larger agglomeration during the electrophoretic deposition,
hich substantially decreases the surface area [30] and led to a

ignificant decrease in the analytical performance of the sensor
lectrode.

. Conclusion

N-graphene nanosheets were successfully grown with differ-
nt degrees of loading on ITO substrate using EPD. The Raman and
PS results show the reduction and nitrogen doping of graphene
xide to N-graphene during annealing with urea at 900 ◦C. The Pt
Fs were electrodeposited on N-graphene-modified ITO electrode.
he Pt NF-N-graphene-modified ITO electrodes with different N-
raphene loadings were used as an advanced biosensor electrode
or H2O2 detection. The presence of N-graphene in the Pt NF-N-
raphene hybrid leads to a significant enhancement in the catalytic
erformance of the pure Pt NFs. Therefore, the PNG-2-modified

TO electrode with a 0.05 mg  ml−1 N-graphene loading exhibited
he best catalytic performance with a detection limit of 0.34 �M
etween 1 �M and 1 mM.  The EIS measurement confirmed that a
urther increase in the N-graphene loading up to 0.1 mg  ml−1 led
o an increase in the electrolyte-electrode interfacial resistance of
he hybrid electrode, which results in a decrease in the electrocat-
lytic performance of the biosensor electrode due to an increase in
gglomeration of N-graphene during the EPD.
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