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Abstract Herein, we report a simple method of simultaneous
detection of hydroquinone (HQ) and catechol (CC) by cyclic
voltammetry (CV) using activated glassy carbon
electrodes (GCE). It was found that the two isomers can be
completely separated by CV method on cathode polarized
GCE (PGCE) after its anodic oxidation. This facile processing
method solves the difficulty of electrode surface regenerating
which disturb most modified electrodes for the complex com-
position ease of being contaminated by the analytes in mea-
surement. Morphology and composition of the PGCE were
characterized by scanning electron microscope (SEM),
Fourier transform infrared (FTIR) spectra, and X-ray photo-
electron spectroscopy. In addition, the reaction kinetic of HQ
and CC reaction on the PGCE was investigated. It was found
that the reaction kinetics of HQ and CC is a surface
adsorption-controlled process at low concentration and a
diffusion-controlled process at high concentration.

Keywords Catechol . Hydroquinone . Simultaneous
detection . Cyclic voltammetry . Polarized glassy carbon
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Introduction

Detection of hydroquinone (1,4-dihydroxybenzene, HQ)
and catechol (1,2-dihydroxybenzene, CC) has long been
an important work of analytical chemistry researchers for
their toxicity to human and animals in the environment
[1]. The absorption of dihydroxybenzene may cause some
disease like renal tube degeneration and liver function
decrease [2]. So it is necessary to develop sensors to de-
tect and monitor the concentration of dihydroxybenzene.
Detection of HQ and CC is based on the physical and
chemical properties of the dihydroxybenzene. Owing to
the similarity of the two isomers, it is difficult to distin-
guish one from the other in most cases. In recent years,
many techniques have been tried to distinguish the two
isomers such as traditional high-performance liquid chro-
matography (HPLC) [3, 4] and electrochemical methods
[5, 6]. HPLC is a mature and reliable technique in sub-
stance separation and detection but suffers from expensive
cost and long-time testing. In comparison, electrochemical
methods have the advantage of high efficiency, low cost,
and ease of use. In recent years, many new composite
materials, such as carbon nanomaterial [7–9], metal ox-
ides [10], metal nanoparticles [11, 12], and conducting
polymers [13, 14] have been used to fabricate modified
glassy carbon electrode (GCE) for the electrochemical de-
termination of dihydroxybenzene isomers. These modifi-
cations either reduce the overpotential or increase the sen-
sitivity and selectivity of the electrodes. Although many
literatures have been reported in simultaneous detection of
HQ and CC [15–21], they mainly focus on the function of
modification materials. However, the modification mate-
rials are ease of falling off and contaminated by some
components in the measurement solution, which resulted
in long-term instability or loss of sensitivity [22]. We also
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noticed that many modification materials are carbon ma-
terial, such as graphene and doped graphite materials.

Glassy carbon electrode (GCE) is a popular electrode
in electroanalysis for its wide potential range, inexpen-
sive, readily available, and chemically inert properties in
most electrolytes [23]. Concerning glassy carbon is also a
carbon material which mainly comes from the destructive
distillation of polyacrylonitrile resin or phenolic resin;
GCE also has the application potential like the other car-
bon materials mentioned above. To meet the special elec-
trochemical measurement, many techniques, such as me-
chanical polishing [24], reduced pressure heating [25], hot
filament technique [26], laser irradiation [27], hydrogen
plasma [28], and electrochemical activation [29–32], have
been developed to active GCE. In comparison, electro-
chemical disposal is a simple, facile, and highly repeat-
able method in electrode treatments [33] and appropriate
solvation may trigger its electrochemical activity. If this
assumption is validated, it would greatly simplify the
progress of sensitive electrode modification.

From the view of electrochemical detection, cyclic volt-
ammetry (CV) is a popular and widely used technique in elec-
trochemical analysis for the abundant information, such as the
reversibility of an electrochemical reaction, the concentration
of the analytes and even the electron exchange coefficient in
some cases. Many other electrochemical measurements, such
a s d i f f e r en t i a l pu l s e vo l t amme t r y (DPV) and
chronoamperometry, are all based on the chemical reactions
of analytes on electrode at different potentials. Although each
has its own characteristics, e.g., DPV is more sensitive in
current signal recognition and chronoamperometry is a more
direct and continuous measurement, there are no essential dif-
ference between the electrochemical measurements that based
on the detection of Faraday current. For simplicity, CV mea-
surement was used to study the fundamental process of elec-
tron transition between the electrode surface and species (ei-
ther molecules or ions) in the electrode/solution interfacial
region.

In this work, an electrochemically polarized glassy
carbon electrode (PGCE) was employed to differentiate
HQ and CC by CV method. Experimental results indi-
cated that the two isomers of dihydroxybenzene can be
differentiated by the PGCE from the redox peaks on the
CV curves. This electrochemical polarization is a sim-
ple, rapid, highly repeatable, and sensitive method for
detection of HQ and CC. Furthermore, it prevents the
difficulty of regenerating the sensing interface, which
fouls the electrode surface by adsorbed HQ and CC
during measurement on the most modified electrodes.
The polarization process proceeds under the same exper-
imental solution (pH = 7.0 PBS) as the determination of
HQ and CC, which provides great convenience in
measurements.

Experimental

Materials and chemicals

Commercial glassy carbon electrodes (GCE, 3 mm in diame-
ter) were obtained from Bioanalytical Systems, Inc. (West
Lafayette, IN, USA). Hydroquinone (1,4-dihydroxybenzene,
HQ), catechol (1,2-dihydroxybenzene, CC) K2HPO4 and
KH2PO4 were purchased from Shanghai Chemical Reagent
Factory (China). All the chemicals were of analytical grade
without further purification. Solutions were prepared with
doubly distilled water obtained from aMilli-Qwater purifying
system (>18 M Ω cm at 293 K). Phosphate buffer solution
(0.1 M PBS, pH = 7) was prepared by K2HPO4 and KH2PO4

with KCl as supporting electrolyte.

Electrochemical polarization and measurements of GCEs

Polarization (anodization or cathodization), cyclic voltamme-
try (CV), chronoamperometry experiments and electrochemi-
cal impedance spectra (EIS) were performed using a CHI-
660D electrochemical workstation (CHI Inc. Ltd., Shanghai)
coupled with a conventional three-electrode cell. The GCE
and the polarized GCEs were used as the working electrodes
with a platinum plate as auxiliary electrode and a saturated
calomel electrode (SCE) as reference electrode. GCEs were
polished with 0.3- and 0.05-μm alumina slurry and then
cleaned ultrasonically in double distilled water and ethanol
successively. The polarization conditions are optimized by
changing the potential or polarization time in pH 7 PBS. A
freshly polished electrode anodized at 1.70 V for 20 min and
then cathodized at −1.00 V for 15 min was found to be the
optimally polarized electrode, abbreviated as PGCE and used
for electrochemical measurements.

Characterization of samples

The morphology of the polarized electrode was observed by
scanning electron microscope (FEI Quanta 250, USA) with a
field emission gun operating between 200 and 20 kV in a
vaccum with resolution of 3.0 nm at 30 kV and 8.0 nm at
3 kV. Fourier transform infrared (FTIR) spectra were recorded
on a Bruker tensor 27 Fourier transform infrared spectrometer.
The spectra were measured in the 4000–400 cm−1 wave num-
ber range. X-ray photoelectron spectroscopy (XPS) was used
to determine film composition on a Perkin Elmer PHI-5600
system using monochromatic Al Kα radiation (1486.6 eV).
The X-ray generator was operated at 250 W (12.5 kV). The
specimens were analyzed using a spherical capacitance ana-
lyzer at an electron take-off angle of 45°. The analyzer energy
resolution (the energy difference between two recorded data
points) was 0.4 eV for survey scans and 0.1 eV for multiplex
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scans. The peak positions were calibrated against the carbon
1 s peak at 284.6 eV.

Result and discussion

Results of characterization

The morphology of the GCE before and after anodic/cathodic
treatment was examined by SEM. Figure 1a shows the SEM
image of bare GCE with a flat surface. By comparison, shown
as in Fig. 1b, a bumpy surface could be observed on the PGCE
after electrochemical treatment by cathodizing at −1.0 V for
15 min after anodizing at 1.7 V for 20 min. The result is
consistent with the previous report that potentiostatic activa-
tion produced larger void space in the interior of the activated
film to accommodate adsorbents of larger sizes [34].

FTIR spectra of the GCE and PGCE are depicted in Fig. 2.
The blue solid line shows the FTIR spectrum of the GCE and
the red dash line shows the FTIR spectrum of the PGCE. As
can be seen, there are great differences between the GCE and
PGCE. The strong wide band centered at about 3300 cm−1 in
the PGCE spectrum is corresponded to the stretching vibration
of the associated O–H bond (σO–H) in carboxyl group (–
COOH). Owing to the conjugative effect, the stretching vibra-
tion of C=O bond (σC=O) in carboxyl shifts from typical
1760 cm − 1 [ 35 ] t o l ow wavenumbe r o f abou t
1725~1700 cm−1 in conjugative state, corresponding to the
sharp strong peak at 1710 cm−1 in the PGCE spectrum. The
peaks at about 1200 cm−1 in the PGCE spectrum are ascribed
to the stretching vibration of C–O bond (σC–O) in tertiary
alcohol and the flexural vibration of O–H bond (δO–H) in
hydroxyl group [36]. As to the multiple peaks at about
2500 cm−1, no typical function groups are traced. They might
be the double frequency absorption of σC–O and δO–H which
have been analyzed at the ~1200 cm−1. The results indicate
that abundant hydroxyl groups and carboxyl groups generated
after the GCE being electrochemically disposed to be PGCE
and the hydroxyl and carboxyl groups may greatly enhance
the electrochemical activity of the PGCE.

The surface of GCE and PGCE were further examined by
XPS measurement. No signal from phosphorus was detected
at the surface of the PGCE, indicating that phosphate anions in
the supporting electrolyte were not adsorbed on the activated
electrode during the polarization process. Figure 3A shows a
decrease (from curve a to curve b) in amplitude of C1s peak
after the polarization, but the O1s peak amplitude in Fig. 3B
increases from the GCE (curve a) to the PGCE (curve b),
although the peak shape changed a little. Calculations based
on the peak area indicate that the oxygen-to-carbon ratio of the
electrode surface were 0.17 and 0.27 for the GCE and the
PGCE, respectively. The increase in the O/C ratio and the
increase of O1s peak amplitude show that the surface became
oxygenated during polarizing process, which is similar to the
results reported by others [37]. The O/C states in the PGCE
were studied by means of peak-differentation-imitating anal-
ysis, and relative results were showed in Fig. 3C and Fig. 3D.
Figure 3C presents the deconvolution of the C1s signal from
the PGCE sample. The three peaks (dash line derived from the
solid line) with binding energy at about 284.6, 286.5, and
288.5 eV indicate the presence of different forms of carbon,
such as carbonyl, carboxyl, and quinone [38]. The O1s peak
for PGCE in Fig. 3d was deconvoluted into three parts located
at 529.2, 531.1, and 533.3 eV, corresponding to O–H, C=O

Fig. 1 SEM images of GCE (a)
and PGCE (b)
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and C–O [39], respectively, which are consistent with the
results of FTIR spectra in Fig. 2.

By using 20 mM K3Fe(CN)6/K4Fe(CN)6 as redox probe,
we investigated the charge transfer properties of the polarized
electrodes at the solution/electrode interface in 0.10 M KCl
solution. The cyclic voltammograms (CVs) of unpolarized
GCE (curve a) show a pair of redox peaks, and the CVs of
the PGCE (curve b) display higher peak currents, as seen in
Fig. 4A. The difference between the two curves can be

attributed to the later having larger electroactive surface areas.
The electroactive surface area of the electrode can be calcu-
lated according to the Randles-Sevcik equation [40]:

Ip ¼ 2:69� 105A D1=2n3=2ν1=2C ð1Þ

where A, D, n, ν, and C is the area of the electrode (cm2),
diffusion coefficient of the molecule (cm2/s), number of elec-
tron transfer in the redox reaction, scan rate (V/s) and
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concentration of the probe molecule, respectively. In
Fe(CN)6

4−/3− redox system, the D is equal to 7.6 × 10−6

[41], n equals 1, ν is 0.02 V/s, and C is 20 mM here. The
electroactive surface of unpolarized GCE and PGCE was cal-
culated to be 0.131 and 0.186 cm2, respectively. The results
indicate that the surface area of PGCE is 1.4 times of the GCE.
The results demonstrate that the electrochemical treating GCE
by anodizing at 1.7 V for 20 min and then cathodizing at
−1.0 V for 15 min could distinctly increase the electron trans-
fer rate of Fe(CN)6]

3−/4−. In order to further clarify the differ-
ences of the electrochemical performance between GCE and
PGCE, electrochemical impedance spectroscopy (EIS) was
carried out, which can be employed to estimate the interfacial
changes in the electrode surface [42]. Figure 4B shows imped-
ance plots for (a) unpolarized GCE and (b) PGCE in 20 mM
K3Fe(CN)6/K4Fe(CN)6 (1:1) with 0.1 M KCl. The semicircu-
lar elements correspond to the charge transfer resistance at the
electrode surface [38], and the large diameter from curve a
was equivalent to about 1500 Ω electron transfer resistance
for the unpolarized GCE. However, the diameter of the semi-
circle diminished when PGCE was employed. About 700 Ω

charge transfer resistance can be estimated from the diameter
of the curve b, which is one half smaller than that of unpolar-
ized GCE. The charge transfer resistance values obtained from
this observation implied that the charge transfer resistance of
the electrode surface decreased and the charge transfer rate
increased, which confirmed that the polarization mentioned
above could effectively increase the electron transfer rate of
Fe(CN)6]

3−/4−.

Cyclic voltammetry characteristics of HQ and CC

In order to optimize the electrochemical activity of HQ and
CC at different polarized electrodes, CV were performed in
PBS containing 500 μM HQ and 500 μM CC at the scan rate
of 50 mV s−1. Figure 5A shows the effect of cathodization
time on the CV behavior of HQ and CC on the PGCE after
anodizing at 1.7 V for 20 min. As shown in Fig. 5A, the peak
currents of HQ and CC increase with the cathodization time
from 0 (curve a) to 20 min (curve e) and the sensitivity to HQ
and CC stops increasing after 15-min cathodization. Figure 5B
shows the influence of anodization potential on the property of

Table 1 Comparison of linear range, sensitivity and detection limit of HQ and CC at the PGCEwith previously reported modified GCE by nanocarbon
materials

Modifying materials Method Linear range of HQ/CC μM Sensitivity of HQ/CC
μA/μM

Detection limit
of HQ/CC μM

Ref.

BGa DPV 5–100/1–75 0.2373/0.7673 0.3/0.2 [7]

GR/MWCNTs/BMIMPF6
b DPV 0.5–465/0.2–80 0.1140/0.2233 0.1/0.06 [8]

CNCs/RGOc DPV 1–400/1–300 0.0726/0.2055 0.87/0.40 [9]

AuNPs/Fe3O4–APTES–GO
d Amperometry 3–137/2–145 0.0020/0.0017 1.1/0.8 [14]

Pt/ZrO2−RGO
e DPV 1–400/1–1000 0.026/0.017 0.4/0.4 [17]

PEDOT/NGEf DPV 1–10/1–10 0.778/0.556 0.18/0.26 [19]

PANi–Fe2O3–rGO
g DPV 0.1–550/– 0.238/– 0.06/– [21]

3DFGh DPV 0.31–13.1/0.25–12.9 0.078/0.058 0.10/0.08 [40]

GQDi DPV 4.0–600/6.0–400 0.051/0.069 0.40/0.75 [42]

GMCj DPV 2–50/2–70 1.091/0.439 0.37/0.31 [44]

GO–MnOk DPV 1–10/– 2/– 0.8/– [45]

TiO2/MWCNTl DPV 0.1–100/– 0.21/– 0.04/– [46]

PGCE CV 10–300/10–300 0.136/0.149 3.57/3.99 This work

a Boron-doped graphene
bGraphene/multiwall carnon nanotubes/1-butyl-3-methylimidazolium hexafluorophosphate
c Carbon nanocages (CNCs)/Reduced graphene oxides
d Fe3O4 functionalized graphene oxide-gold nanoparticle composite
e Pt/ZrO2/Reduced graphene oxide
f Poly(3,4-ethylenedioxythiophene)/nitrogen-doped graphene composite
g Polyaniline nanofiber incorporated into iron oxide–reduced graphene oxide
h Three-dimensional functionalized graphene
i Graphene quantum dots
j Graphitic mesoporous carbon
kGraphene oxide–mesoporous MnO2

l TiO2/Multiwall carbon nanotubes
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PGCE. Note that there was always 15-min cathodization at
−1.0 V after the 20-min anodization in Fig. 5B. The results
indicate that the anodizing potential has markedly affected the
peak current of HQ and CC on the CV curves. The peak
currents turn bigger with the increase of anodization potential
from 0.8 (curve a) to 2.0 V (curve e).

Comparing curve d (PGCE, cathodizing at −1.0 V for
15 min after 20 min anodization) and curve f (unpolarized
GCE) in Fig. 5B, two pairs of current peaks are clearly ob-
served at curves d, which show that the oxidation and reduc-
tion peaks of HQ and CC can be separated, while on curve f,
the oxidation peaks of HQ and CC are not separated clearly.
The redox peak potential difference (ΔEp) of HQ and CC on
unpolarized GCE is 0.114 and 0.104 V, respectively, while the
ΔEp on PGCE is 0.027 V for HQ and 0.027 V for CC, re-
spectively, indicating a better reversibility [17]. Additionally,
the peak currents on PGCE are about five times of that on
GCE, showing a better sensitivity to HQ and CC detection.
These results suggest that the PGCE can not only differentiate
the HQ and CC, but also greatly enhance their detection sen-
sitivity by a simple treatment of electrochemical polarization.
Considering the selective and simultaneous determination of
HQ and CC, the optimal conditions for anodization and
cathodization of the GCE in PBS are 1.7 V for 20 min and
then −1.0 V for 15 min.

Simultaneous determination of HQ and CC

Based on the experiments mentioned above, CV method was
used in simultaneous determination of HQ and CC in 0.1 M
PBS (pH 7.0) at 50 mV s−1 scan rate. Three conditions were
studied in determination of HQ and CC. (i) Concentration of
CC was kept constant at 200 μM; HQ was added in pH 7 PBS
from 10 to 1000 μM (curve a–n), as shown in Fig. 6A. (ii)
Concentration of HQ was kept constant at 200 μM; CC was
added in pH 7 PBS from 10 to 1000μM (curve a–m), as shown
in Fig. 6C. (iii) HQ and CCwere added simultaneously in pH 7
PBS from 10 to 1000 μM (curve a–k), as shown in Fig. 6E.

As shown in Fig. 6A, C, and E, the peak currents of the
CVs increase with the increasing of the analytes concentra-
tion. In addition, the peaks of HQ and CC show a good sep-
aration. Figure 6B, D, and F show the relationship between
the analytes oxidation peak currents and their concentra-
tions. Relative linear regression equations have beenmarked
in the figures with formula. It can be seen that the peak cur-
rents of the analytes are linear to the concentration of the
analytes in two regions. The sensitivity to HQ in Fig. 6B at
low concentration region is 0.140μA/μM,which is in accor-
dance with the 0.136 μA/μM sensitivity to HQ in Fig. 6E.
The sensitivity to CC in Fig. 6D at low concentration region
is 0.141 μA/μM, which is in accordance with the 0.149 μA/
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μMsensitivity toCC inFig. 6E.The limit of detection (LOD)
to HQ and CC is 3.57 and 3.99 μM (3S/N), respectively, and
the limit of quantitation (LOQ) to HQ and CC is 11.90 and
13.30 μM (10S/N) [43]. These results indicate that the two
isomers of dihydroxybenzene can be differentiated on the
PGCE from the redox peaks on the CV curves. Thus, this
proposed method allows us to detect HQ and CC simulta-
neously and sensitivelywithout interferencewith each other.
The comparison of this facilemethod of electrochemical dis-
posed PGCE in simultaneous detection of HQ and CC with
other literatures of nanocarbon materials modified GCE is
listed in Table 1.

It can be seen that the sensitivity of the PGCE can be
compared with the most reported nanocarbon materials mod-
ified electrodes. Although the LOD are not as good as the
reported literatures, it is enough in environment pollution de-
tection. The advantages of the proposed method against the
other methods in Table 1 reflect its facile and green electro-
chemical treatment, low cost, highly sensitive, stable, and re-
producible of the glassy carbon electrode based sensor for
electrochemical sensing of HQ and CC.

Although the PGCE is verified in simultaneous detection of
HQ and CC at low concentrations, it is still necessary to ex-
plain the segmented sensitivity in different concentrations.
Generally, sensitivity segmentation is mostly owing to the
conversion of the rate-determine step of the electrochemical
reaction that occurs at the electrode [47]. Thus, reaction kinet-
ic of HQ and CC on the PGCEwas studied by the effect of CV
scan rate on the peak current of HQ and CC. Concerning the
sensitivity segment occurs at different concentrations, two
concentrations (50 and 1000 μM) of HQ and CC solution
were investigated.

At low concentration of 50 μM HQ and 50 μM CC in
0.1 M PBS (pH 7.0), CVs on the PGCE at different scan rates
are shown in Fig. 7A. As can be seen, the oxidation peak
currents and reduction peak currents for HQ and CC increase
regularly with the increase of scan rates from 10 to
1000 mV s−1 (curve a–s). However, with the increase of scan
rate, especially in the range of high scan rate, the oxidation
peak potential shifted positively and the reduction peak poten-
tial shifted negatively, which suggests that the redox revers-
ibility of HQ and CC was impaired at high scan rate [48].
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Figure 7B and C present the plots of the oxidation peak cur-
rents and reduction peak currents of HQ and CC against the
scan rates. It is clear that the redox peak currents are in linear
relationship to the scan rates. As known, linear relationship
between scan rate and peak currents is the character of surface
adsorption control process [44].

At a high concentration of 1000 μM, the effect of scan rate
(a–j: 100–1000 mV s−1) on the CVs of a mixed solution of
1000 μM HQ and 1000 μM CC in 0.1 M PBS (pH 7.0) at
PGCE are shown in Fig. 8A. The results show that the anodic
peak currents and cathodic peak currents are in linear relation-
ship with the square root of the scan rates and relative equa-
tions have been marked in Fig. 8B and C, which indicate that
the electrode reactions of HQ and CC at PGCE are typical
diffusion-controlled process at the high concentration. In ad-
dition, with the increase of scan rate, the oxidation peak po-
tentials of HQ and CC shifted positively and the opposite
reduction peak potentials shifted negatively, which is in accor-
dance with the reported literature [49], suggesting that revers-
ibility of the redox was also impaired at high scan rate.

In summary, electrochemical redox reactions of HQ and
CC at the PGCE are heterogeneous and the kinetics are not
only depended on the properties of the electrode/electrolyte
interface but also related to the concentration of reactant. A
surface adsorption control process at low concentration might
convert into a diffusion-controlled process at high concentra-
tion. The conversion in rate-determine steps could offer a sup-
port to the segmented sensitivity in detection of HQ and CC as
shown in Fig. 6B, D, and F.

Reproducibility and repeatability

The reproducibility and repeatability are important parameters
for the evaluation of the sensor performance. The reproduc-
ibility of PGCE was estimated from the CV response to
150 μMHQ and CC for five PGCEs prepared under the same
experiment conditions. The relative standard deviation was
found to be 3.89 and 3.97 % for HQ and CC, respectively,
indicating a good reproducibility of the electrochemical treat-
ment technique. The repeatability of PGCE was also exam-
ined by monitoring the CV response to 150 μM HQ and CC
for ten successive measurements using the same electrode.
The relative standard deviation was found to be 1.83 and
2.02 % for HQ and CC, respectively. The results indicate that
the proposed PGCE has very good reproducibility and repeat-
ability in simultaneous detection of HQ and CC.

Conclusion

Glassy carbon electrodes have been electrochemical polarized
for simultaneous detection of HQ and CC by cyclic voltamm-
etry measurement. The optimized polarization is anodizing at

1.70 V for 20 min and cathodizing at −1.0 V for 15 min
successively in 0.1M pH 7.0 PBS. After polarization disposal,
abundant carboxyl and hydroxyl generate on the surface of
PGCE. The electrochemical reaction kinetic of HQ and CC
on the PGCE converts from surface adsorption control process
to diffusion-controlled process from low concentration to high
concentration. The linear range in detection of HQ and CC is
both 10–300 μM and the limit of detection (LOD) to HQ and
CC is 3.57 and 3.99 μM, respectively. The proposed method
has advantage of simple, stable and low cost by the green
electrochemical treatment of the glassy carbon electrode for
electrochemical sensing of HQ and CC.
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