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In this paper, nitrogen doped graphene (NG) was successfully synthesized via thermal annealing
employing graphene oxide and urea as raw materials. The morphology and microstructure of NG was
characterized by TEM, AFM, XRD and XPS, respectively. Due to its unique structure and properties
originating from nitrogen doped in graphene frame, NG shows highly electrocatalytic activity towards
the oxidation of p-phenylenediamine (PDA). A sensitive detection platform based on NG modified
electrode (NG@GCE) was constructed. Moreover, a low detection limit of 0.67 uM (S/N=3) with the
wide linear range of 2 to 500uM and fast response (within 3 s) are obtained. This new strategy opens a
new facile and simple route to electrochemically determinate aromatic amines in environmental
analysis and other electrocatalytic applications.
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1. INTRODUCTION

Graphene has been attracting great deal of research interest due to its remarkable electronic,
optical, and thermal properties, chemical and mechanical stability, and large surface area[l] for
applications including field-effect transistors[2], electrochemical devices [3,4], electromechanical
resonators[5], polymer nanocomposites [6], batteries[7], supercapacitors [8], and light emitting
devices[9], catalysis [10], chemical sensor and biosensor [11-13], and many other areas [14,15].

Applications of graphene-based materials undoubtedly need low-cost, high quality and large-
scale production of graphene. Up to now, Some approaches have been developed to prepare graphene,
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such as: micromechanical exfoliation of graphite with Scotch-tap [1], chemical vapor deposition (CVD)
on metal substrates[16], epitaxial growth on electrically insulating surface [17, 18] and the chemical or
electrochemical reduction of graphene oxide (GO) [19], which can be prepared from natural graphite
by the modified Hummers’method [20, 21]. Among these methods, the reduction from GO is the most
realistic approach for low-cost and gram-level production of graphene. Chemical doping with foreign
atoms is a significant method to modify materials intrinsically, tailor electronic properties, manipulate
surface chemistry, and produce local changes to the elemental composition of host materials [22, 23].
For carbon materials, chemical doping is also a leading potential strategy to enrich free charge-carrier
densities and enhance the electrical or thermal conductivities [24, 25]. Recent studies have
demonstrated efforts at chemical doping of graphene [26, 27].

P-phenylenediamine, an aromatic amine, is an important organic intermediate, which was
widely used in polymer materials, pesticides, dyes and other substances. With more and more
aromatic amine that can induce mutagenic and carcinogenic activity is difficult to be degraded under
natural conditions being discharged into the water[28], a lot of national environmental organizations
have to declare them as environmental pollutants which even threaten the survival of the organism.
Accordingly, it is necessary to develop effective methods to determine p-phenylenediamine at very
low concentrations before the discharge of effluents. Recently, several enzyme-based detection
procedures were reported for measuring aromatic amines [29, 30], however, the defect of enzymatic
sensors is that their stability is not good enough originating from their intrinsic dependence on enzyme
activity [31,32].

Herein, we demonstrate the ability of NG as a platform for high sensitive detection a kind of
aromatic amine based on electrochemical oxidation at NG modified glassy carbon electrode
(NG@GCE) for the first time. After the surface morphology and structure of NG were characterized
by TEM, AFM, XRD and XPS, the electrochemical behavior of p-phenylenediamine on the NG@GCE
was studied. It is found that the NG shows excellent catalytic activity toward the oxidation of the
aromatic amine. This work put forward the application prospects of graphene-based nanomaterials in
determination of aromatic amines in environmental analysis.

2. EXPERIMENTAL

2.1. Raw materials

Graphite powder was obtained from Alfa Aesar (Shanghai Carbon Co., Ltd., China), with a
particle size of 100 um. Urea was bought from Sinopharm Chemical Reagent CO. Ltd (China), and
recrystallized with water prior to use. P-phenylenediamine and other chemicals were bought from
Shanghai Chemical Factory (Shanghai, China). All chemicals were of analytical grade and solutions
were prepared with deionized water (DI) (>18 MQ, Purelab Classic Corp., USA).
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2.2. Synthesis of GO and NG

GO was fabricated by a modified Hummer’s method [20, 21]. The process has been described
in our previously work [33]. The mixture of as-prepared GO and urea with 1:5 ( mass ratio ) was
placed in a quartz tube. Next the annealing temperature was increased to 700°C at 10°min and kept
for 1 h in argon atmosphere. The final product was taken out of the tube when the temperature was
cooled down to room temperature. 3 mg NG was dispersed in DMF by ultrasonication, and 1 mg/mL
NG suspension was acquired and used in the following modification processes.

2.3. Preparation of NG modified glass carbon electrode (NG@GCE)

GCE ( ¢=3mm) was thoroughly polished with 0.3um and 0.05 mm y-alumina slurry. The
cleaned GCE was dried with blowing N, gas before modifications. The NG-modified GCE was
prepared by dropping the NG suspension (10 pL, 1 mg/mL) onto the pretreated bare GCE and dried in
air. The NG-modified GCE (NG@GCE) was directly used for the detection of p-phenylenediamine
(PDA).

2.4. Characterization

NG was characterized using a Hitachi-2100 TEM at 200 kV and the samples were obtained by
drying a droplet of the NG suspensions on a Cu grid. AFM image was recorded using an Agilent 5500
AFM/SPM system in the tapping mode. XPS (Ka) analyses were performed using a Thermo Fisher X-
ray photoelectron spectrometer equipped with Al radiation as the probe, with a chamber pressure of 5
x 10~° Torr. The power was 72 W, and the pass energies were 200 eV and 50 eV for survey scans and
high-resolution scans, respectively. Electrochemical measurements were carried out at a standard
three-electrode cell on a CHI 842 electrochemical Station (CH Instrument, USA) with a modified GCE
as the working electrode, a platinum wire as the counter electrode and an Ag/AgCl electrode as the
reference.

3. RESULTS AND DISCUSSION

3.1 Preparation and characterization of NG

The preparation of nitrogen doped graphene (NG) starts from graphene oxide (GO) and urea
through thermal annealing at 700°C in a tubular furnace. GO was synthesized by the modified
Hummers' method. The process has been described in our previously work [33]. GO and urea were
mixed together with a mass ratio of 1:5 by grinding. This mixture was then put into a quartz tube with
high purity argon atmosphere and heated to 700°C at a rate of 10°C/min. After the temperature was
maintained for 2 hours, the furnace was stopped heating and cooled to room temperature. The product



Int. J. Electrochem. Sci., Vol. 10, 2015 7066

was obtained from quartz tube. For comparison, thermal reduced graphene was also prepared using the
similar process without urea into the GO sample.
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Figure 1. (a), (b) TEM and AFM image of nitrogen doped graphene.

Morphology of the as-obtained NG was characterized by TEM as shown in Fig. 1(a). It is clear
that a layer of corrugated, thin paper-like materials are randomly compact and stacked together,
showing uniform laminar morphology like crumpled silk veil waves. These NG nanosheets with
monolayer or double-layered nanostructure possess huge surface areas. AFM can directly characterize
the morphology and thickness of NG. Fig. 1(b) shows that a typical AFM image of NG dispersion was
on freshly exfoliated mica through a drop-casting method. The average thickness of as-obtained NG,
measured from the height profile of the AFM image is about 1 nm, corresponding to less than three
single graphene layers by comparing with the theoretical thickness of a single-layer pristine graphene
(about 0.34 nm) [34].
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Figure 2. XRD patterns of graphene oxide (GO) and nitrogen doped graphene (NG).

The XRD patterns of NG (red line) compared with GO are shown in Fig. 2. The sharp peak
centered at 26 = 11.2° (002) is observed with interlayer space (d-spacing) of about 0.79 nm, which
shows the complete oxidation from natural graphite to GO. This value is larger than the d-spacing
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(0.34 nm) of pristine graphite (20 = 26.5°), as a result of the introduction of oxygen-containing groups
on carbon sheets. After thermal annealing, the diffraction peak at 11.2° disappears, replaced by a broad
peak at 20 = 26.3° with an interlayer space of around 0.34 nm, which is approximately the d-spacing
peak of graphite. This peak of the thermal reduction and nitrogen doping of GO is attributed to the
removal of oxygen functional groups from the GO sheet surface.
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Figure 3. (a) XPS spectra of NG, The peaks located at 285, 399, and 534.0 eV indicate the carbon,
nitrogen, and oxygen elements, respectively. (b) high-resolution scans for N1s.

To further demonstrate the formation of NG, XPS was carried out to analyze the composition
and chemical configuration of nitrogen atoms in NG. Fig. 3(a) shows the XPS wide spectrum for NG.
It is observed that the presence of principal Cls (285eV), N1s (399eV), and Ols (532eV) peaks
clearly. The elemental content analysis from the XPS data reveals the mass composition of NG: C
91.3%, N 5.6%, O 3.1%. As for N1s, the peak can be fitted into three components (From Fig. 3b). The
strong peaks locate at 398.3 eV and 399.5 eV is assigned to N atoms with “pyridinic” and “pyrrolic”
chemical structures, and the peak at 401 eV corresponds to N atoms linked with three carbon atoms at
the same ( “graphitic” N atoms). These XPS analyses reveal that N atoms have been successfully
incorporated into carbon frameworks and exist as three kinds of chemical status in NG.

3.2. Electrochemical behaviors of p-phenylenediamine on NG/GCE

The electrochemical behaviors of p-phenylenediamine (PDA) at bare GCE, G@GCE and
NG@GCE have been studied by CVs as shown in Fig. 4. When graphene or NG was modified to the
surface of GCE, the peak current is improved obviously compared with bare GCE. The efficient
electrocatalytic activity at G@GCE and NG@GCE can be attributed to the as-prepared G or NG has
the good conductivity and large electroactive surface area. Moreover, the theoretical calculations also
revealed the surface of graphene possesses very strong adsorption affinity towards aminotriazines and
aromatic molecules through hydrogen-bond and zn-n stacking interactions [35]. In addition, the peak
current at NG@GCE is larger than that of G@GCE. This phenomenon indicates that graphene doped
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with nitrogen atoms has strong interaction with PDA molecules. It is beneficial for accelerating the
electron transfer.
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Figure 4. Cyclic voltammograms of bare GCE, G@GCE and NG@GCE in 0.1 M KCI solution
containing 0.1 mM p-phenylenediamine at a scan rate of 100 mV/s.

It can be clearly seen that two strong anodic peaks with the potentials at 0.245V and 0.575V at
the NG@GCE (in Fig 4). This corresponds to the stepwise oxidation of two amino groups to the
quinone dimine on the aromatic ring of PDA. The electrochemical mechanism is proposed in
Schemel. At the same time, also two small well-defined reduction peaks appear, indicating that the
electrochemical reaction of PDA is reversible.
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Scheme 1. Reversible single-electron catalytic mechanism toward PDA at NG@GCE.

The effects of different scan rates on the oxidation of PDA at the NG@GCE in 0.1 M KCI
solution containing 0.1 mM PDA was also investigated using CV as shown in Fig. 5a. The oxidation
peak current increases along with scan rate from 5 mV/s to 500 mV/s. In addition, the anodic response
shifts positively with the increase of scan rate, while the cathodic peak moves negatively. It is also
apparent from Fig. 5b that the anodic current shows a good linear relationship (R?=0.9948) with the
scan rate in the scan rate range, which reveals that the oxidation of PDA at the NG@GCE is a surface
controlled process.



Int. J. Electrochem. Sci., Vol. 10, 2015 7069

160

Current (uA)

-0.2 0.0 0.2 0.4 0.6 0.8
Potential (V)

40
| (0)

36

Current (uA)

R’=0.9948
24

20

T T T T T T T T T T
0 100 200 300 400 500
Scan rate (mV/s)

Figure 5. (a) Cyclic voltammograms (CVs) of bare GCE, G@GCE and NG@GCE in 0.1 M KCI
solution containing 0.1 mM p-phenylenediamine at a scan rate of 100 mV/s. (b) Influence of
scan rate on the second oxidation peak current for PDA.

Under the optimum conditions, PDA was detected at the different concentrations on the second
oxidation peak are recorded in Fig. 6. The anodic peaks at the potential of around 0.60 V are observed
and their peak currents increase with an increase in PDA concentration from 2 to 500uM. The second
oxidation peak currents yield a linear calibration plot as shown in inset of Fig. 6. The current response
of NG@GCE exhibits a good linear dependence with correlation coefficient of 0.9916 on PDA
concentration and the detection limit can reach as low as 0.67 uM (at signal/noise =3). There are two
main reasons for this excellent electrochemical activity. For one thing, the interaction between analytes
and basal planes of NG plays an important role in electrocatalysis oxidation [36].
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Figure 6. LSVs measured at the NG@GCE in various concentrations of PDA: 2, 5, 10, 20, 30, 50, 60,

100, 200, 300, 400 and 500uM. The inset plot displays the calibration curve for the detection of
PDA on the second oxidation peak current.

For another, NG has a large active surface area, excellent conductivity and a large number of
edge-plane-like defective sites, which accelerate electron-transfer between the electrode and species in
solution and facilitate high catalytic activity towards PDA. Based on the higher electrocatalytic
activities to the organic compounds [37], NG may be a good carbon material for constructing a novel
and promising electrochemical sensing platform for detecting other pollutant.

4. CONCLUSION

In this work, we demonstrate the ability of NG as a platform for simple and effective detection
a kind of aromatic amine based on electrochemical oxidation at NG@GCE. The as-prepared NG was
characterized by TEM, AFM, XRD and XPS. The high sensitivity of the PDA detection could be
ascribed to large surface area and enhanced electrocatalytic activity of the NG-modified surface.
Moreover, the hydrogen-bond, electrostatic and n—= stacking interactions between aromatic molecules
and graphene also play important roles. The low detection limit of 0.67uM (S/N=3) and the linear
range of 2 to 500uM is obtained. The present work demonstrates that the NG is a promising electrode
material for electrochemical determination aromatic amines in environmental analysis.

ACKNOWLEDGEMENTS

This work was supported by the Foundation of Jiangxi Educational Committee (No. GJJ11487), the
Open Project Foundation of the Key Laboratory of Radio-active Geology and Exploration Technology
Fundamental Science for National Defense of China (2011RGET07, RGET-1310) and the Open
Project Foundation of Nuclear Engineering Technology Research Center of Ministry of Education
(HJSJYB-2011-17).



Int. J. Electrochem. Sci., Vol. 10, 2015 7071
References

1. K. S. Novoselov, A. K.Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva
and A. A. Firsov, Science, 306(2004)666.
2. X. Li, X. Wang, L. Zhang, S. Lee and H. Dai, Science 319(2008)1229.
3. X. Wang, L. Zhi and K. Miillen, Nano Lett., 8(2008)323.
4. F. Schedin, A. K. Geim, S. V.Morozov, E. W. Hill, P. Blake, M. I. Katsnelson and K. S. Novoselov,
Nat. Mater., 6(2007)652.
5.J. S. Bunch, A. M. Zande, S. S. Verbridge, I. W. Frank, D. M. Tanenbaum, J. M. Parpia, H. G.
Craighead and P. L. McEuen, Science, 315(2007)490.
6. Y. Qian, Y.F. Lan, J. P. Xu, F. C. Ye and S. Z. Dai, Appl. Surf. Sci., 314(2014)991.
7. E. Yoo, J. Kim, E. Hosono, H. S. Zhou, T. Kudo and I. Honma, Nano Lett., 8(2008)2277.
8. M. D. Stoller, S. Park, Y. Zhu, J. An and R. S. Ruoff, Nano Lett., 8(2008)3498.
9. W. Chen, S. Chen, D. C. Qi, X. Y.Gao and A. T. S. Wee, J. Am.Chem. Soc., 129(2007)10418
10. J. Long, X. Xie, J. Xu, Q. Gu, L. Chen and X. Wang, ACS Catal., 2(2012)622.
11. C. H. Lu, H. H. Yang, C. L. Zhu, X. Chen and G. N. Chen, Angew. Chem., Int. Ed., 48(2009)4785
12. P. K. Ang, W. Chen, A. S. Wee and K. P. Loh, J. Am. Chem. Soc., 130(2008)14392.
13. Y. W. Zhang, S. Liu, L. Wang, X. Y. Qin, J. Q. Tian, W. B. Lu, G. H. Chang and X. P. Sun, RSC
Adv., 2(2012)538.
14.]J. P. Zhao, S. P. Pei, W. C. Ren, L. B. Gao and H. M. Cheng, ACS Nano, 4(2010)5245.
15. W. B. Hu, C. Peng, W. J. Luo, M. Lv, X. M. Li, D. Li, Q. Huang and C. H. Fan, ACS Nano,
4(2010)4317.
16. A. Ismach, C. Druzgalski, S. Penwell, A. Schwartzberg, M. Zheng, A. Javey, J. Bokor and Y.
Zhang, Nano Lett., 10(2010)1542.
17. P. W. Sutter, J. I. Flege and E. A. Sutter, Nat. Mater., 7(2008)406
18. X. S. Li, W. W. Cai, J. H. An, S. Kim, J. Nah, D. X. Yang, R. Piner, A. Velamakanni, 1. Jung, E.
Tutuc, S. K. Banerjee, L. Colombo and R. S. Ruoff, Science, 324(2009)1312.
19. D. R. Dreyer, S. Park, C. W. Bielawski and R. S. Ruoff, Chem. Soc. Rev., 39(2010)228
20. W. S. Hummers.Jr. and R. E. Offeman, J. Am. Chem. Soc., 80(1958)1339.
21. N. I. Kovtyukhova, P. J. Ollivier, B. R. Martin, T. E. Mallouk, S. A. Chizhik, E. V. Buzaneva and
A. D. Gorchinskiy, Chem. Mater., 11(1999)771.
22.Y.Y.Shao, J. H. Sui, G. P Yinand Y. Z. Gao, Appl. Catal. B, 79(2008)89.
23. B. G. Sumpter, V. Meunier, J. M. Romo-Herrera, E. Cruz-Silva, D. A. Cullen, H. Terrones, D. J
Smith and M. Terrones, ACS Nano, 1(2007)369.
24.Y.C. Ma, A. S. Foster, A. V. Krasheninnikov and R. M. Nieminen, Phys. Rev. B, 72(2005)205.
25. C. W. Zhou, J. Kong, E. Yenilmez and H. J. Dai, Science, 290(2000)1552.
26. T. O. Wehling, K. S. Novoselov, S. V. Morozov, E. E. Vdovin, M. I. Katsnelson, A. K. Geim and
A. |. Lichtenstein, Nano Lett., 8(2008)173.
27. W. Chen, S. Chen, D. C. Qi, X. Y. Gao and A. T. S. Wee, J. Am. Chem. Soc., 129(2007)10418.
28. T. R. Crompton, Determination of Organic Substances in Water, John Wiley & Sons: New York
1985.
29. P. Dominguez-Sanchez, C. K. O'Sullivan, A. J. Miranda-Ordieres, P. Tunon-Blanco and M. R.
Smyth, Anal. Chim. Acta., 291(1994)349.
30. F.-D. Munteanu, A. Lindgren, J. Emnéus, L. Gorton, T. Ruzgas, E. Csoregi, A. Ciucu, R. B.
Huystee, I. G. Gazaryan and L. M. Lagrimini, Anal. Chem., 70(1998)2596.
31. T. M. Cheng, T. K. Huang, H. K. Lin, S. P. Tung, Y. L. Chen, C. Y. Lee and H. T. Chiu, ACS
Appl. Mater. Interfaces, 2(2010)2773.
32. B. Fang, A. X. Gu, G. F. Wang, W. Wang, Y. H. Feng, C. H. Zhang and X. J. Zhang, ACS Appl.
Mater. Interfaces, 1(2009)2829.
33. Y. Qian, C. Y. Wang and Z. G. Le, Appl. Surf. Sci., 257(2011)10758.


http://www.sciencedirect.com/science/article/pii/S0169433211011603

Int. J. Electrochem. Sci., Vol. 10, 2015 7072

34.Y.Siand E. T. Samulski, Nano Lett., 8(2008)1679.

35. J.D. Wuest and A. Rochefort, Chem. Commun., 46(2010)2923.

36. 1. Jeon, D. Yu, S. Bae, H. Choi, D. Chang, L. Dai and J. Baek, Chem. Mater. 23(2011)3987.
37. Z. Sheng, X. Zheng, J. Xu, W. Bao, F. Wang and X. Xia, Biosens. Bioelectron. 34(2012)125.

© 2015 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

