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ABSTRACT: The metal−organic framework (MOF) of Cu3(btc)2 (btc =
benzene-1,3,5-tricarboxylic acid) is covalently immobilized at chitosan (CS)−
electrochemically reduced graphene oxide (ERGO) hybrid film modified
electrode, which is characterized by scanning electron microscope (SEM),
energy-dispersive X-ray spectra (EDS), and electrochemistry. The MOF-based
electrode is applied as an electrochemical sensing platform for the simultaneous
detection of dihydroxybenzene isomers (DBIs) of catechol (CT), resorcinol
(RS), and hydroquinone (HQ). The results show that the DBIs present well-
resolved and intense voltammetric signals at the modified electrode, due to the
synergic effect contributing from Cu3(btc)2 with unique porous framework
structure and ERGO with high electronic conductivity. The excellent
distinguishing efficiency of the sensor toward DBIs is also confirmed by the
quantum chemical computation. Quantitative analysis assays by differential pulse
voltammetry shows that the sensor has wide linear ranges and low detection
limits for the DBIs. The developed sensor is also applied for the determination of DBIs in the real water sample, and satisfactory
results are obtained. This work strongly implies that the MOFs have great potential in the construction of novel electrochemical
sensor for isomers.

1. INTRODUCTION

Catechol (CT), resorcinol (RS), and hydroquinone (HQ) are
three typical dihydroxybenzene isomers (DBIs) of phenolic
compounds, which usually coexist in environmental samples as
pollutants.1 Due to their high toxicity and low degradability in
the ecological environment, it is necessary to develop simple
and rapid analytical technology for the determination of them.
To date, several analytical methods have been established to
quantitatively determine DBIs, such as high-performance liquid
chromatography,2 fluorescence,3 chemiluminescence,4 spectro-
photometry,5 mass spectrometry,6 capillary electrochromatog-
raphy,7 and electrochemical methods.8,9 Among them, the
electrochemical methods attract considerable attention due to
their advantages of fast response, low cost, high sensitivity, and
excellent selectivity. However, because the three isomers of CT,
RS, and HQ have similar stereochemical structure and close
redox potentials on common electrode, the simultaneous
determination of them is usually hardly achieved. In order to
overcome this drawback, some functional materials such as
carbon nanotubes,10 metal sulfides,11 quantum dots,12

graphene,13 etc. have been utilized as the electrochemical
sensing materials for simultaneous determination of them.
However, these materials suffer the defects of complicated
synthesis process, high toxicity, and/or poor analytical
performance. Therefore, it is still a challenge to develop robust

and convenient sensing platform for the simultaneous
determination of DBIs.
Metal−organic frameworks (MOFs) are a type of novel

three-dimensional (3D) coordination compounds with the
features of controllable synthesis, structural diversity, porosity,
high specific surface areas, rich active site, and high flexibility of
the pore size. On the basis of these, the MOFs receive
increasing attention in the application of gas separation,14 gas
storage,15 catalysis,16 and chromatographic purification17 in the
past decade. Recently, the application of MOFs in electro-
chemical energy areas including fuel cells,18 supercapacitors,19

solar cells,20 rechargeable lithium batteries21 also gets significant
interest owing to their good electrochemical performance.
Besides, the MOFs have also been regarded as a promising
candidate for constructing electrochemical sensors due to the
following reasons: (1) The high porosity and large surface area
are helpful to concentrate the analytes at the higher level, which
can produce stronger signal intensity as well as higher
sensitivity. (2) Tunable pore size and topologic structure
allow the MOFs-based matrix having good selectivity to capture
the target analytes with appropriate size and configuration; (3)
The analyte molecules can interact with MOFs through

Received: February 16, 2016
Revised: April 28, 2016
Published: April 28, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 9794 DOI: 10.1021/acs.jpcc.6b01574
J. Phys. Chem. C 2016, 120, 9794−9803

www.sp
m.co

m.cn

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.6b01574


reversible physical adsorption, which makes the sensors have
superior regenerative ability and fast response kinetics. Inspired
by these expected merits, increasing amounts of MOFs-based
electrochemical sensors have been reported in recent years for
the detection of various analytes including DNA,22 hydrogen
peroxide,23 ascorbic acid,24 and dopamine and acetamino-
phen.25

Cu3(btc)2 (btc = benzene-1,3,5-tricarboxylic acid), one of the
first MOF compounds, has an intersecting 3D network
containing large pores with a square cross section.26 In the
past decade, the Cu3(btc)2 MOF has been studied extensively
in the fields of gas sorption, storage, and separation.26 In recent
years, the application potential of the MOF material in
electroanalytical field has also been continually exploited. For
example, it has been utilized as the electrochemical sensing
material for the detection of glucose,27 lead,28 and H2O2/
ascorbic acid.29 Nevertheless, to the best of our knowledge, we
have not found the application of Cu3(btc)2 as an electro-
chemical sensing material for the highly selective and sensitive
detection of isomers.
Herein, we fabricated a novel electrochemical sensing

platform for the detection of DBIs through covalent
immobilization of the electroactive Cu3(btc)2 MOF on a
functional matrix of chitosan (CS)−electrochemically reduced
graphene oxide (ERGO) (Scheme 1). Chitosan (CS) is an
interesting polysaccharide biopolymer that has been widely
used in the fields of agriculture, horticulture, industry,
biomedicine, and chemical sensors, owing to its numerous
advantages like nontoxic nature, excellent film-forming ability,
rich active groups, high permeability, and cost-effectiveness.30,31

On the basis of these advantages, CS was coated on the
electrode surface during fabrication of the sensing interface in
this work and then used as the supporting carrier for the
grafting of Cu3(btc)2. The good film-forming ability and the
stable covalent binding endow the sensing surface with a high
stability. On the other hand, in order to improve the electronic

conductivity of the electrode, the graphene oxide (GO) was
doped with CS and then transformed to the highly electro-
conductive reduction form through a simple eletroreduction
method.25 The morphology and structure of the obtained
materials and sensing interface were characterized using
scanning electron microscopy (SEM), atomic force microscopy
(AFM), and energy-dispersive X-ray spectroscopy (EDS). The
electrochemical experiments show that based on the unique
porous nature and inherent redox-activity of Cu3(btc)2, the
DBIs of RS, CT, HQ can be well separated from each other.
Meanwhile, the high conductivity of the CS−ERGO matrix
greatly enhances the electrochemical signal intensity of the
DBIs, leading to a high sensitivity of the sensor with the
detection limit of 0.44 μM, 0.41 μM, and 0.33 μM for HQ, CT,
and RS, respectively. Also the accurate determination of DBIs
in the real samples is realized by the proposed sensor, which
broadens the application of the MOF materials in the analytical
fields.

2. EXPERIMENTAL SECTION

2.1. Reagents and Apparatus. HQ, CT, RS, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), and N-hydrosulfo-
succinimide (NHS) were purchased from Sigma-Aldrich Co.,
Ltd. (China). Benzene-1,3,5-tricarboxylic acid (btc) and
chitosan (CS) were purchased from Aladdin Reagent Co.,
Ltd. (China). Copper nitrate trihydrate (Cu(NO3)2·3H2O) was
obtained from Xilong Chemical Co., Ltd. (China). 25 mM
phosphate buffered solution (PBS, pH 7.0) was purchased from
Shanghai KangYi Instruments Co., Ltd. (China). All the other
chemicals were of analytical reagent and used without further
purification. All aqueous solutions were prepared by deionized
water.
AFM measurements were carried out on CSPM5500

(China). Fourier transform infrared (FT-IR) spectroscopy
was performed on a Nicolet iS 10 spectrometer (USA). To
prepare pellets, the samples were first dried at 358 K for 5 h and

Scheme 1. Illustration of the Construction and Detection Strategy of the Sensor
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then mixed with KBr at a mass ratio of 1:100, ground to
powder in an agate. A hydraulic press was used to press the
mixtures to disks of 5 mm in diameter at 10 MPa for 3 min.
The spectrum was collected in the 400−4000 cm−1 wave-
number range at a resolution of 4 cm−1. SEM and EDS were
recorded on a JEOL JMS-6010LA field emission scanning
electron microscope (Japan). The crystal structure was
analyzed by X-ray powder diffraction (XRD) on a Rigaku D/
MAX-RB diffractometer (Japan). The surface area and pore size
distribution of material were measured by Brunauer−Emmett−
Teller (BET) and Barrett−Joyner−Halenda (BJH) procedures
on Belsorp-MAX (USA). Electrochemical experiments were
tested on CHI 6043E electrochemical analyzer (China) in
connection with a three-electrode system using a modified
glassy carbon electrode (GCE, Φ = 3 mm) as the working
electrode, platinum electrode as the counter electrode, and Ag/
AgCl (3 M KCl) electrode as the reference electrode.
2.2. Preparation of GO−CS Dispersion and Cu3(btc)2

MOF Material. First, the graphene oxide (GO) was prepared
according to the modified Hummer’s method.32 In brief,
graphite (1 g) was mixed with concentrated sulfuric acid (46
mL) in a 200 mL flask. The mixture was stirred for 2 h in an ice
bath, and then sodium nitrate (1 g) was added and a constant
temperature (3 °C) was kept for 30 min. After that, potassium
permanganate (6 g) was slowly added into the mixture and the
temperature was controlled to be lower than 20 °C. The ice
bath was then removed, and the mixture was heated to 38 °C
and maintained for 2.5 h, followed by adding 50 mL of
deionized water and reacting at 98 °C for 30 min. Finally, H2O2
(12.5 mL, 30%) and deionized water (50 mL) were added into
the mixture to terminate the reaction. For purification, the
product was washed with 3% HCl and deionized water several
times and dried at 60 °C in oven. The GO−CS composite was
prepared by adding 100 μL of 1.0% acetic acid solution

containing 0.3 wt % CS into 100 μL of 1 mg mL−1 aqueous
GO, and then the mixture was ultrasonicated for 15 min under
100 W to obtain a homogeneous dispersion.
The MOF of Cu3(btc)2 was prepared by a solvothermal

method according to the previous literature.33 Typically,
Cu(NO3)2·3H2O (0.545 g) dissolved in deionized water (7.5
mL) was mixed with ethanol (7.5 mL) containing btc (0.264 g).
After ultrasonication for 15 min, the mixture was placed into a
Teflon-lined stainless steel reactor and heated at 120 °C for 24
h. The blue solid was collected by centrifugation and washed
with ethanol and deionized water. Subsequently, the blue
precipitates were dried at 80 °C for 10 h in vacuum.

2.3. Fabrication of the Modified Electrodes. The bare
GCE was polished carefully with alumina slurry of 1.0, 0.3, and
0.05 μm in turn and then cleaned by ultrasonic washing in
ethanol and deionized water, respectively. After the cleaned
GCE was dried by N2 flow, 10 μL of CS−GO was cast onto the
electrode surface. Upon dryness under room temperature, the
GO in the composite film of CS−GO was electrochemically
reduced by cyclic scan between −1.6 and 0.6 V in 25 mM PBS
(pH 7.0) until constant curves were achieved. Afterward, the
obtained electrode was incubated in 2 mg mL−1 Cu3(btc)2
homogeneous suspension that was premixed with PBS
containing 10 mM EDC and 20 mM NHS for 2 h. Finally,
the modified electrode was carefully rinsed with deionized
water to remove loosely attached Cu3(btc)2. Thus, the
Cu3(btc)2 modified electrode was obtained, which was denoted
as Cu3(btc)2/CS−ERGO/GCE. For comparison, the modified
electrodes of CS−ERGO/GCE and Cu3(btc)2/CS−GO/GCE
were prepared in the same way.

2.4. Quantum Chemical Computation. The quantum
chemical computation was carried out with the Guassian 09
package and simulation package (NWChem):34,35 In brief, all
the molecular orbital calculations on DBIs were carried out

Figure 1. Low magnification (main panel) and high magnification (inset) SEM images (A), the standard (CSD: XAMDUM06) (a) and experimental
(b) XRD pattern (B), FT-IR spectrum (C), nitrogen adsorption−desorption isotherm curve (main panel), and its pore size distribution curve (inset)
(D) of the Cu3(btc)2 synthesized.
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with the Guassian 09 package using the density functional
theory (DFT)/6-31G++** method. The molecular orbital
calculation on the Cu3(BTC)2 MOF was achieved with an open
source simulation package (NWChem)36 using the spin-
unrestricted DFT formalism with the B3LYP exchange−
correlation functional (UB3LYP)37 and the Ahlrich triple-ζ
valence basis set with polarization on all atoms (TZVP).38

3. RESULTS AND DISCUSSION
3.1. Morphology and Structure Characterization of

Cu3(btc)2 MOF. Figure 1A shows the SEM image of the
synthesized Cu3(btc)2 particles, in which a large amount of
particles with well-defined octahedral morphology is observed.
From the high-magnification image (inset of Figure 1A), it can
be seen that the Cu3(btc)2 particle has the edges length of
about 14 μm and an opposite-vertical-apex length of about 18
μm. Additionally, the particles show sharp edge and smooth
surface, suggesting that the as-synthesized sample has good
crystallinity and high purity. The XRD result (curve b in Figure

1B) shows that all the diffraction peaks of the sample are well
indexed to the face-centered cubic phase of stimulated standard
card (CSD: XAMDUM06, curve a in Figure 1B), testifying that
the Cu3(btc)2 has been successfully synthesized.
The structure of Cu3(btc)2 was provided by FT-IR

spectroscopy as shown in Figure 1C. The characteristic peak
centered at 488 cm−1 can be assigned to the Cu−O bond. The
absorption bands of 1640 and 1580 cm−1, and 1448 and 1373
cm−1 are assigned to the asymmetric and symmetric stretching
vibrations of the carboxylate groups in btc linker,39 respectively.
In order to investigate the textural properties such as surface
area and pore volume of the synthesized MOF, the BET surface
area and pore volume measurements of the sample were
measured by nitrogen adsorption−desorption isotherms. Figure
1D shows the typical N2 adsorption−desorption isotherms at
77 K and the Barrett−Joyner−Halenda (BJH) desorption pore
size distribution of the synthesized Cu3(btc)2. From the results,
it can be seen that the isotherm is a typical I type curve,
confirming the presence of the microporous structure of the

Figure 2. SEM images of CS−ERGO/GCE (A), Cu3(btc)2/CS−ERGO/GCE with low (B) and high resolution (C), SEM (D), and EDS elemental
mapping analysis of a single Cu3(btc)2 particle (E−G).

Figure 3. Topographic (a), three-dimensional (b), and cross-sectional (c) AFM images of CS/GCE (A), CS−ERGO/GCE (B), and Cu3(btc)2/CS−
ERGO/GCE (C).
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MOF. According to the corresponding pore size distribution
curve (inset of Figure 1D), the pore size was measured to be
33.7 Å. The BET surface area of Cu3(btc)2 was determined to
be 1324.6 m2 g−1. Such a high surface and pore size are helpful
for the synthesized MOF to concentrate large amount of
analytes for the sensing application.
3.2. SEM and AFM Characterization on the Fabrica-

tion of Cu3(btc)2 Modified Electrode. The immobilization
of Cu3(btc)2 at CS−ERGO modified electrode (CS−ERGO/
GCE) was characterized by SEM and AFM. Figure 2 displays
the SEM images of CS−ERGO/GCE upon modification with
preactivated Cu3(btc)2. The results show that the CS−ERGO/
GCE presented some obvious crumpled and scrolling layers
(Figure 2A), which suggested that the graphene material has
been successfully attached on the electrode surface. Interest-
ingly, after the CS−ERGO/GCE was reacted with Cu3(btc)2
that was preactivated by EDC/NHS, some solid particles were
found to distribute on the surface of CS−ERGO/GCE (Figure
2B). The higher magnification image of the particles revealed
that the immobilized Cu3(btc)2 still has the basic octahedral
shape of the pristine Cu3(btc)2 particles, but the surface of the
particle becomes very coarse (Figure 2C), which might be
caused by the aggregation of microcystals on the surface of
Cu3(btc)2 during the activation process.40 EDS elemental
mapping analysis indicates the presence of Cu, C, and O
components in the hybrid (Figure 2E−G), which is the clear
evidence for the successful immobilization of Cu3(btc)2 on
CS−ERGO/GCE.
Atomic force microscopy (AFM) is a high-resolution

scanning probe microscopy, which can be conducted to
probe the topography changes of an interface. Figure 3 shows
the three-dimension (3D) (curve a), topographic (curve b),
and cross-sectional (curve c) AFM images of CS/GCE (A),
CS−ERGO/GCE (B), and Cu3(btc)2/CS−ERGO/GCE (C).
As seen, the surface of CS/GCE is relatively flat and smooth
with the largest height of 58.16 nm. The value of the roughness
calculated from different regions is 8.44 nm. But for CS−
ERGO/GCE, it is observed that lots of adjacent peaks
appeared. The largest peak height and the roughness are
increased to 100.03 and 11.8 nm, respectively, suggesting that
the ERGO nanomaterial has been entrapped within the CS film
and enhanced the surface area of the modified electrode. When
CS−ERGO/GCE was grafted with Cu3(btc)2, it is found that
the morphology of the electrode becomes more rough, and
many hills stretching over several micrometers (see the circles
in the figure) are visible. The height and the average roughness
are extremely increased to 214.35 and 20.8 nm, respectively.
These changes also indicate that the Cu3(btc)2 has been
anchored on CS−ERGO/GCE by the proposed method.
3.3. Electrochemical Behavior of Cu3(btc)2/CS−ERGO/

GCE. The electrochemical properties of the different modified
electrodes were evaluated via cyclic voltammetry (CV). Figure
4 shows the CVs of CS−GO/GCE (curve a), CS−ERGO/
GCE (curve b), Cu3(btc)2/CS−GO/GCE (curve c), and
Cu3(btc)2/CS−ERGO/GCE (curve d) in 25 mM PBS (pH
7.0). It is found that there is no Faradaic response for CS−GO/
GCE at the high potential range from −0.4 to 0.8 V, but a small
and irreversible peak ascribed to the reduction of the dissolved
oxygen occurrs at the low potential of −0.55 V (Figure S1 in
Supporting Information). After electroreduction treatment of
electrode, the background current of the CV curve increases
obviously, and meanwhile the reduction peak of the dissolved
oxygen enlarges and negatively shifts obviously. This indicates

that the GO on the electrode has been successfully reduced,
resulting in the improvement of the effective surface area and
electron-transfer kinetics of the electrode interface. Such an
enhancement effect is further proved by the different
electrochemical response of these two electrodes after grafting
with Cu3(btc)2. For Cu3(btc)2/CS−GO/GCE, it is observed
that a pair of small redox peaks at the high potentials of 0.001 V
and −0.274 V are newly appeared (curve c). According to the
literature,41 the Faradaic signal can be assigned to redox process
of CuII/CuI couple from Cu3(btc)2. The ratio of oxidation peak
current (Ipa) to reduction peak current (Ipc) was determined to
be 1.93, which is quite far away from 1 unit, suggesting that the
electrochemical process of Cu3(btc)2 at CS−GO/GCE has
poor reversibility. In contrast, the redox peak currents obtained
at Cu3(btc)2/CS−ERGO/GCE (curve d) increases obviously
in comparison with Cu3(btc)2/CS−GO/GCE and the value of
Ipa/Ipc (=0.97) was changed to about 1 unit, demonstrating that
the electrochemical reversibility of Cu3(btc)2 on CS−ERGO is
dramatically changed. All these experiments indicate that an
electroactive interface with high electrochemical activity is
achieved through the facile covalent immobilization of
Cu3(btc)2 MOF on the functional matrix of CS−ERGO hybrid
film.

3.4. Electrochemical and Quantum Chemical Calcu-
lation on the Distinguishing of Cu3(btc)2/CS−ERGO/GCE
toward DBIs. In order to probe the potential application of
Cu3(btc)2/CS−ERGO/GCE, the modified electrode was
utilized for the simultaneous detection of DBIs including RS,
CT, and HQ. Figure 5A depicts the CVs of 25 mM PBS (pH
7.0) in the presence of 0.1 mM HQ (curve a), CT (curve b), or
RS (curve c) at Cu3(btc)2/CS−ERGO/GCE. As seen, all the
CVs have a pair of redox peaks at around 0 V and −0.3 V.
According to the result of Figure 4, the redox peaks can be
assigned to the electron transfer of Cu(II)/Cu(I) couple of the
immobilized Cu3(btc)2, showing that the modified electrode of
Cu3(btc)2/CS−ERGO/GCE remains its original electrochem-
ical characteristic in the presence of the DBIs. When HQ, CT,
and RS are separately present in the PBS solution, the new
redox peaks at 0.100 V, 0.006 V (for HQ, curve a) and at 0.203
V, 0.094 V (for CT, curve b) and an irreversible oxidation at
0.612 V (for RS, curve c) appear, which suggests that all three
isomers present good electrochemical responses at Cu3(btc)2/
CS−ERGO/GCE.
Furthermore, in order to investigate the distinguishing

capability of Cu3(btc)2/CS−ERGO/GCE toward DBIs coex-

Figure 4. CVs of CS−GO/GCE (a), CS−ERGO/GCE (b),
Cu3(btc)2/CS−GO/GCE (c), and Cu3(btc)2/CS−ERGO/GCE (d)
in 25 mM PBS (pH 7.0). Scan rate: 0.1 V s−1.
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isting in solution, a mixture containing HQ, CT, and RS was
prepared and measured with Cu3(btc)2/CS−ERGO/GCE. The
result is displayed as curve a in Figure 5B. As well seen, a
distinct oxidation peak at 0.603 V and two pairs of redox peaks
at 0.196 V, 0.102 V and 0.094 V, 0.012 V simultaneously appear
in the voltammogram (curve a). Through comparison with
Figure 5A, these peaks can be well ascribed to the
electrochemical response of RS, CT, and HQ. In addition,
the peak-to-peak separations (ΔEp) for the oxidation peaks of
the DBIs are larger than those reported in literatures (Table S1
in Supporting Information), which proves the outstanding
resolving ability of the sensing film toward the electrochemistry
of DBIs. As controls, the electrochemical responses of the DBIs
mixture at the other two electrodes of CS−ERGO/GCE and
Cu3(btc)2/CS−GO/GCE were also tested. It is found that at
CS−ERGO/GCE, only two oxidation peaks at 0.605 and 0.149
V are observed (curve c). The former can be attributed to the
oxidation of RS and the latter to overlap of the oxidation peaks
of CT and HQ, which indicates that the voltammetric peaks of
DBIs cannot be fully separated by CS−ERGO/GCE. In
addition, when Cu3(btc)2/CS−GO/GCE was applied, it was
observed that all the electrochemical responses of the DBIs are
visible (curve b), but the signal intensities are dramatically
smaller than those at Cu3(btc)2/CS−ERGO/GCE. Thus, it can
be concluded that the film of Cu3(btc)2/CS−ERGO has the

bifunctional effect for the simultaneous detection of DBIs with
excellent distinguishing property from the contribution of
Cu3(btc)2 and high sensitivity from the contribution of highly
conductive ERGO.
The electrochemical distinguishing performance of

Cu3(btc)2/CS−ERGO toward DBIs was also evidenced by
quantum chemical calculation. It is well-known that the
oxidation potential is usually governed by electron transfer
from the electroactive molecule to the working electrode and
hole transfer from the molecules to the Pt electrode.28 In this
work, the Schottky barrier that formed between the sensing film
of Cu3(btc)2/CS−ERGO and the DBIs is the main origin of
the oxidation potential. By considering two barriers for the
electrons and holes, from a simple flat band model as displayed
in Figure 5C, the oxidation potential can be simply determined
by the gap between the lowest unoccupied molecular orbital
and the highest occupied molecular orbital (LUMO−
HOMO)42 of the DBIs for the two given electrodes (Figure
S3 in Supporting Information). From the result, it is obtained
that RS has the largest LUMO−HOMO gap (6.54 eV),
therefore yielding the largest oxidation potential, which is in
agreement with our observations in the electrochemical
experiment. Similarly, the LUMO−HOMO gaps of CT and
HQ were evaluated to be 6.17 eV and, 6.15 eV, respectively.
The close values of the gaps of the two species indicate that
they might have adjacent oxidation peaks, but the different
adsorption capacities of Cu3(btc)2 to them cause their various
dipole interactions at the electrode interface through charge
transfer, which further widens their oxidation potentials.

3.5. Electrochemical Kinetic Parameters of DBIs at
Cu3(btc)2/CS−ERGO/GCE. To understand the charge transfer
characteristics of DBIs on Cu3(btc)2/CS−ERGO/GCE, we
respectively recorded CVs of HQ (A), CT (B), and RS (C) on
this electrode at various scan rates (ν). From the CVs as
displayed in Figure 6, one can observe that with the increase of
scan rates, the electrochemical signals of the DBIs enhance
gradually. Meanwhile, the redox peak currents (Ipa, Ipc) of HQ
and CT and the irreversible oxidation peak currents (Ipa) of RS
show good linear relationships with scan rates (up to 0.5 V s−1)
obeying the following regression equations:

HQ (inset a of Figure 6A):

νμ = − − =−I r/ A 81.0461 /(V s ) 5.7729 ( 0.9960)pa
1

νμ = + =−I r/ A 53.2349 /(V s ) 4.2040 ( 0.9921)pc
1

CT (inset a of Figure 6B):

νμ = − − =−I r/ A 96.0749 /(V s ) 8.5268 ( 0.9945)pa
1

νμ = + =−I r/ A 41.0143 /(V s ) 1.5600 ( 0.9921)pc
1

RS (inset a of Figure 6C):

νμ = − − =−I r/ A 76.4147 /(V s ) 4.9443 ( 0.9945)pa
1

These results indicate that all the electrochemical reactions of
DBIs on the modified electrode are adsorption-controlled.
Since the redox peak separations for HQ and CT are both
higher than 0.20/n V, the electrochemical parameters of
electron transfer coefficient (α) and standard electron transfer

Figure 5. (A) CVs of 25 mM PBS (pH 7.0) with 0.1 mM HQ (a), CT
(b), or RS (c) at Cu3(btc)2/CS−ERGO/GCE. (B) CVs of 0.1 mM
HQ, CT, and RS mixture at Cu3(btc)2/CS−ERGO/GCE (a),
Cu3(btc)2/CS−GO/GCE (b), and CS−ERGO/GCE (c) in 25 mM
PBS (pH 7.0). Scan rate: 0.1 V s−1. (C) Flat band model (LUMO and
HOMO) of Cu3(BTC)2, HQ, CT, and RS, and work function for the
ERGO and Pt electrodes.
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rate constant (ks) were then calculated according to following
Laviron’s eqs 1−3):43
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where Epa and Epc are the oxidation and reduction peak
potentials, respectively, n is the number of electron, F is the
Faraday constant (96485 C mol−1), R the universal gas
constant, T is kelvin temperature. As we can see from the insets
b of Figure 6A and Figure 6B, both Epa and Epc are linearly

dependent on ln ν with the linear equations of Epc/V =
−0.0192 ln ν (V s−1) − 0.0791 (r = 0.9974) and Epa/V =
0.0233 ln ν (V s−1) + 0.1694 (r = 0.9920) for HQ, and Epc/V =
−0.0184 ln ν (V s−1) + 0.0382 (r = 0.9992) and Epa/V =
0.0208 ln ν (V s−1) + 0.2595 (r = 0.9920) for CT. Thus, the
values of α and ks were calculated to be 0.55, 0.52 s−1 and 0.53,
0.54 s−1 for HQ and CT, respectively. All these ks values are
more comparable with those obtain from CdS/r-GO,11

graphene−chitosan44 based sensors, suggesting that the DBIs
have fast electron transfer kinetics on the developed sensing
interface.
For the irreversible oxidation process of RS at Cu3(btc)2/

CS−ERGO/GCE, the following eq 4 was applied:43
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where E0′ is the formal potential and the meanings of the other
symbols are the same as for eqs 1−3). From the relationship of
Epa versus ν as shown in Figure S2 in Supporting Information,
the value of E0′ is estimated to be 0.55 V via extension of the
curve to ν = 0. Then from the plot of Epa versus ln ν as
displayed in inset b of Figure 6C, the linear regression equation
of Epa/V = 0.0307 ln ν (V s−1) + 0.6963 (r = 0.9912) was
obtained. Thus, according to slope and intercept of regression
equation, the values of α and ks were calculated to be 0.44 and
0.28 s−1, respectively.
The electrocatalytic rate constants of HQ, CT, and RS at

Cu3(btc)2/CS−ERGO/GCE were further determined by
chronoamperometry (CA) tests. Figure 7A-a shows the CA
response of 25 mM PBS in the absence and presence of
increasing concentrations of HQ at Cu3(btc)2/CS−ERGO/
GCE. Clearly, upon addition of increasing amounts of HQ into

Figure 6. CVs of 0.1 mM HQ (A), CT (B), RS (C) at Cu3(btc)2/CS−
ERGO/GCE at different scan rates from 0.01 V s−1 to 0.5 V s−1. Insets
a and b show the relationships of peak currents (Ip) versus scan rate
(ν) and peak potentials (Ep) versus ln ν.

Figure 7. (A) Chronoamperograms of Cu3(btc)2/CS−ERGO/GCE in
25 mM PBS (pH 7.0) upon adding increasing amounts of HQ (a), CT
(b), and RS (c). (B) Plots of Icat/IL versus t

1/2.
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the supporting electrolyte, the currents increase accordingly,
confirming that the sensing layer of Cu3(btc)2/CS−ERGO has
the electrocatalytic effect toward HQ. Then the catalytic rate
constant (Kcat) of the sensing film toward the HQ was
calculated according to the following eq 5:45

π=
I
I

K C t( )cat

L
cat 0

1/2

(5)

where IL and Icat are the current of Cu3(btc)2/CS−ERGO/
GCE in the absence and presence of HQ, C0 is the HQ
concentration, and t is the time elapsed. From the data of
Figure 7A-a, the relationship of Icat/IL versus t1/2 at different
concentrations of DBIs is plotted as Figure 7B-a. Thus, based
on the average value of the slopes, the value of Kcat for the
sensor to HQ is obtained to be 3.2 × 105 M−1 s−1. Figure 7A-b
and Figure 7A-c show the CA curves of CT (b) and RS (c) at
Cu3(btc)2/CS−ERGO/GCE, and the corresponding linear
relationships of Icat/IL versus t1/2 are displayed in Figure 7B-b
and Figure 7B-c. Likewise, the values of Kcat for CT and RS
were calculated to be 7.8 × 104 M−1 s−1 and 1.9 × 103 M−1 s−1,
respectively. The results demonstrate that the Cu3(btc)2/CS−
ERGO has excellent catalytic activity toward HQ, CT, and RS,
which is likely induced by the favorable electron transfer and
abundant active site of Cu3(btc)2/CS−ERGO.
3.6. Simultaneous Determination of DBIs. DPV

technology possesses higher sensitivity and better resolution
than CV technique for quantitative analysis because it is
achieved by applying a small voltage pulse superimposed on the
linear voltage sweep and sampling the differential current at a
short time after the pulse.46 So the DPV was further utilized to
evaluate the performance of the Cu3(btc)2/CS−ERGO-based
sensor for the quantitative analysis of HQ, CT, and RS. Figure
8A shows the DPVs of 30 μM CT and 30 μM RS with
increasing amounts of HQ at Cu3(btc)2/CS−ERGO/GCE.
Obviously, the peaks of CT and RS are hardly changed
throughout the tests, which suggests that their oxidation
products do not irreversibly adsorb on the surface of
Cu3(btc)2/CS−ERGO/GCE to hinder the detection of the
others. But the oxidation peaks of HQ enhanced gradually with

the increase of HQ concentrations, and the oxidation peak
currents (Ipa) show a good linear relationship with the
concentrations of HQ (CHQ) over the range from 5.0 to 400
μM (inset of Figure 8A), with the regression equation of Ipa/μA
= −0.0168CHQ (μM) − 0.3052 (r = 0.9939). Then based on
signal-to-noise (S/N = 3) characteristic, the limit of detection
(LOD) was estimated to be 0.44 μM. Similarly, keeping the
concentrations of HQ and RS at 30 μM in 25 mM PBS (pH
7.0), the peak currents (Ipa) of CT show a good linear
relationship with CT concentrations in the range from 2.0 to
200 μM (Figure 8B), with the linear equation of Ipa/μA =
−0.0687CCT (μM) − 0.0506 (r = 0.9992) (inset of Figure 8B).
Also when S/N = 3, the LOD of CT was estimated to be 0.41
μM. Figure 8C shows DPVs of different concentration of RS in
25 mM PBS (pH 7.0) coexisting with 30 μM HQ and CT. The
result shows that Ipa is proportional to the concentration of RS
in the range from 1.0 μM to 200 μM. The regression equation
is Ipa/μA = −0.0803CRS (μM) − 0.0213 (r = 0.9965) (inset of
Figure 8C), and the LOD was calculated to be 0.33 μM (S/N =
3). All these assays indicate that the proposed sensor allows the
simultaneous and sensitive detection of HQ, CT, and RS
without interference from each other.
Furthermore, the Cu3(btc)2/CS−ERGO/GCE was applied

for the simultaneous determination of HQ, CT, and RS, in
which the concentrations of HQ, CT, and RS are changed
simultaneously. As shown in Figure 8D, three well-distin-
guished oxidation peaks are observed, indicating that the
catalytic reactions of HQ, CT, and RS at Cu3(btc)2/CS−
ERGO/GCE occur independently. The oxidation peak currents
(Ipa) of HQ, CT, and RS increase linearly with their
concentrations in the ranges from 5.0 μM to 200 μM. The
regression equations are Ipa/μA = −0.0128CHQ (μM) − 0.3188
(r = 0.9954) for HQ, Ipa/μA = −0.0556CCT (μM) − 0.0643 (r
= 0.9917) for CT, and Ipa/μA = −0.0203CRS (μM) − 0.0841 (r
= 0.9974) for RS. Thus, the results demonstrate that HQ, CT,
and RS can be selectively determined by Cu3(btc)2/CS−
ERGO/GCE without interference from each other. Table S1 in
Supporting Information shows the comparison of analytical
performance of DBIs at Cu3(btc)2/CS−ERGO/GCE and that
at the other sensors, from which we can see that our Cu3(btc)2/
CS−ERGO based sensor has comparable and even better
performance for the detection of DBIs. This also demonstrates
that the sensor holds great application prospect for
simultaneous determination of the DBIs.

3.7. Interference Studies. One important issue for the
feasibility of a sensor is its capability to distinguish the analytes
from interferents. In this work, the electrochemical responses of
50 μM HQ, CT, and RS were measured at Cu3(btc)2/CS−
ERGO/GCE in the presence of different interferents. The
results show that the common inorganic ions such as K+, Na+,
Ca2+, Mg2+, Zn2+, Cl−, NO3

−, and SO4
2− in 100-fold excess do

not show interference to HQ, CT, and RS detection (signal
change below 5%). In addition, the effects of some organic and
biological molecules (10-fold excess) such as 2-nitrophenol, 4-
nitrophenol, glycine, urea acid, glucose, ascorbic acid, citric acid,
methylparaben, p-aminophenol, acetone on electrochemical
response of DBIs were also investigated, and all the response
variations are lower than 7.5%. All these results suggest that the
sensor has a satisfactory anti-interference ability for determi-
nation of HQ, CT, and RS.

3.8. Reproducibility and Stability. The reproducibility of
Cu3(btc)2/CS−ERGO/GCE was evaluated by preparing five
parallel electrodes for the determination of 0.1 mM HQ, CT,

Figure 8. DPVs of Cu3(btc)2/CS−ERGO/GCE in 25 mM PBS (pH
7.0) containing a mixture of DBIs. A: 30 μM CT, 30 μM RS, 5.0−400
μM HQ. B: 30 μM HQ, 30 μM RS, 2.0−200 μM CT. C: 30 μM HQ,
30 μM CT, 1.0−200 μM RS. D: 5.0−200 μM HQ, CT, and RS. Insets
show the relationship of Ipa versus the concentrations of DBIs.
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and RS. The relative standard deviations (RSDs) of the five
electrodes are 3.4%, 4.1%, and 3.9% for HQ, CT, and RS,
respectively. The stability of the modified electrode was also
investigated. After the modified electrode was kept at ambient
temperature for 2 weeks, repeatable sensing performance was
achieved for detection of HQ, CT, and RS, suggesting that the
sensor has good stability.
3.9. Real Sample Analysis. Real-time monitoring perform-

ance of the fabricated sensor was checked by detecting HQ,
CT, and RS in different real environmental water samples. The
results are shown in Table S2 in Supporting Information. The
recoveries are in range of 98.0−101.4%, suggesting good
feasibility and reliability of the proposed electrode for
simultaneous detection of HQ, CT, and RS in water samples.

4. CONCLUSION

On the basis of the good electrochemical activity, high specific
surface areas, and excellent flexibility of the pore size/wall
modification, MOFs receive increasing attention in the
electrochemical sensing field. However, the application of
MOFs as sensing materials for the simultaneous detection of
isomers has not been reported yet. In this work, an electroactive
MOF of Cu3(btc)2 covalently immobilized at the CS−rGO film
was applied as a sensing interface for the simultaneous
determination of DBIs of catechol (CT), resorcinol (RS),
and hydroquinone (HQ). The results show that based on the
unique structure of Cu3(btc)2, the DBIs of RS, CT, HQ can
well be separated from each other with a large peak potential
difference. Meanwhile, the high conductivity of the CS−ERGO
matrix greatly enhances the electrochemical signal intensity of
the DBIs, leading to high sensitivities of sensor toward the
DBIs. Also the satisfactory results are obtained for the
determination of the DBIs in the real samples by the prepared
sensor, which broadens the application of the MOF materials in
the analytical fields.
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