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A B S T R A C T

In this study, the graphene sheets embedded carbon (GSEC) film was modified with surface N-doping for highly
selective ascorbic acid (AA) sensing. We found that the N-doped graphene sheets formed in-situ at the carbon
film surface and induced high electrocatalytic activity for AA oxidation. Although surface N-doping slightly
decreased the ID/IG and surface roughness of carbon film, the graphene sheets embedded in amorphous were
preserved. With surface N-doping, the charge-transfer resistance was reduced from 22.5Ω cm2 to 3.9Ω cm2, the
oxidation-reduction peak separation decreased to a low value of 65.7 mV in Fe(CN)64−/3− redox system, and the
standard rate constant was increased from 0.24×10-2 to 1.36×10-2 cm·s-1. The surface N-doped graphene sheets
embedded carbon (SN-GSEC) decreased the oxidation potential of AA from 0.186 V to 0.025 V (vs. Ag/AgCl) and
realized selective detecting of AA. The mechanism may be that the surface N-doping induce the adjacent carbon
in graphene sheets to obtain a higher partial density of states and more positive compensating charge. This study
provides a simple method for preparing high performance electrochemical biosensor.

1. Introduction

Ascorbic acid (AA) is a soluble vitamin and has been used ex-
tensively as an antioxidant in food, drink and medicine [1–5]. The
major function of AA is to protect cells from toxicity of reactive oxygen
species [6]. Abnormal levels of AA can cause many diseases, including
nausea, vomiting, diarrhea, kidney stones et al [7]. It is vital to confirm
the AA level by simple and fast detecting methods.

Carbon film electrodes have been widely used in electroanalysis
because of their wide potential window, low background current and
low cost [8], especially the carbon film with nanocrystalline structure
[9–12]. This carbon film has special sp2 and sp3 mixed bonds structure
and exhibits high electrochemical activity, ultra-flat surface and large
potential window (4.1 V) [10,12]. The formation of nanocrystalline is
the key to the remarkable electrochemical performance. Diao et al [13]
further improved the electrochemical activity by forming up-standing
graphene sheets in carbon film. The graphene sheets offered fast elec-
tron transport path and more reaction active sites [14]. However, these
carbon film electrodes were hard to be applied in detecting AA by
electrochemical direct oxidation. Because the interfering of dopamine
(DA), which coexisted with AA and seriously affected the accuracy

detection for AA [15,16]. The AA and DA exhibited a similar oxidation
potential in electrochemical detection for most electrode materials
[17,18].

A possible way around this is to modify the electrode surface with
an effective catalyst, which could significantly decrease the oxidation
overpotential of AA. Such as catechol [19] and glutamic acid [20] have
being used to modify carbon electrode for catalyzing the oxidation of
AA. N-doped graphene [21] is another excellent catalyst for the oxi-
dation of AA, and could realize simultaneous determination of AA, DA
and uric acid (UA). But the instability of the adsorbed or attached
catalysts on glassy carbon electrode make these methods limited in
application. Consequently, the in-situ forming N-doped graphene em-
bedded in carbon film was proposed. This method not only avoids the
disadvantage of physical adsorption of catalyst, but also preserves the
advantage of low background currents of carbon film. Niwa et al [22]
made important contributions in preparing carbon film with N-doped
nanocrystalline by electron cyclotron resonance (ECR) under ion irra-
diation, the N-doped nanocrystalline greatly improved the electro-
chemical activity of carbon film. But for the N-doped graphene sheets
embedded carbon film, there has no related reports until now.

In this article, we tried to in-situ form N-doped graphene sheets in

https://doi.org/10.1016/j.snb.2018.12.079
Received 13 October 2018; Received in revised form 12 December 2018; Accepted 15 December 2018

⁎ Corresponding authors.
E-mail addresses: caoyy@szu.edu.cn (Y. Cao), dfdiao@szu.edu.cn (D. Diao).

Sensors & Actuators: B. Chemical 283 (2019) 556–562

Available online 16 December 2018
0925-4005/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2018.12.079
https://doi.org/10.1016/j.snb.2018.12.079
mailto:caoyy@szu.edu.cn
mailto:dfdiao@szu.edu.cn
https://doi.org/10.1016/j.snb.2018.12.079
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.12.079&domain=pdf


carbon film by surface N-doping for selective ascorbic acid sensing. The
nanostructure and morphology of surface N-doped graphene embedded
carbon (SN-GSEC) film were characterized with transmission electron
microscopy (TEM), atomic force microscopy (AFM), Raman spectra and
X-ray photoelectron spectroscopy (XPS). The effects of surface N-doping
on the electrochemical activity of carbon film were studied with elec-
trochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV). The selective detecting AA were investigated with differential
pulse voltammetry (DPV).

2. Experimental

2.1. Film fabrication

All carbon films were prepared by using ECR plasma sputtering
system under electron irradiation. The pure GSEC film with a thickness
of 80 nm were firstly deposited on boron-doped silicon wafer (100)
substrate under an electron acceleration voltage of + 80 V. Then, the
surface N-doping were performed on the GSEC film with a mixture gas
of Ar and N2. The partial pressure of N2 was 10%. The chamber pressure
kept at 4.00× 10−2 Pa. The electron acceleration voltage was re-
mained at + 80 V. The thickness of surface N-doped layer was about
8 nm. During the film preparation, the microwave power and DC vol-
tage applied to the carbon target were 500W and−500 V, respectively.

2.2. Film structure characterization

The effects of surface N-doping on the nanostructure of GSEC film
were firstly investigated with high-resolution TEM (Titan3 Themis G2).
The TEM samples were prepared by slightly scratching the film surface
with a diamond pencil and transferring the films onto a copper mi-
crogrid. The roughness and surface morphology were measured by
using Dimension Edge AFM with a BRUKER SCANASYS-AIR tip at a
scanning rate of 1 Hz with 512×512 pixels. Raman spectra were col-
lected on a Raman spectrometer using a 633 nm laser as the excitation
source (HORIBA, LabRAM HR Evolution). XPS (ThermoScientific
ESCALAB 250Xi) were recorded to investigate the influence of surface
N-doping on the elemental composition and the quantity of chemical
bonds of GSEC film. The element contents were calculated based on
peak area and peak height sensitivity method [23] with Avandage
software. The N 1 s spectra were fitted based on the binding energy (BE)
values of three chemical bonding states [24] with XPSPeak software.

2.3. Electrochemical characterization

Electrochemical measurements were performed in a standard three-
electrode cell by using an electrochemistry workstation of Gamry
Reference 600+ . The working electrode was carbon film with an area
of o.2 cm2, the counter and reference electrodes were a Pt wire and Ag/
AgCl, respectively. The EIS were measured in 5mM Fe(CN)64−/3−and
0.1M KCl with a AC signal amplitude of 10mV in the frequency range
of 0.1 Hz to 100 kHz. The DC was set at 0.26 V vs.Ag/AgCl. The CV were
measured in 1mM Fe(CN)64−/3− and 1M KCl. The DPVs of AA, DA and
UA in 0.1M phosphate buffer (PB) solution (pH=7.0) were carried out
with a step size of 5mV and a pulse size of 25mV.

3. Results and discussion

3.1. Surface structure and chemical composition

The nanostructures of GSEC and SN-GSEC films were examined with
high-resolution TEM. As shown in Fig. 1, the multilayer graphene sheets
embedded in the amorphous carbon were formed in both two carbon
films. The fast Fourier transformation (FFT) were performed on the red
and green squares marked regions. In the red square regions, two white
light spots appeared in the FFT images, which confirmed the formation

of multilayer graphene. However, in green square regions, FFT showed
no pattern corresponding to amorphous structure. The nanostructure of
SN-GSEC film is almost the same as GSEC. It indicates that the graphene
nanocrystalline structure is remained after being surface N-doped, and
the N-doped graphene sheets may be formed on the surface of SN-GSEC
film. The film surface were characterized with AFM as shown in Fig. 1.
It shows that the roughness of GSEC film is slightly reduced after being
surface N-doped. This further confirms that the surface N-doping has no
obvious influence on the graphene nanocrystalline structure of GSEC
film.

To further characterize the influence of surface N-doping, Raman
spectra were examined as shown in Fig. 2. The two spectra are very
similar, both of them exhibit clear D, G and 2D peak at about
1345 cm−1, 1595 cm−1 and 2756 cm−1, respectively. But the surface
N-doping leads to the decreasing of peak intensity ratio of ID/IG from
1.33 to 1.03. The ID/IG ratio is related to the clustering and ordering of
sp2 phase in stage 2 of Ferrari’s model [25]. It indicates that the clus-
tering and ordering degree of sp2 phase in the surface N-doped layer is
lower than that in GSEC. The 2D band is the most prominent feature of
graphene and its shape is sensitive to the number of layers of graphene
[26,27]. The appearance of 2D band demonstrates the formation of
multilayer graphene sheets in both two films. Therefore, it can be
concluded that the graphene sheets are formed in the surface of SN-
GSEC film although surface N-doping inhibits the clustering of sp2

phase at some extent.
To confirm the effects of surface N-doping on the chemical com-

position and bonding structure, the XPS were examined as shown in
Fig. 3 and Table 1. The sp2 phase content is lower in SN-GSEC than
GSEC films, which is consistent with the results of Raman. It indicates
that the N-doping inhibits the clustering of sp2 phase, and results in the
decreasing of surface roughness of SN-GSEC slightly. As shown in
Fig. 3(b), the N 1 s spectrum of SN-GSEC could be well-fitted into three
peaks at the binding energies of 398.4 eV, 399.9 eV and 401.2 eV,
corresponding to the pyridinic N, pyrrolic N and graphitic N as depicted
in Fig. 3(c), respectively. The nitrogen atoms are mainly bonded with
carbon atoms by pyridinic N and graphitic N, both of them are helpful
to improve the electrochemical properties of carbon materials [22,28].
The pyridinic N could only exist at the edge regions of six-membered
rings [29], which may be the reason that induces the decreasing of ID/IG
as well as sp2 phase content. It can be concluded that the N-doped
graphene sheets are formed at the surface of SN-GSEC film.

3.2. Electrochemical properties

3.2.1. EIS
EIS is an excellent method for investigating the interface features of

modified electrodes [30]. In the present study, the EIS was measured in
Fe(CN)64−/3− redox system and fitted with Gamry Echem Analyst
software based on the Randles equivalent circuit [31] as shown in
Fig. 4. The Rs, CPE and W represented the solution resistance, Constant
Phase Element and Warburg impedance, respectively. As shown in
Table 2, the double-layer capacitance (Cdl) of SN-GSEC film was much
larger than GSEC. It means the surface N-doping leads to the increasing
of double-layer capacitance. The charge-transfer resistance (Rct) are
significantly decreased after being surface N-doped. It indicates that the
electrode kinetics is extremely sensitive to the surface doping nitrogen.
In addition, the standard rate constant (K°) was calculated based on the
charge transfer resistance [32], it increased from 0.24×10-2 to
1.36×10-2 cm·s-1. This proves the surface N-doping significantly in-
creases electron transfer rate of GSEC film.

3.2.2. CV
The CVs were also measured in Fe(CN)64−/3− redox system as

shown in Fig. S1(a). The surface N-doping induced that the peak se-
paration (△Ep) decreased from 69.9 mV to 65.7 mV. It should be noted
that the 65.7mV is a very low value and much lower than many other
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carbon electrodes at same conditions, such as N-doped tetrahedral
amorphous carbon [33,34], N-doped carbon nanofibers [35] graphene
[36], carbon nanowalls [37] and so on. This indicates that the surface
N-doping obviously improves the electrochemical activity of GSEC film.
The SN-GSEC film electrode also shows higher oxidation peak current
than GSEC film. This may be resulted from that surface N-doping in-
creases the electroactive surface area. As showed in Fig. S2, the CVs
with different scanning rate were measured. The electroactive surface
area were estimated according to the Randles-Sevcik equation [38] as

shown in Fig. S1(b). The surface N-doping results in the increasing of
effective active area from 0.175 cm2 to 0.201 cm2.

3.2.3. DPV
The DPVs of two carbon film electrodes in 100 μM AA and 0.1M PB

solution were presented in Fig. 5(a). The SN-GSEC film showed much
lower oxidation potential and higher current density than GSEC film.
Under the interfering of DA and UA, the DPV for AA were also mea-
sured as shown in Fig. 5(b). For the GSEC film electrode, three bio-
molecules only present two oxidation peaks at 0.186 V and 0.306 V.
This is because that the oxidation peak of AA overlaps with DA (the
oxidation potential of DA at GSEC was 0.21 V as shown in Fig. S3). For
the SN-GSEC film electrode, three clearly separated peaks with higher
peak currents are appeared at 0.025 V, 0.165 V and 0.295 V, which
corresponding to the oxidation of AA, DA and UA, respectively. These
results indicate that the overpotential of AA oxidation is remarkably
decreased by surface N-doping. The SN-GSEC film has excellent elec-
trocatalytic activity for AA oxidation and could be used to selective
detecting AA.

3.3. Mechanism analysis

It’s well known that material properties are closely related with its
structures, the high electrocatalytic activity of SN-GSEC film for AA
oxidation must be resulted from the surface N-doping. Based on the
former structural characterization, the nanostructures of SN-GSEC film
were depicted in Fig. 6(a). At the under layer, multilayer graphene
sheets were formed and embedded in the amorphous carbon. At the
surface layer, the N-doped graphene sheets were formed. The nitrogen

Fig. 1. The TEM and AFM images of GSEC (a)(c) and SN-GSEC (b)(d) films. The FFT images corresponding to green (amorphous) and red (multilayer graphene
sheets) squares regions, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 2. The Raman spectra of GSEC and SN-GSEC films.
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atoms were mainly bonded with carbon atoms by pyridinic N and
graphitic N. In graphene, N-doping could increase the electronic partial
density of states (PDOS) near the Fermi level, especially the adjacent

carbon atoms [39]. Higher DOS is helpful to facilitate the electron
transfer and increase the electrochemical activity. Consequently, the
SN-GSEC exhibited lower charge-transfer resistance and △Ep than
GSEC film. Meanwhile, the nitrogen has one more electron than carbon
and bears a negative charge of 0.81 e [39–41]. The incorporation of
nitrogen atom into graphene will result in redistribution of charge, and
the carbon adjacent to nitrogen will get a much larger compensating
positive charge than other carbon atoms [40,42,43]. AA is negatively
charged at neutral pH [44,45], the positively charged carbon is more
likely to attract negatively charged AA, and so, the electron can be more
easily transferred from AA to SN-GSEC film via hydrogen bonds
[21,46]. Thus, the hydroxyl group is oxidized to carbonyl groups in
furan ring as shown in Fig. 6(b). Therefore, the surface N-doping in-
duces the adjacent carbon in graphene sheets to obtain a higher PDOS
and more positive compensating charge, which are the main reasons for
the excellent electrocatalytic activity and larger electroactive surface
area of SN-GSEC.

3.4. Electrochemical determination of AA

To assess the detection performance of SN-GSEC film for AA, the
DPVs were measured in single AA and mixture of AA, DA and UA in
0.1M PB solution, respectively. As shown in Figs. 7 and 8 , the DPV
signals of AA increased with the AA concentration, and the oxidation
current peak intensity versus concentration of AA displayed two dif-
ferent linear response in low concentration and high concentration
ranges. The DA and UA also exhibited two different linear response.
This phenomenon could be originate from the formation of a monolayer
of adsorbed biomolecules at the electrode surface in low concentration
ranges [47,48]. In solution of single AA, the detection linear range is
from 1 μM to 3mM with a detection limit of 0.75 μM. In the mixture
solution, the detection linear ranges of AA, DA and UA are 3 μM to
1600 μM, 0.75 μM to 400 μM and 0.75 μM to 400 μM with detection
limit of 1 μM, 0.25 μM and 0.25 μM as S/N=3, respectively. It shows
the SN-GSEC film possesses better detection sensitivity than some gra-
phene and N-doped graphene [21,49] electrodes. This may be related

Fig. 3. (a) XPS spectra of GSEC and SN-GSEC films; (b) XPS N 1 s spectrum of
SN-GSEC film; (c) Schematic representation of the N-doped graphene.

Table 1
The surface characterization data of carbon films with Raman and XPS.

ID/IG sp2 /
(sp2+
sp3) %

O/C
(at.
%)

N
(at.%)

N 1 s (at%)

Pyridinic-N Pyrrolic-N Graphitic-N

GSEC 1.33 84.34 3.22 – – – –
SN-GSEC 1.03 80.24 3.12 3.88 40.96 10.41 48.63

Fig. 4. The Nyquist plots of GSEC and SN-GSEC film electrodes obtained from
EIS measurements with 5mM Fe(CN)64−/3− in 0.1M KCl (The insert is
equivalent circuit).

Table 2
The fitted results of EIS measurements.

Rs /
Ω·cm2

Cdl /
μF·cm−2

n Wd/
10−3·Ω-1·s1/2

Rct /
Ω·cm2

k° /
10−2·cm·s-1

GSEC 7.50 16.13 0.859 9.14 22.5 0.24
SN-GSEC 7.18 33.01 0.790 9.08 3.91 1.36
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with the low surface roughness of SN-GSEC, which result in a back-
ground current. In addition, these results not only indicates the SN-
GSEC have excellent selective sensing for AA, but also could be used to
simultaneous detection of AA, DA and UA.

4. Conclusion

In this study, the SN-GSEC films were prepared for selective AA
sensing by ECR plasma sputtering under low-energy electron irradiation
condition. We found that the in-situ formed N-doped graphene sheets at
the film surface induced high electrocatalytic activity for AA oxidation.
Compared with GSEC, the SN-GSEC film decreased the charge-transfer
resistance from 22.5 Ω·cm2 to 3.9 Ω·cm2, the standard rate constant was
increased from 0.24×10−2 to 1.36×10−2 cm·s-1, and the oxidation-
reduction peak separation was decreased to a low value of 65.7mV in
Fe(CN)64-/3- redox system. The oxidation potential of AA on GSEC film
was decreased from 0.186 V to 0.025 V (vs. Ag/AgCl) by surface N-
doping. The SN-GSEC film realized selective detecting AA from 1 μM to
3mM with a detection limit of 0.75 μM. Furthermore, the SN-GSEC film
could be used to simultaneous determination of AA, DA and UA without
additional functionalization. The linear detection range for AA, DA and
UA are 3 μM to 1600 μM, 0.75 μM to 400 μM and 0.75 μM to 400 μM
with detection limit of 1 μM, 0.25 μM and 0.25 μM as S/N=3, re-
spectively. The surface N-doping is an effective method to improve the
electrochemical activity of GSEC film for AA sensing.

Fig. 5. (a) The DPVs for 100 μM AA in 0.1M PB solution (pH=7.0) at GSEC and SN-GSEC film electrodes; (b) The DPVs for 100 μM AA, 25 μM DA and 25 μM UA in
0.1M PB solution (pH=7.0) at GSEC and SN-GSEC film electrodes.

Fig. 6. (a) The microstructure diagram of SN-GSEC film: the under layer is the pure GSEC, the surface is N-doped. N-doped graphene sheets were formed and
embedded in the amorphous carbon; (b) The mechanism diagram of surface N-doped graphene sheets electrocatalytic AA oxidation.

Fig. 7. DPVs of SN-GSEC film electrodes in 0.1M PB solution (pH=7.0) con-
taining different concentrations of AA, from bottom to up, the concentrations
from 1 μM to 3000 μM. The insert is the plot of the oxidation peak currents as a
function of AA concentrations.
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