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A B S T R A C T

In this study, the graphene sheets embedded carbon (GSEC) film was electrochemically activated in KOH so-
lution for high sensitivity simultaneous determination of hydroquinone (HQ), catechol (CC) and resorcinol (RC).
The electrochemical activation mechanism of GSEC films in alkaline solution was clarified. We found that the
embedded graphene sheets were corroded during activation, resulting in the formation of more defective gra-
phene edges and carbonyl functional groups at the surface of carbon film. These corroded graphene edges
provided more electrochemical active sites and accelerated the electron transfer. Thus, the activated GSEC film
exhibited highly electrocatalytic activity towards the oxidation of HQ, CC and RC. The redox peak separation for
HQ and CC decreased from 366mV to 62mV and 262mV to 54mV, respectively. The oxidation potential of RC
also decreased from 714mV to 590mV. The electrochemical sensor showed a wide liner response for HQ, CC and
RC in the concentration range of 0.5∼200 μM, 0.5∼200 μM and 0.2∼400 μM with detection limit of 0.1 μM,
0.1 μM and 0.05 μM, respectively. These results demonstrate that the KOH-activated GSEC film is a promising
electrode material for constructing highly sensitive and selective biosensors.

1. Introduction

Hydroquinone (HQ), catechol (CC) and resorcinol (RC) are three
isomers of dihydroxybenzene, which have been widely used in medi-
cines, cosmetics, dyes, tanning, pesticides, photography and chemicals
[1]. However, they are considered as environmental pollutants and
harmful to human health due to their low degradation rate and high
toxicity [2]. The excessive intake of HQ, CC or RC may cause some
diseases including fatigue, tachycardia, liver function lesion and even
kidney function damage [3,4]. Therefore, developing a reliable analy-
tical method for simultaneous determination of HQ, CC and RC is of
great importance. So far, many analytical methods have been exploited
to detect them, such as spectrophotometry [5], fluorescence [6], high
performance liquid chromatography [7], liquid chromatography-mass
spectrometry [8] and electrochemical methods [9]. Among of them, the
electrochemical methods have attracted much more attention because
of their advantages of low cost, simplicity, time saving, wide linear
detection range, high sensitivity and fast response [10]. However, due
to the similar structures and properties and usually coexisting of HQ,
CC and RC, it’s difficult to simultaneous detect them with

electrochemical methods. Especially for the HQ and CC, their redox
potentials are too close to each other and even overlapping at many
electrode materials [10]. To overcome these challenges, many efforts
have been devoted to explore new electrode materials for sensitive and
simultaneous detection of HQ, CC and RC. Most of these biosensors
were prepared by depositing electroactive materials on the glassy
carbon, carbon paper or cloth. Their performance mainly depended on
the electrochemical activities of electroactive materials, including
metal nanoparticles (such as Au [11], Pd [10] and Si [12]), metal oxide
(such as PdO [13], NiO [14] and Co3O4 [15]), nanocarbon materials
(such as graphene [16], N-doped graphene [17], carbon nanotubes
[3,18], carbon fiber [19]) and their composites. Some of them realized
simultaneous detecting HQ, CC and RC with high sensitivity. However,
electrode preparation process of this method is too complicated and not
suitable for large-scale manufacturing and application.

Nanocarbon film is a very promising electrode materials for large-
scale manufacturing and application in biosensor [20–24]. It possesses
wide potential window and low background current, which is beneficial
to improve the detection sensitivity. Diao et al [25] prepared a gra-
phene sheets embedded carbon (GSEC) film by using electron cyclotron
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resonance (ECR) plasma sputtering under low-energy electron irradia-
tion. By in-situ forming graphene in carbon film, it avoided the ag-
glomeration of graphene and greatly improved the electrochemical
activity of carbon films [26–28]. In addition, the vertical graphene
sheets induced the high density of graphene edges forming at the film
surface, which facilitated the electron transfer between the carbon film
and biomolecules. Electrochemical activation is another important
method for improving the electrochemical activity of carbon nanoma-
terials. Most of them were carried out in acid solution by using cyclic
voltammetry and potentiostatic method. For example, Wu K et al [29]
enhanced the electrochemical activity of N‑Methyl-2-pyrrolidone-ex-
foliated graphene nanosheets for detecting phenols with acetate buffer
solution. However, no works have been reported on the electrochemical
activation of GSEC in alkaline solution and its application in detecting
HQ, CC and RC.

Herein, in this article, the GSEC films were electrochemically acti-
vated with cyclic voltammetry in KOH solution, and the electro-
chemical activities were extremely enhanced. The electrochemical ac-
tivation mechanism of GSEC film in alkaline solution were clarified.
This KOH-activated GSEC films were successfully applied in simulta-
neous detection of HQ, CC and RC.

2. Experimental

2.1. GSEC film preparation

All GSEC films were deposited on boron-doped silicon wafers (100)
with homemade ECR plasma sputtering system as described in our
previously published works [26]. Briefly, the Ar was used as working
gas and kept a pressure of 4.00×10−2 Pa during film preparation. The
microwave power and DC voltage applied to the carbon target were
kept at 500W and −500 V, respectively. The electron acceleration
voltage was +70 V. The thickness of GSEC films were about 100 nm.

2.2. Electrochemical activation and detection of HQ, CC and RC

Electrochemical workstation (Gamry Reference 600+) was used to
perform all electrochemical tests. The counter electrode and reference
electrode were a Pt wire and Ag/AgCl, respectively. The electro-
chemical activation was carried out in 0.1M KOH solution with cyclic
voltammetry (CV) for 12 cycles between 0 ∼ 1.2 V vs. Ag/AgCl, which
were the optimized activation conditions. The basic electrochemical
properties of GSEC films were measured with CV in 1mM Fe(CN)64−/

3− in 1M KCl and 1mM Fe3+/2+ in 0.1M HClO4 solution. The square
wave voltammetry curve (SWVs) of HQ, CC and RC in 0.1M phosphate
buffer solution (PBS) were carried out with a frequency of 5 Hz and a
pulse size of 25mV.

Fig. 1. TEM and AFM images of (a)(c) the pristine GSEC film and (b)(d) activated GSEC film.
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2.3. Film characterization

The surface images of GSEC films were measured by using an atomic
force microscopy (AFM) (Dimension Edge) with a BRUKER SCANA-
SYS-AIR tip at room temperature. The scanning rate is 1 Hz with
256×256 pixels. A transmission electron microscopy (TEM, Titan3
Themis G2) was used to characterize the nanostructure of carbon films
at an electron acceleration voltage of 80 kV. The film surface elemental
composition and quantity of chemical bonds were characterized with
Raman spectroscopy (HORIBA, Lab RAMHR Evolution) and X-ray
photoelectron spectroscopy (XPS, ThermoScientific ESCALAB 250Xi).

3. Results and discussion

3.1. Characterization of activated GSEC

The influences of electrochemical activation on the surface structure
and morphology of GSEC films were firstly characterized with TEM and
AFM as shown in Fig. 1. The plan view images of TEM showed that
many nanosized multilayer graphene sheets were produced in two
carbon films. In pristine GSEC film, the multilayer graphene sheets were
well organized. But in the activated GSEC film, more defective edges
were appeared, such as the red circle area as shown in Fig. 1b. It sug-
gests that some well-organized graphene sheets are damaged/corroded
during electrochemical activation in KOH solution. Since the

electrochemical corrosion only occurred at the surface of carbon film,
the inner structures of carbon film were not changed. The surface
electrochemical corrosion caused the formation of more defective gra-
phene edges is beneficial to improve the electrochemical performance.
The AFM results showed that the surface roughness of GSEC films in-
creased a little after being electrochemical activated. This slight in-
crease should be resulted from the surface electrochemical corrosion
during activation.

For further identifying the defective structures of embedded gra-
phene caused by electrochemical activation, the Raman spectra were
measurement, which is the most direct and nondestructive method for
characterizing the defects of graphene. As shown in Fig. 2a, the broad
2D bond confirmed the existence of multilayer graphene in two carbon
films as characterized by TEM. The D band is related with structural
defects and partially the disordered structures of sp2 carbon, while the
G band associated with the degree of graphitization [30,31]. The ID/IG
is used to assess the level of graphene defects [32]. The intensities of D
band and G band both increased obviously after the electrochemical
activation, the ID/IG also increased from 1.97 to 2.34 as listed in
Table 1. It reveals that more defects are formed at the surface of GSEC
film by activation. The increased intensity of D+D’ band further
proves this result. From the insert of Fig. 2a, it can be found that the
intensity of D’ band is enhanced noticeably by activation. The D’ band is
associated with the concentration of graphene edge defects [33]. This
enhanced D’ band indicates that more graphene edge defects are formed

Fig. 2. Raman spectra (a) and XPS spectra (b) of the GSEC carbon films. (c) and (d) are high-resolution decomposition XPS C1 s spectra of the pristine GSEC film and
activated GSEC film, respectively.

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

ID/IG ID’ (%) O/C (at.%) sp2/sp3 C1 s (at.%)

C=C C–C C–O C=O O–C=O

Pristine-GSEC 1.97 1.22 10.31 2.20 64.23 29.13 3.78 1.06 1.80
Activated-GSEC 2.34 3.10 16.33 2.31 58.54 25.30 6.52 4.11 5.54
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at the surface of GSEC films during activation, which is consistent with
the TEM results. Therefore, we can conclude that the electrochemical
activation results in the formation of more defective graphene edges.

The effects of activation on the surface chemical compositions and
bonding structures of GSEC films were probed with XPS as shown in
Fig. 2b. It shows that the O/C atomic ratio of GSEC film increases from
10.31 % to 16.33 % after activation. The increase in oxygen content
confirms that surface oxides are formed at the surface of GSEC films
through electrochemical activation. The high-resolution C 1s peak was
fitted into five peaks corresponding to C]C (sp2), CeC (sp3), CeO, C]
O and OeC=O bonds as shown in Fig.2c and 2d. The carbon bonding
compositions were listed in Table 1. It shows that the ratio of sp2/sp3

almost remains constant, while the contents of CeO, C]O and OeC]O
bonds increase obviously after activation, especially the latter two
bonds. The increased C]O and OeC]O bonds indicate the presence of
ketone and carboxylic groups in the graphene periphery [34]. These
results reflected the fact that most of oxygen functionalities formed
during activation were located on the graphene edge sites in GSEC film.

3.2. Basic electrochemical properties

The effects of electrochemical activation on the basic electro-
chemical properties of GSEC films were characterized with two typical
electrochemical probes of Fe3+/2+ and Fe(CN)64−/3−. As shown in
Fig. 3a, the redox peak separation (△EP) of Fe3+/2+ is 77.5 mV at
activated GSEC film, which is much smaller than the value of 902.8 mV
obtained at the pristine GSEC film. The redox peak currents at GSEC
film also increased obviously after being activated. These results in-
dicate that the KOH-activated GSEC film possesses better electro-
chemical activity, the electron transfer rate of GSEC film is largely
improved by the electrochemical activation. It’s well known that the
electron transfer rate of Fe3+/2+ is sensitive to the presence of surface

carbonyl groups on the carbon electrode [35–37]. The XPS results
showed that many oxygen functionalities were formed at the graphene
edge sites during activation. Therefore, the highly enhanced electron
transfer rate of activated GSEC film in Fe3+/2+ redox system should be
originated from its higher surface oxygen content.

The CVs of 1mM Fe(CN)64−/3− at two carbon films were presented
in Fig. 3b. By electrochemical activation, the △EP of Fe(CN)64−/3−

decreased form 93.8 mV to 69.6 mV. It indicates that the activated
GSEC films have better electrochemical activity than the pristine GSEC
films, the electron transfer rate of GSEC film is greatly improved by the
electrochemical activation. It is well-established that Fe(CN)64−/3− is
an inner-sphere redox system, whose kinetics is strongly influenced by
the surface chemistry and electronic properties but not “oxide-sensi-
tive” [38]. As proved by McCreery et al. [39–41], the electron transfer
rate at the carbon materials electrodes is mainly determined by the
content of exposed graphene edges rather than the surface oxygen
content. The previous structural analysis showed that the electro-
chemical activation resulted in much more defective graphene edges
formation. More defective graphene edges are beneficial to increase the
electronic partial density of states near the Fermi level, and thus, ac-
celerate the electron transfer rate [42,43]. Therefore, the increased
defective graphene edges on the surface of GSEC film should be the
other reason resulted in the higher electrochemical activity of activated
GSEC film.

In addition, the peak current of activated GSEC film is much higher
than the pristine GSEC film as shown in Fig. 3b. This may be related
with the higher active surface area of activated GSEC film. In order to
compare the active surface area of two carbon films, the CVs with
different scan rates were measured as shown in Fig. S2. The plots of the
peak current as a function of scan rates were depicted in Fig. 3c. The
slope of activated GSEC film is higher than that of pristine GSEC film,
which indicates the former possesses larger active surface area

Fig. 3. CVs of GSEC film electrodes in (a) 1mM Fe3+/2+ in 0.1M HClO4 and (b) 1mM Fe(CN)64−/3− in 1M KCl with a scan rate of 100mV/s. (c) Plots of peak
current vs scan rate in 1 mM Fe(CN)64−/3− and 1M KCl. (d) Plots of the logarithm of anodic peak current densities vs the logarithm of the scan rate.
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Fig. 4. CVs of GSEC film electrodes in 0.1M PBS containing (a) 100 μM HQ, (b) 100 μM CC and 100 μM RC, respectively (pH=7.0, scan rate= 100mV/s). (d) the
SWVs of GSEC film electrodes in 100 μM HQ, 100 μM CC and 200 μM RC in 0.1M PBS (pH=7.0).

Fig. 5. (a) The electrochemical activation mechanism diagram of GSEC film in KOH solution and (b) the electrocatalytic mechanism of KOH-activated GSEC film for
HQ oxidation, the defective edges with higher electronic density of states facilitate the electron transfer between the GSEC film and dihydroxybenzene molecules.
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according to the Randles-Sevcik equation [44]. The activation also in-
creased the surface capacitance (Cdl) of GSEC film obviously as showed
in Fig S3(a). A linear relation between the logarithm of anodic peak
current and logarithm of scan rate was also obtained as shown in
Fig. 3d. It means that the redox of Fe(CN)64−/3− at the surface of GSEC
film is diffusion-control. The slope value of activated GSEC film is closer
to the theoretical value of 0.5, further demonstrating that the activated
GSEC film has a higher electron transfer rate.

3.3. Electrochemical behaviors of HQ, CC and RC

The individual electrochemical behaviors of HQ, CC and RC at two
carbon films were investigated by CV. As shown in Fig. 4a, the

electrochemical activation caused a large increase in peak currents of
HQ and reduction of △EP, which decreased form 366mV to 62mV.
Similarly, the activation also increased the peak currents of CC and
decreased the △EP from 262mV to 54mV as shown in Fig. 4b. It
suggests that the activated GSEC film exhibits well electrocatalytic ac-
tivity for HQ and CC oxidation. The value of △EP and oxidation po-
tential for HQ and CC is also lower than some graphene flake-modified
electrodes [45,46], which exhibits the high electrochemical activity of
activated GSEC films. In addition, the CVs of HQ and CC at activated
GSEC films both show good symmetry, which indicates that electron
transfer is nearly reversible [47]. For the RC, a clear oxidation peak
presented at the KOH-activated GSEC film, but the pristine GSEC film
did not. It also proves that the electrochemical reactivity of GSEC films
are improved by activation. As only oxidation peak is found in the CV, it
is fair to conclude that the oxidation reaction of RC is irreversible. The
signal-to-noise (S/N) of two GSEC films in 100 μM HQ, 100 μM CC and
100 μM RC were also measured with SWVs as showed in Fig S3(b). The
activated GSEC film exhibits much higher S/N than the pristine GSEC
film for HQ and CC although the S/N for RC is slightly reduced.

In order to further compare the effects of activation on the elec-
trochemical activities of GSEC films, the SWVs were characterized in
100 μM HQ, 100 μM CC and 200 μM RC in 0.1M PBS. As shown in
Fig. 4d, only two oxidation peaks present at 375mV and 714mV for the
oxidation of HQ, CC and RC on the pristine GSEC films electrode. Based
on the CVs in Fig. 4a and b, it can be inferred that the oxidation peaks of
HQ and CC on the pristine GSEC films electrode are overlapped. So, the
pristine GSEC films cannot be applied in determination of HQ, CC and
RC. For the activated GSEC film, three well-defined oxidation peaks are
shown at 90mV, 195mV and 590mV corresponding to HQ, CC and RC,
respectively. Their oxidation peak currents also increased obviously by
electrochemical activation. Both the CV and SWV results demonstrate
that the electrochemical activities of GSEC films are improved greatly

Fig. 6. Plots of oxidation peak currents vs scan rate in 0.1M PBS (pH=7.0)
contained 100 μM HQ, 100 μM CC and 100 μM RC, respectively.

Fig. 7. The CVs of activated GSEC film in three solutions with different pH values: (a) 100 μM HQ+0.1M PBS, (b) 100 μM CC+0.1M PBS, (c) 100 μM RC+0.1M
PBS. (d) Plots of effects of anodic peak potential vs pH.
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by activation, and the activated GSEC film can be used to construct
electrochemical sensor for simultaneous detecting HQ, CC and RC.

3.4. Mechanisms analysis

The highly improved electrocatalytic activity of GSEC films for de-
tecting HQ, CC and RC is associated with its structural changes during
activation in KOH solution. As is known, carbon materials can be oxi-
dized/corroded in alkaline solution when the oxidation potential is high
enough, and producing more C]O carbonyl rather than other func-
tional groups [48,49]. During the electrochemical activation of GSEC
film in KOH solution, the embedded graphene sheets were oxidized/
corroded, resulting in the formation of more defective graphene edges
at the carbon film surface as depicted in Fig. 5. These defective gra-
phene edges have higher electronic density of states near the Fermi
level [42,50,51], which helping to facilitate the electron transfer be-
tween the GSEC film and dihydroxybenzene molecules. Meanwhile, the
surface of GSEC film was oxidized during activation and produced more
C]O carbonyl functional groups, which further increased the partial
density of electronic states and promoted the electron transfer [52].
Therefore, the activated GSEC film showed higher electrochemical ac-
tivity. In addition, the corroded graphene edges provided more elec-
trochemical active sites. The hydrogen bonds can be more easily formed
between hydroxyl in dihydroxybenzene molecules and edge carbon
atoms [46,53], thus, promoting the electron transfer between the GSEC
film and dihydroxybenzene molecules as shown in Fig. 3b. Conse-
quently, the activated GSEC film exhibited lower △EP and better
electrocatalytic activity for HQ, CC and RC oxidation.

3.5. Effects of scan rate and pH

The effect of scan rate on the electrochemical behavior of HQ, CC
and RC was monitored at the activated GSEC film using CV as showed
in Fig. S4. With the increasing of potential scan rate, the oxidation peak
currents of HQ, CC and RC increase gradually, and the oxidation peak
potentials also shift to positive values. It indicates that the electron

transfer is quasi-reversible and rapid in the activated GSEC film elec-
trode [17]. As showed in Fig. 6, the oxidation peak currents and square
root of scan rates show a linear relation, which demonstrates that the
electrode reactions of these three molecules are diffusion-controlled
process [54].

The influence of pH values on the response of HQ, CC and RC at
activated GSEC film electrode was investigated in the range from
5.0–8.0 as shown in Fig. 7. The oxidation peak current increased
slightly with increasing of pH value. This means the KOH-activated
GSEC film possesses excellent pH tolerance and responses, which is
superior to many other sensor materials [15,17,55]. With increasing of
solution pH, the oxidation peak potentials of these three molecules shift
negatively. This reveals that protons involve in the oxidation reaction of
HQ, CC and RC [54]. The linear relationships of potential of HQ, CC and
RC as function of solution pH were expressed as follows:

HQ: Epa (V)= 0.514 – 0.0526 pH (R2= 0.998);

CC: Epa (V)= 0.630 – 0.0544 pH (R2= 0.997);

RC: Epa (V)= 1.165 – 0.0616 pH (R2= 0.998);

The slope values of three equations are close to the theoretical value
of −59mV/pH. According to the Nernst equation [56], it suggests that
the electrochemical oxidation of these three molecules at the KOH-ac-
tivated GSEC film involves the transfer of two electrons and two pro-
tons. The electrode reaction mechanisms of HQ, CC and RC were
showed in Fig. 8.

3.6. Individual/simultaneous determination of HQ, CC and RC

The electrochemical sensing performance of activated GSEC film
towards HQ, CC and RC was investigated by SWV in 0.1M PBS. For the
individual determination of HQ, CC and RC in their mixtures, only the
concentration of target species was changed, while the concentrations
of the other two species were kept constant as shown in Fig. 9. The peak
currents of HQ, CC and RC increased linearly with their concentrations
in two concentration ranges. It’s also found that the addition of one

Fig. 8. The electrode reaction mechanisms of HQ, CC and RC.
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molecule into the mixture solutions does not generate dramatic influ-
ences on the peak potentials and currents of the other two molecules.
The linear equations for HQ were Ip, HQ1= 1.410+1.473CHQ (μM) and
Ip, HQ2= 8.460+0.819CHQ (μM) in the concentration ranges of 0.5 μM
∼ 10 μM and 10 μM ∼ 250 μM, respectively. For the CC, the linear
equations were Ip, CC1= 1.024+ 1.422CCC (μM) and Ip, CC2= 6.996
+ 0.802CCC (μM) in the concentration ranges of 0.5 μM ∼ 10 μM and
10 μM ∼ 300 μM, respectively. For the RC, the linear equations were Ip,
RC1= 3.449+ 0.501CRC (μM) and Ip, RC2= 6.529+ 0.318CRC (μM) in
the concentration ranges of 0.1 μM ∼ 20 μM and 20 μM ∼ 500 μM,
respectively. The detection limits (LOD) of HQ, CC and RC were 0.1 μM,
0.1 μM and 0.05 μM at S/N=3, respectively. These values are much
lower than some [45,53,57] graphene -modified electrodes, it reveals
the advantages of activated GSEC film as electrode material in sensing.

The excellent electrochemical activity of activated GSEC film

provides a substantial basis for simultaneous determination of HQ, CC
and RC. As shown in Fig. 10, three oxidation peaks were well separated,
and the oxidation peak currents of HQ, CC and RC still increased lin-
early with the increasing of their concentrations. Similarly, the oxida-
tion peak current versus concentration of HQ, CC and RC also displayed
two different linear response in low concentration and high con-
centration ranges. This phenomenon could be originated from the for-
mation of a monolayer of adsorbed biomolecules at the electrode sur-
face in low concentration ranges [58,59]. The linear equations and
corresponding concentration ranges are as follows:

HQ: Ip, HQ1= 2.472+1.530CHQ, 0.5 μM ∼ 10 μM; Ip, HQ2= 11.123
+0.658CHQ, 10 μM ∼ 200 μM;

CC: Ip, CC1= 1.950+ 1.464CCC, 0.5 μM ∼ 10 μM; Ip, CC2= 9.780+
0.703CCC, 10 μM ∼ 200 μM;

Fig. 9. (a) SWVs of activated GSEC film electrodes in 0.1M PBS (pH=7.0) (a) contained 20 μM CC, 40 μM RC and different concentrations of HQ, (b) contained
20 μMHQ, 40 μM RC and different concentrations of CC, (c) contained 20 μMHQ, 20 μM CC and different concentrations of RC. (a’)(b’)(c’) plots of the peak current as
a function of HQ, CC and RC concentrations corresponding to (a)(b)(c), respectively.
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RC: Ip, RC1= 2.900+ 0.738CRC, 0.2 μM ∼ 20 μM; Ip, RC2= 13.532+
0.250CRC, 20 μM ∼ 400 μM.

The LOD of HQ, CC and RC were 0.1 μM, 0.1 μM and 0.05 μM at S/
N=3, respectively. These results are superior/compared to those
previously reported results in literature (Table 2). It clearly shows that
simultaneous determination of HQ, CC and RC on the activated GSEC
films can be achieved with high sensitivity. The stability of the acti-
vated GSEC film electrode were characterized with CV in 0.1 M PBS
(pH=7.0) contained 10 μM HQ, 10 μM CC and 20 μM RC as showed in
Fig S5. After 25 cycles, the current ratio of HQ is basically not atte-
nuated, the CC and RC are stable above 95 % and 80 %, respectively. It
suggests that the stability of activated GSEC film electrodes is well,
especially for the HQ and CC. The activated GSEC films with unique
structure and electrochemical activity represent a promising electrode
material for constructing highly sensitive and selective biosensors.

4. Conclusions

In this study, the electrochemical activation of GSEC films with KOH
solution was proposed for highly sensitive simultaneous detecting HQ,
CC and RC. We found the embedded graphene sheets were corroded
during activation, and more defective graphene edges and carbonyl
functional groups were formed at the surface of GSEC film. These cor-
roded graphene edges provided more electrochemical active sites and
accelerated the electron transfer between carbon film and redox spe-
cies. Thus, the activated GSEC film exhibited much better electro-
chemical activity for the two typical electrochemical probes of Fe3+/2+

and Fe(CN)64−/3− and higher active surface area than the pristine
GSEC film. The activated GSEC film also showed highly electrocatalytic
activity towards the oxidation of HQ, CC and RC. The redox peak se-
paration for HQ and CC decreased from 366mV to 62mV and 262mV
to 54mV, respectively. The oxidation potential of RC also decreased
from 714mV to 590mV. This activated GSEC film could be used to

Fig. 10. (a) SWVs of activated GSEC film electrodes in 0.1M PBS (pH=7.0) contained different contentrations of HQ, CC and RC. From bottom to up, the
concentrations from 0.1 μM to 200 μM for HQ and CC, 0.2 μM–400 μM for RC. (b)(c)(d) Plots of the oxidation peak currents as a function of HQ, CC and RC
concentrations, respectively.

Table 2
Comparison of different electrochemical sensors for simultaneous determination of HQ, CC and RC.

Sensing materials Detection Methods Linear range /μM Detection Limit /μM

HQ CC RC HQ CC RC

SWCNT/GCE LSV 2-100 2-100 5-80 0.6 0.6 1.0 [60]
ZnO/graphene DPV 0-70 0-80 0-700 0.1 0.2 1.0 [61]
Graphene-chitosan/GCE DPV 1-400 1-550 1-300 0.75 0.75 0.75 [62]
MWCNTs/CDs/MWCNTs/GCE DPV 1-200 4-200 1-400 0.07 0.06 0.15 [18]
Au-PdNF-NF-PMC/GC DPV 1.6-100 2.5-100 2.0-100 0.5 0.8 0.7 [10]
ZnO/carbon cloth CV 2-30 2-45 2-385 0.57 0.81 7.2 [56]
KOH-activated GSEC film SWV 0.5-200 0.5-200 0.2-400 0.1 0.1 0.05 This work
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simultaneous determination of HQ, CC and RC in the concentration
range of 0.5∼200 μM, 0.5∼200 μM and 0.2∼400 μM with detection
limit of 0.1 μM, 0.1 μM and 0.05 μM, respectively. The KOH-activated
GSEC film is a promising electrode material for constructing highly
sensitive and selective biosensors.
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