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G
raphene, emerging as a true two-
dimensional material, has shown
its fascinating applications in bio-

electronics and biosensing.1,2 Applications

include a graphene-based single bacterium

device or DNA transistor,3 glutathione de-

tection with graphene oxide enhanced

electrochemiluminescence,4 a biosensing

platform of chemically reduced graphene,5

and glucose biosensing on a graphene/

ionic liquid interface.6 Due to the unique

physical and chemical properties of

graphene, such as high surface area, excel-

lent conductivity, ease of functionalization

and production, graphene provides an ideal

base for electronics, electric devices, and

biosensors.7�9 Hence, tailoring and devel-

oping the electronic characteristics of

graphene to achieve unique properties has

attracted great attention recently.10�12

Specifically, electronic properties of

graphene have been altered by chemical

functionalization13 and electrochemical

modification.14 Meanwhile, numerous hy-

brids such as graphene/polymer nano-

composites,15 graphene/Pt nanoparticle

sheets,16 and graphene/metal oxide depos-
its17 have been reported. However, most of
these approaches have been aimed at pro-
ducing graphene hybrids with synergy or
multiple functionalities. Little attention has
been paid to intrinsic modification of
graphene with the purpose of enhancing
the graphene performance in bioelectro-
chemical systems.

Chemical doping with foreign atoms is
an effective method to modify materials in-
trinsically, tailor electronic properties, ma-
nipulate surface chemistry, and produce lo-
cal changes to the elemental composition
of host materials.18,19 For carbon materials,
chemical doping is also a leading potential
strategy to enrich free charge-carrier densi-
ties and enhance the electrical or thermal
conductivities.20,21 Recent studies have
demonstrated efforts at chemical doping
of graphene.22,23 For example, by using an
oxygen etching process, graphene is simul-
taneously etched and surface doped by oxi-
dation.24 Theoretical investigation of metal-
doped graphene has predicted the
possibility of a Fermi level shift and a cross-
over from p-type to n-type.25 Among the
numerous potential dopants, nitrogen is
considered to be an excellent element for
the chemical doping of carbon materials
because it is of comparable atomic size and
contains five valence electrons available to
form strong valence bonds with carbon at-
oms.26 In previous work, N doping has been
successfully employed to modify the electri-
cal or structural properties of carbon nano-
tubes (CNTs). For instance, N doping of
CNTs increases the metallic behavior,27 af-
fects the lattice alignment,28 and regulates
the growth mechanism.29 Moreover, it has
been demonstrated that N doping en-
hanced the biocompatibility and sensitivity
of CNTs in biosensing applications.30,31
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ABSTRACT Chemical doping with foreign atoms is an effective method to intrinsically modify the properties

of host materials. Among them, nitrogen doping plays a critical role in regulating the electronic properties of

carbon materials. Recently, graphene, as a true two-dimensional carbon material, has shown fascinating

applications in bioelectronics and biosensors. In this paper, we report a facile strategy to prepare N-doped

graphene by using nitrogen plasma treatment of graphene synthesized via a chemical method. Meanwhile, a

possible schematic diagram has been proposed to detail the structure of N-doped graphene. By controlling the

exposure time, the N percentage in host graphene can be regulated, ranging from 0.11 to 1.35%. Moreover, the as-

prepared N-doped graphene has displayed high electrocatalytic activity for reduction of hydrogen peroxide and

fast direct electron transfer kinetics for glucose oxidase. The N-doped graphene has further been used for glucose

biosensing with concentrations as low as 0.01 mM in the presence of interferences.
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Consequently, N doping has great potential to be used

for graphene modification. So far, only a few studies

have been aimed at producing N-doped graphene via

electrothermal reaction with ammonia32 or chemical

vapor deposition.33

In this paper, we report a strategy to synthesize

N-doped graphene through nitrogen plasma treat-

ment of graphene and further investigate application

of the doped graphene in electrocatalysis and biosens-

ing applications. Plasma treatment is a simple approach

for material surface modification and could be used

for the introduction of foreign atoms, groups, or struc-

tures onto bulk scaffold surfaces.34 Graphene used in

the current work was prepared by a chemical method

based on the Hummers and Offeman oxidation35 (see

our previous works related to the synthesis and charac-

terization of graphene36,37). After doping by plasma

treatment, the structure of N-doped graphene is fur-

ther proposed to show the N status in graphene car-

bon layers and detail the possible active sites or defects

based on X-ray photoelectron spectroscopy (XPS) stud-

ies of the modified material. By controlling plasma ex-

posure time, the percentage of nitrogen doping could

be regulated and optimized easily. Furthermore,

N-doped graphene was successfully applied for electro-

catalysis and biosensing. The reduction potential of

H2O2 at N-doped graphene electrode shifted 400 mV

positively with �20 times current enhancement com-

pared with a glassy carbon electrode. Additionally,

N-doped graphene showed excellent biocompatibility

and fast electron transfer kinetics for glucose biosens-

ing to concentrations as low as 0.01 mM in the presence

of interferences.

RESULTS AND DISCUSSION
Synthesis and Microstructure of N-Doped Graphene. Nitrogen-

doped graphene was fabricated by N plasma treat-

ment of graphene that was chemically synthesized

based on the Hummers and Offeman method35 with

some optimizations according to our previous

work.36,37 Graphene was dispersed in chitosan (0.5 wt

% with 2% acetic acid) with sonication to form a 1 mg

mL�1 graphene�chitosan dispersion. Five microliters of

graphene�chitosan solution was coated on the sur-

face of a glassy carbon electrode (GCE). After drying,

graphene was firmly attached onto the GCE surface be-

cause of the hydrophobic interface between graphene

and glassy carbon with chitosan immobilization. The

graphene�chitosan/GCE was placed in a plasma cham-

ber which was backfilled with a nitrogen atmosphere

at a pressure of 750 mTorr. Plasma power was 100 W,

Figure 1. XPS N1s spectra of graphene (a) and N-doped graphene (b) with N1 (pyridinic N), N2 (pyrrolic N), and N3 (quater-
nary N); C1s spectra of graphene (c) and N-doped graphene (d) with C1 (C�C), C2 (C�O), C3 (CAO or C�N), and C4 (C�CAO).
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and treatment time was controlled from 20 to 100 min

to obtain various N doping percentages.

XPS is a powerful tool to identify the elements’ states

in bulk material.38 By analysis of binding energy (BE) val-

ues, we can confirm the nature of the binding be-

tween carbon and nitrogen. Core-level high-resolution

XPS spectra in the N1s binding energy range was ob-

tained on N-doped graphene and graphene. As shown

in Figure 1a, no obvious distinct N peaks are observed

for graphene. However, nitrogen peaks in the spectra

of N-doped graphene were observed at BE � 398.9 eV

for pyridinic N, BE � 400.1 eV for pyrrolic N, and BE �

401.5 eV for quaternary N (Figure 1b).39�41 Table 1

shows the atomic percentage of nitrogen, carbon, and

oxygen in graphene and N-doped graphene. Chemical

reduction of graphene oxide with hydrazine introduced

trace N (0.145%) into graphene. After the plasma treat-

ment, N percentage increased up to 1.35%, indicating

the successful doping of nitrogen. XPS of C1s ranging

from 282 to 290 eV is shown as Figure 1c,d. Generally,

there are several different C groups in chemically syn-

thesized graphene, which are characterized by the ap-

pearance of several spectral peaks: C�C at 284.8 eV,

C�OH at 285.9 eV, CAO at 287.1 eV, and C�CAO at

289.0 eV (Figure 1c). As is well-known, the peak of CAO

is overlaid with C�N around the binding energy of

287.5 � 0.5 eV.42,43 As shown in Figure 1d, the peak at

287.1 eV for CAO or C�N increased obviously after N

doping. It also demonstrated successful doping of N

into the graphitic layer of graphene. The intensity peaks

characteristic of the C�O groups increased, but those
characteristics of C�C decreased, indicating that dop-
ing not only introduced nitrogen atoms into host
graphene but also increased the content of oxygen.
Meanwhile, plasma treatment might change the natu-
ral structure of functional oxygen groups in graphene.
XPS spectra of O1s before and after N doping are shown
as Figure 2 (C�OH at 533.9 eV, CAO at 532.5 eV, and
C(O)OH at 531.8 eV44). After the doping, oxygen con-
tent was found to have increased to 27.5 at %.

Figure 3 shows the transmission electron micro-
scope (TEM) images of chemically synthesized
graphene (Figure 3a) and N-doped graphene (Figure
3b). As can been seen from Figure 3, the graphene pla-
nar sheets are observed clearly in N-doped graphene,
indicating that the features of high surface/volume ra-
tio and two-dimensional structure of graphene mor-
phology are well maintained. A schematic diagram of
the effect of nitrogen doping on the graphene struc-
ture is displayed as Scheme 1, showing the possible N
locations in N-doped graphene. According to XPS re-
sults, three types of doping N, including pyridinic N, pyr-
rolic N, and quaternary N, could be formed. Each type
is characterized by a specific binding energy shown in
XPS spectra: 398.9 eV for pyridinic N, 400.1 eV for pyr-
rolic N, and 401.5 eV for quaternary N. Such doped N at-
oms would decorate the graphene planar sheet and in-
troduce a change in the Fermi level, engendering the
doping effects and opening the band gap of the
graphene.24 Therefore, N doping might play an impor-
tant role in regulating the electronic properties and en-
hancing the electrocatalytic activity of graphene in elec-
trochemical systems.

Electrocatalysis of N-Doped Graphene. To explore the ap-
plication of N-doped graphene in electrochemistry,
cyclic voltammetric characteristics of H2O2 at a
N-doped graphene electrode were investigated.
H2O2 is an important regulator of eukaryotic signal
transduction, generated in response to various
stimuli including cytokines and growth factors.45 As
shown in Figure 4a, the GCE showed a weak re-
sponse to 5 mM H2O2 at �0.59 V in nitrogen-

TABLE 1. Atomic Concentration of C, N, and O of
Chemically Synthesized Graphene and N-Doped
Graphenea

sample area C1s (%) N1s (%) O1s (%)

graphene 1 84.26 0.18 15.56
2 85.53 0.11 14.36

N-doped graphene 1 71.09 1.35 28.05
2 72.77 1.26 26.54

aNitrogen doping was achieved by nitrogen plasma treatment for 40 min in the
chamber with the pressure of 750 mTorr and the power of 100 W. Two different ar-
eas of each sample were tested and shown with the percentage of each element.

Figure 2. (a) XPS O1s spectra of graphene (a) and N-doped graphene (b) with O1 (HO�CAO), O2 (CAO), and O3 (C�OH).
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saturated 0.1 M NaOH. Reductive current was as
low as 10 �A. However, at the N-doped graphene
electrode (Figure 4b), the reduction peak of H2O2

shifted 400 mV positively with a current of 200 �A.
The parallel experiments with graphene and
N-plasma-treated chitosan were carried out to con-
firm the contribution of N doping to the high elec-
trocatalytic activity of H2O2 at the N-doped graphene
electrode. For the graphene-modified electrode,
only a weak reduction peak was observed at �0.21
V and no obvious responses were obtained on the
nitrogen-plasma-treated chitosan/GCE. The results
demonstrated that the electrocatalytic activity of the
graphene to H2O2 was mainly contributed by N
doping.

Optimization of Plasma Treatment. Plasma exposure
time is a key parameter to regulate the properties
of the graphene in the current work because the
other conditions were fixed including volume of
graphene�chitosan solution for electrode modifica-
tion, the power of the nitrogen plasma, the chamber
pressure, and the temperature. Electrocatalytic ac-
tivities of N-doped graphene with different plasma
exposure times of 0, 20, 30, 40, 60, and 100 min were
examined. Figure 5a is a plot of the reduction cur-
rents from cyclic voltammetric measurements of 5
mM H2O2 at the N-doped graphene electrode versus
exposure time. The reduction current increased rap-
idly as the exposure time increased from 0 to 40 min
then decreased sharply when the time was more
than 40 min. According to Figure S2 (Supporting In-
formation), the background current of the curves
corresponding to 60 and 100 min were found to be
much lower than those corresponding to a 40 min ex-
posure, indicating that the longer exposure may destroy
the modification film and lead to the split of the N-doped
graphene film on the electrode surface. Finally, a 40 min
plasma treatment was chosen as a standard preparation
for N-doped graphene, and the resulting N-doped
graphene electrode was used for electrochemical cataly-
sis of H2O2 with the concentration ranging from 1 to 5
mM, as shown in Figure 5b. We inferred that the high level
of electronic state density and the efficient quantity of
free electrons in N-doped graphene facilitated H2O2

electrochemical reduction. As a crucial step of H2O2

electrocatalytic reduction, breaking of the O�O bond
in H2O2 would become easier at the surface of N-doped
graphene because N doping induced the charge delo-
calization of graphene. The better performance of
N-doped graphene may also be ascribed to the dop-
ing effects and the change of the density of electronic
states (DOEs) around the Fermi level of graphene. (1) Ni-
trogen atoms doped into the graphitic structure of
graphene layer may form the quaternary N atoms. Be-
cause the nitrogen atom is inset into the graphite plane
and bonded to three carbon atoms, quaternary N can
also be described as “graphitic nitrogen” (G-N). Three

valence electrons in G-N form � bonds, the fourth elec-

tron fills a p-state, and the fifth electron forms a �*-

state, giving the p-doping effect to N-doped graphene.

(2) Nitrogen atoms doped in graphene will form pyri-

dinic N and pyrrolic N, as shown in Scheme 1.These

kinds of dopants would increase the DOEs of graphene

Scheme 1. Schematic representation of N-doped graphene.
Gray for the carbon atom, blue for the nitrogen atom, and
white for the hydrogen atom. A possible defect structure is
shown in the middle of the ball-stick model.

Figure 3. TEM images of graphene (a) and N-doped graphene
(b).
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at its Fermi level and open the band gap of

graphene.46�48

Applications of N-Doped Graphene in Direct Electrochemistry

of Glucose Oxidase and Glucose Biosensing. Glucose oxidase

(GOx) was taken as a model enzyme to investigate the

application of N-doped graphene in biosensing due to

the leading role of GOx enzyme electrodes in glucose

monitoring. GOx is a homodimer containing two tightly

bound flavine adenine dinucleotide (FAD)

cofactors.49,50 Redox peaks of GOx were always hard

to observe at the common electrode materials such as

glassy carbon or graphite because FAD is deeply seated

in a cavity and not easily accessible for direct electron

transfer reaction at the electrode surface.51,52 Herein,

N-doped graphene showed its robust ability for elec-

tron transfer from the enzyme cavity to the electrode

surface. Figure 6a presents the cyclic voltammograms

of GOx immobilized on N-doped graphene electrode,

graphene electrode, and GCE. A pair of well-defined and

quasi-reversible redox peaks corresponding to the di-

rect electrochemistry of GOx was obtained on the

N-doped graphene electrode. Equation 1 displays the

mechanism of electron transfer in GOx.

The redox peak current is higher on N-doped graphene

than on graphene because electron transfer is sensi-

tive to the surface chemistry and DOES near the Fermi

potential. By using N doping, the Fermi potential was

changed and the electron transfer efficiency of

N-doped graphene was enhanced. The anodic or ca-

thodic peak currents increased linearly as the scan rate

grew from 30 to 130 mV s�1. Consequently, the linear

relationship between anodic or cathodic peak currents

and the scan rate was obtained (Figure 6b), demonstrat-

ing that the electrochemical reaction of GOx on

N-doped graphene electrode is a surface-controlled

process.

As we know, glucose oxidase can catalyze the oxida-

tion of glucose with oxygen, accompanying the produc-

tion of gluconic acid and H2O2. Consequently, glucose

biosensing could be realized by detecting H2O2 during

Figure 4. (a) Cyclic voltammograms of GCE in the absence
(dashed line) and presence (solid line) of 5 mM H2O2 in N2-
saturated 0.1 M PBS (pH 7.0). (b) Cyclic voltammograms of 5
mM H2O2 in N2-saturated 0.1 M PBS (pH 7.0) on chitosan elec-
trode (dotted line), graphene electrode (black line), and
N-doped graphene electrode (red line).

Figure 5. (a) Plot of the cyclic voltammetric signal (peak cur-
rent) versus nitrogen plasma exposure time of the graphene-
coated GCE (without plasma treatment and with plasma treat-
ment of 20, 40, 60, and 100 min). (b) Cyclic voltammograms
of N-doped graphene electrode in various concentration of
H2O2 (a�g: 1, 2, 3, 4, and 5 mM) in N2-saturated 0.1 M PBS (pH
7.0). Scan rate � 0.05 V s�1.

GOx/FAD + 2e- + 2H+ T GOx/FADH2 (1)
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the enzymatic catalysis. Hence, the as-prepared

N-doped graphene could be a promising material for

glucose biosensing because it has shown the dramatic

ability for H2O2 electrocatalysis as we described before.

As shown in Figure 7a, electrochemical biosensing of

glucose was realized with amperometric measurement

on a N-doped graphene electrode immobilized with

glucose oxidase at �0.15 V in a physiological buffer so-

lution. Figure 7b shows the linear relationship between

glucose concentration and the responding signal. The

peak current increased linearly against the concentra-

tion of glucose within the range from 0.1 to 1.1 mM (R

� 0.998). The enzymatic N-doped graphene electrode

could be reused after 3 days with 4% signal lost. Experi-

ments with interferences including ascorbic acid (AA)

and uric acid (UA) were performed to test the selectiv-

ity of the N-doped graphene sensing platform. Good re-

sponse to glucose ranging from 0.01 to 0.5 mM in the

presence of 5 mM AA and 5 mM UA with the GOx/N-

doped graphene/GCE is shown in Figure 8. Good selec-

tivity and sensitivity of N-doped graphene for glucose
sensing suggested its potential applications as an ad-
vanced material in biosensors.

CONCLUSION
In conclusion, we have outlined a facile methodol-

ogy for synthesizing N-doped graphene. Plasma treat-
ment presents an efficient approach for simple, tunable,
and fast preparation of N-doped graphene. The as-

Figure 6. (a) Cyclic voltammograms of GOx immobilized on
N-doped graphene electrode (solid line) and graphene elec-
trode (dashed line) in N2-saturated 0.1 M PBS solution (pH
7.0). Dotted line is for the background. Scan rate � 0.05 V
s�1. (b) Plot of the anodic (black line) and cathodic (red line)
peak current from cyclic voltammograms of GOx immobi-
lized on N-doped graphene electrode in N2-saturated 0.1 M
PBS solution (pH 7.0) versus different scan rate: 0.03, 0.05,
0.07, 0.09, 0.11, 0.13 V s�1.

Figure 7. (a) Current�time curves for GOx immobilized on
GCE (a), graphene electrode (b), and N-doped graphene elec-
trode (c) at �0.15 V in 0.1 M PBS (pH 7.0) with successive ad-
dition of 0.1 mM glucose. (b) Calibration linear relationship
for glucose with the concentration from 0.1 to 1.1 mM at
N-doped graphene electrode immobilized with GOx.

Figure 8. Chronoamperometric responses to successive ad-
dition of 5 mM uric acid, 5 mM ascorbic acid, 0.5 mM glucose,
0.1 mM glucose, 0.05 mM glucose, 0.02 mM glucose, and
0.01 mM glucose on N-doped graphene electrode immobi-
lized with GOx at �0.15 V in 0.1 M PBS (pH 7.0).
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prepared N-doped graphene exhibited excellent elec-
trocatalytic activity for the reduction of hydrogen per-
oxide, fast electron transfer kinetics of glucose oxidase,
and high sensitivity and selectivity for glucose biosens-
ing. As low as 0.01 mM glucose could be detected in the
presence of interferences. Moreover, since graphene
has an atomic structure common to many carbon ma-

terials, doping with the plasma treatment might be an
alternative method to fulfill the intrinsic modification of
other carbon materials such as CNTs, graphite, carbon
fiber, and porous carbon, etc. This work is anticipated to
open a new possibility in the investigation of N-doped
graphene and promote the application in addressing
various electrochemical issues.

METHODS
Reagents: Graphite powder (99.9%, 325 mesh) was purchased

from Alfa Aesar. Chitosan (medium molecular weight), hydro-
gen peroxide (50 wt % solution in water), glucose oxidase (from
Aspergillus niger, 18200 units g�1), glucose (D-(�)-99.5%), and
phosphate buffered saline (PBS) were purchased from Sigma.
KNO3, NaBH4, H2SO4, K2S2O8, P2O5, KMnO4, and HCl were obtained
from Beijing Chemical Company. All stock solutions were pre-
pared using deionized water without further purification.

Synthesis of Graphene: Graphite powder (2 g, 325 mesh) was
put into a mixture of 12 mL of concentrated H2SO4, 3.0 g of
K2S2O8, and 3.0 g of P2O5. The solution was heated to 80 °C us-
ing an oil bath and stirred for 5 h. Next, the mixture was cooled
to room temperature overnight and diluted with deionized wa-
ter (500 mL). Then, the product was obtained by filtering using
0.2 �m Nylon film and dried naturally. The preoxidized graphite
was then reoxidized by the Hummers and Offeman method. Pre-
treated graphite powder was put into 0 °C concentrated H2SO4

(150 mL), and 25 g of KMnO4 was added gradually under stirring
while the temperature of the mixture was kept around 5 °C by
using an ice bath. Successively, the mixture was stirred at 35 °C
for 4 h and then diluted with 250 mL of deionized water by keep-
ing the temperature under 50 °C. One liter of water was then in-
jected into the mixture followed by adding 30 mL of 30% H2O2

drop by drop. The mixture was filtered and washed with 1:10 HCl
aqueous solution (1 L) to remove metal ions followed by 1 L of
deionized water to remove the acid. The resulting solid was dried
in air and diluted to make graphite oxide dispersion (0.5% w/w).
Finally, it was purified by dialysis for 1 week to remove the re-
maining metal species. Exfoliation was carried out by sonicating
0.1 mg mL�1 graphite oxide dispersion under ambient condi-
tions for 40 min. The resulting homogeneous yellow-brown dis-
persion was used for reduction. Reduction of graphene oxide
was carried out by adding 5 mL of hydration hydrazine (80%)
into the 50 mL solution of 0.1 mg mL�1 graphene oxide and kept
stirring for 24 h at 80 °C. Finally, black hydrophobic powder
graphene was obtained by filtrating the product and drying in
vacuum.

Preparation of Nitrogen-Doped Graphene: To prepare N-doped
graphene, graphene was fixed on the GCE, followed by being
placed in the plasma chamber (Harrick model PDC-32G plasma
cleaning unit), which was backfilled with a nitrogen atmosphere
at a pressure of 750 mTorr. Plasma power was 100 W, and treat-
ment time was 20, 40, 60, and 100 min. After nitrogen plasma
treatment, N-doped graphene electrodes were thus obtained
and were stored at room temperature and used directly for the
electrochemical experiments.

Characterization: Transmission electron microscopy (TEM) im-
ages were obtained with a Hitachi model H-800 TEM opened at
an accelerating voltage of 100 kV. XPS of the graphene oxide was
obtained with a Physical Electronics Quantum 2000 scanning
ESCA microprobe. AFM images were obtained with an atomic
force microscope (Nanoscope III, Digital Instrument). Cyclic vol-
tammograms (CVs) were obtained with a CHI 660a electrochemi-
cal working station (CH Instruments, Inc., USA), and amperomet-
ric measurements were made with the CHI 440a (CH Instruments,
Inc., USA). A three-electrode system was employed, while the
modified glassy carbon electrode (GCE, diameter 3 mm) was the
working electrode, Ag/AgCl with saturated KCl solution acted
as the reference electrode, and platinum wire was the counter
electrode. All of the potentials in this paper were with respect to
Ag/AgCl reference electrode, and the electrochemical measure-

ments were carried out at room temperature (25 � 2 °C). The
plots for amperometric measurements are background-
subtracted with the Origin 7.0 software.

Preparation of Graphene Modified Electrode and Enzyme
Immobilization: The parallel electrode modified with chitosan and
graphene/chitosan was prepared to carry out control experi-
ments. Five microliters of chitosan solution (0.5 wt % with 2%
acetic acid) or graphene�chitosan dispersion (1 mg mL�1) was
dropped onto the surface of the GCE. The GCE was precleaned
by polishing with alumina powders then rinsed with ethanol and
deionized water successively. The chitosan/GCE electrodes were
treated with nitrogen plasma for 40 min at the power of 100 W.
For the enzyme immobilization, the as-prepared N-doped
graphene electrode was immersed into 10 mg mL�1 GOx PBS at
4 °C for 24 h, rinsed with PBS to remove the loosely adsorbed
GOx, and stored at 4 °C for further measurements.
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