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Abstract
A porous carbon material doped with an iron species (Fe/PC) was prepared by carbonizing a mixture of zeolitic imidazolate
framework-8 in the presence of iron(II) ions. The resulting material was characterized by X-ray diffraction, nitrogen adsorption
isotherms, transmission electron microscopy, and by Raman and X-ray photoelectron spectroscopy. Fe/PC was the deposited on
the surface of glassy carbon electrode (GCE) to obtain a sensor for amperometric determination of phenolic compounds. The
unique catalytic activity, good electrical conductivity and hierarchical structure of the Fe/PC composite results in good
electrooxidative activity towards hydroquinone (HQ; typically at 44 mV) and catechol (CC; typically at 160 mV). Under optimal
conditions, the amperometric responses are linear in the range from 0.1 to 120 μmol · L−1 for HQ, and from 1.0 to 120 μmol · L−1

for CC. The respective detection limits are 14 and 33 nmol · L−1. The sensor is highly selective against potential interferents and
was successfully applied to the determination of HQ and CC contents in (spiked) water samples.
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Introduction

As important isomers of phenolic compounds, hydroquinone
(HQ) and catechol (CC) always coexist in the pharmaceutical,
fine chemicals, foods, cosmetics, and photography industries
and so on [1, 2]. Because of their low degradability and high
toxicity, they are not only harmful to the human health, but

also cause serious environmental pollution. Both of those two
compounds are listed as the significant environmental pollut-
ants by the European Union (EU) and the US Environmental
Protection Agency (EPA) [3]. For this reason, extensive re-
search has been focused on the development and exploitation
of analytical devices for the detection, quantification, and
monitoring of HQ and CC levels.

Electrochemical analysis, possessing the advantage of
fast response, low cost and simple operation, was widely
used in the determination of various target analytes with
electroactive group [4–6]. However, direct detection of
HQ and CC using the bare electrode is difficult because
the overlap of the isomer oxidation-reduction peaks. To
solve this problem, the development of novel electrode
materials for the simultaneous determination of HQ and
CC with excellent sensitivity is important. Various carbon
based electrode materials have been utilized to promote
the electron transfer rate and improve the selectivity of
sensors [7–9]. Among them, porous carbon holds great
potential in the field of electrochemistry not only to their
unique physical and chemical properties but also to their
wide availability [10, 11].
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Metal-organic-frameworks (MOFs), which are a new type
of crystalline porous materials with multiple functionalities,
have received great attention. Due to the different topological
structures and significant amount of carbon source, MOFs are
promising precursors for the production of highly porous car-
bon materials [12, 13]. For instance, a series of Co-MOFs-
derived dual metal and nitrogen codoped carbon catalysts
were investigated, which delivered excitingly high ORR ac-
tivity, even comparable to that of Pt/C catalyst [14]. Although
the MOFs derived porous carbon have been destined to be
promising materials for energy storage, carriers for drug de-
livery systems, and contamination removal [15–17], the using
of MOFs derived porous carbon as electrode materials for
biomolecule detection is still a challenge till now.

With the above background, we report the synthesis, char-
acterization and analytical characteristics of iron species
doped zeolitic imidazolate frameworks (ZIFs) derived porous
carbon materials. Its application for the development of a nov-
el electrochemical sensor was reported for the first time for the
simultaneous detection of HQ and CC. The electrochemical
sensing characteristics were examined by cyclic voltammetry
and differential pulse voltammetry in detail. The accurate de-
termination of HQ and CC for real samples analysis demon-
strated that MOFs derived metal doped porous carbon was a
promisingmaterial for electrochemical biosensor applications.

Materials and methods

Materials and reagents

Iron (II) chloride tetrahydrate (FeCl2 · 4H2O) and 2-
Methylimidazole (MeIm) were purchased from Aladdin-
Reagent (Shanghai, China, www.aladdinreagent.com). Zinc
nitrate hyexahdrate (Zn(NO3)2 · 6H2O), methanol,
hydroquinone, catechol, N, N-Dimethylformamide (DMF)
and other chemicals were purchased from Sinopharm
Chemical Reagent (Shanghai, China, www.sinoreagent.com)
and all of them were analytical grade. Phosphate buffer was
prepared by mixing the stock solution of 0.1 mol · L−1

NaH2PO4 and 0.1 mol · L−1 Na2HPO4 and adjusting the pH
at 7.0 with 0.1 mol · L−1 H3PO4 or 0.1 mol · L−1 NaOH
solution. Double deionized water (18 MΩ cm) was prepared
by Milli-Q water purification system (Millipore, Bdfedford,
MA, USA).

Apparatus

A CHI852C electrochemical workstation (Chenhua
Instrument, Shanghai, China) was used for voltammetric mea-
surements with a three-electrode system. The working elec-
trode was the Fe/PC modified glassy carbon electrode (GCE)
with a diameter of 3 mm. The counter electrode was a

platinum wire and the reference was an Ag/AgCl (3 M KCl)
electrode. The powder X-ray diffraction (XRD) patterns were
collected with a Cu Kα (λ = 1.5406 Å, 40 KV, 40 mA) D8
Advance X-ray diffractometer (Bruker Co., Germany) from 5°

to 80°. The Raman spectra were measured at room tempera-
ture through an In Via Laser confocal Raman microscope
(Renishaw, UK) with an excitation of 633 nm. The transmis-
sion electron micrograph (TEM) images were obtained using
a Philips Tecnai-12 (Netherland) operated at 120 KV. The X-
ray photoelectron spectroscopy data were collected using
ESCALAB 250Xi X-ray photoelectron spectroscopy
(Thermo Scientific, America). Specific surface area (BET)
was measured by Micromeritics ASAP 2020 HD88 physical
adsorption instrument automation (America) by N2 sorption at
77 K.

Construction of the modified electrodes

The synthesis of iron doped porous carbon (Fe/PC) was
shown in Electronic Supplementary Material. The bare GCE
was gently polished manually with 0.3 and 0.05 μm alumina
slurry to obtain a fresh surface and cleaned successively with
ethanol and double distilled deionized water by sonication for
2 min, respectively, finally, dried in N2 blowing. After
cleaning, 1.0 mg Fe/PC was ultrasonically dispersed into
1.0 mL DMF to produce a homogeneous solution. 5.0 μL
Fe/PC solution was placed onto the GCE surface, and the
solvent was allowed to evaporate at room temperature in the
air. In addition, bare GCE and PC/GCE were also prepared in
the similar way.

Operating procedure

The determination of HQ and CC was performed by means of
differential pulse voltammetry (potential range: −0.3 - 0.6 V;
increment: 4 mV; amplitude: 50 mV; pulse width: 0.2 s; sam-
pling width: 0.02 s; pulse period: 0.5 s). The samples were
determined directly or suitably diluted to draw the sample
concentration within the linear range. 10 μL sample solution
was transferred to a three-electrode cell and dissolved with
10 mL 0.1 mol · L−1 phosphate buffer (pH 7.0). All experi-
ments were performed at room temperature.

Results and discussion

Choice of materials

Porous carbons are considered as efficient materials to en-
hance the performance of electrochemical sensors. To date,
many efforts have been made towards the preparation of po-
rous carbon with MOFs. This is not only because MOFs can
act as both template and carbon precursor, but also due to their
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potential physical and chemical functions. The ZIF-8,
consisted of imidazolate linkers and Zn2+ ions, has an
intersecting pore structure and high surface area, and com-
pared to other organic precursor, still is low toxic and low cost
[18, 19]. Hence, it was commonly used for the preparation
porous carbon and integration with other materials. In addi-
tion, the introduction of iron species can promote the in situ
formation of porous carbon, and also offer abundant catalytic
sites to improve electrochemical activity. More importantly,
the iron species doped porous carbon shows excellent catalyt-
ic activity and durability in acidic solutions [20]. Therefore,
ZIF-8 was used as the representative precursor to synthesis
iron species doped porous in this work.

Characterization of synthesized materials

The prepared material phase purity and crystal structure of
ZIF-8 was characterized by powder XRD pattern. As shown
in Fig. S1, each diffraction peak pattern of the prepared ZIF-8
are consistent with the previous results [20], indicating that the
porous framework was formed successfully with high crystal-
linity. Although the stability of most MOFs materials in aque-
ous media remains a major concern for their further applica-
tions, the results indicate that a low level of iron species dop-
ing process did not destroy the ZIF-8 framework structure. All
the diffraction peaks of Fe/ZIF-8 are consistent with the XRD
spectra of the ZIF-8, clearly demonstrating the preservation of
the ZIF-8 structure. Furthermore, with the doping of iron spe-
cies into ZIF-8, the color of Fe/ZIF-8 varied from white to
orange, also demonstrating that iron species were successfully
doped into ZIF-8. After carbonization in the nitrogen atmo-
sphere, both ZIF-8 and Fe/ZIF-8 were converted to PC and Fe/
PC. The XRD patterns of PC and Fe/PC occurring at 25° and
44° corresponds to the (002) and (101) graphite carbon dif-
fractions, respectively (Fig. S2) [21]. It is also found that Zn
and iron characteristic peaks are not present in the XRD pat-
terns of PC and Fe/PC. This may be due to the fact that most of
zinc metal (with its boiling point of 908 °C) was reduced by
carbon and then vaporized carbonization. The iron species are
probably incorporated into carbons or removed during acid
leaching [19, 22].

The morphologies of the ZIF-8 products were investigated
through TEM.As shown in Fig. 1a and b, the synthesized pure
ZIF-8 shows a typical hexagonal ZIF-8 crystal structure with a
diameter around 100 ± 10 nm. After doping a certain amount
of iron ions, the average diameters increase to about 150 ±
15 nm. This proved that iron doped ZIF-8 materials were
formed by the addition of single monomeric MeIm and sol-
vated Zn2+ and Fe2+ species. Although the materials inherited
their original morphology after carbonized at 900 °C for 5 h,
the pyrolysis of organic components at high temperature
makes the surfaces of the original frame structure become
wrinkled (Fig. 1c and d).

All details about nitrogen isothermal adsorption/desorption
(Fig. S3), pore size distribution (Fig. S4), Raman spectra (Fig.
S5), and XPS survey spectra (Fig. S6) are mentioned in
Electronic Supplementary Information.

Sensing properties of HQ and CC sensor

The electrochemical behaviors of HQ and CC on bare GCE,
PC/GCE and Fe/PC/GCE electrodes were studied by cyclic
voltammetry in phosphate buffer (pH 7.0). As shown in Fig. 2,
two weak reduction peaks are observed at the bare GCE as
well as a weak overlapping oxidation peak, indicating that the
electrochemical activity of HQ and CC is low on the bare
GCE. Two pairs of separation redox peaks with oxidation
peaks at 0.129 V for HQ and 0.235 V for CC, and reduction
peaks at 0.085 V for HQ and 0.193 V for CC appear on the
surface of PC/GCE. The appearance of sensitive redox waves
and the enhanced peak currents suggest that HQ and CC can
be easily distinguished at PC/GCE. The increase in the peak
intensities can be attributed to the relative large surface area
and micro- and mesoporous structure of PC and the presence
of nitrogen. ZIF-8 contains a rich nitrogen source in
imidazolate ligands, which can donate extra electrons that
increase the electronic conductivity [23]. Compared with bare
GCE and PC/GCE, Fe/PC/GCE exhibits two pairs of distin-
guishable redox peaks with largest currents. The oxidation
peak currents for HQ and CC are 51.3 and 47.0 μA, and the
reduction peak currents are −63.2 and −41.6 μA. The reason
for the improved performance may be due to the presence of
iron species in the PC, which can facilitate the mass transfer
during the electrochemical catalytic process and possess
strong electrocatalytic activity to the electrooxidation and
electroreduction of HQ and CC. In this work, different
amounts of FeCl2 · 4H2O (0.04, 0.12, 0.2, and 0.4 mmol) were
used to synthesize iron doped porous carbon. The results re-
vealed that the current response of HQ and CC increased with
the concentration of FeCl2 · 4H2O up to 0.12 mmol and then
decreased at higher FeCl2 · 4H2O concentration. Probably
because larger amounts of iron species will block the porous
channel and cover the active surface of the material, leading to
the decrease of the electrode surface area and current response.
Thus, 0.12 mmol of FeCl2 · 4H2O was chosen for composites
preparation.

The following parameters were optimized: (a) Sample pH
value; (b) Scan rate. Respective data and Figures are given in
the Figs. S7 and S8. We found the following experimental
conditions to give best results: (a) A sample pH value of 7.0
(b) scan rate of 100 mV · s−1.

Differential pulse voltammetric determinations

As shown in Fig. 3, differential pulse voltammetry was carried
out to detect HQ and CC simultaneously by keeping the
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concentration of one component constant at 10.0 μmol · L−1

and increasing the concentration of other one under the opti-
mal conditions. The peak current data were obtained at a
working voltage of 44 mV (vs. Ag/AgCl) for HQ and
160 mV (vs. Ag/AgCl) for CC at a scan rate of 100 mV ·
s−1. Detection limits for HQ and CC was calculated using
3σ/s definition, where σ is the standard deviation of the blank
signals and s is the slope of the calibration curve. It can be
noticed that the peak currents increase linearly with the in-
crease in the concentration of the target molecule. For HQ,

the relationship between peak currents and HQ concentration
is in the range of 0.1–120 μmol · L−1, and the linear equations
of HQ are Ipa (μA) = 1.062 C (μmol · L−1) + 1.064 (0.1–
20.0 μmol · L−1, R = 0.9996) and Ipa (μA) = 0.3721 C (μmol
· L−1) + 15.53 (20–120 μmol · L−1, R = 0.9992). The limit of
detection (LOD) was calculated to be 14 nmol · L−1. Similarly,
the anodic peak current is proportional to the concentration of
CC from 1.0 to 120 μmol · L−1. The linear equations are Ipa
(μA) = 0.7426 C (μmol · L−1) - 0.1067 (1.0–20 μmol · L−1,
R = 0.9991) and Ipa (μA) = 0.4032 C (μmol · L−1) + 15.41
(20–120 μmol · L−1, R = 0.9993) with a LOD of 33 nmol ·
L−1. The sensitivities are 9.06 μA · μM−1 · cm−2 for HQ and
6.32 μA · μM−1 · cm−2 for CC, respectively. The relative
standard deviations (RSDs) were 5.63% (1.0 μmol · L−1) for
HQ and 4.37% for CC (1.0 μmol · L−1) by successive 7 mea-
surements, respectively, indicating excellent repeatability of
the modified electrode. The electrode has no significant
change in peak potential and peak current after continuous
30 cycles. Also, when the electrode was stored at room tem-
perature for about two weeks, the peak currents of 10.0 μmol ·
L−1 HQ and 10.0 μmol · L−1 CC decreased merely 3.82% for
HQ and 4.21% for CC (n = 3), respectively, which shows
long-term stability of the Fe/PC materials. A comparison of
the present method with other electrochemical methods is
listed in Table 1. It is clear that the present sensor is superior
in some cases when compared to other reported electrode

Fig. 1 TEM images of ZIF-8 (a),
Fe/ZIF-8 (b), PC (c), and Fe/PC
(d)

Fig. 2 Cyclic voltammograms of 10.0 μmol · L−1 HQ and 10.0 μmol ·
L−1 CC at the (a) bare GCE, (b) PC/GCE and (c) Fe/PC/GCE. Scan rate:
100 mV · s−1
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materials [4, 6, 7, 24–29]. The high sensitivity originates from
a synergistic effect of nitrogen doping and iron species in
porous carbon and its beneficial structure characteristics (high
surface area and porous structure). These results also suggest
that the modified electrode displays excellent selectivity for
the determination of HQ and CC without mutual interference.

Interference study and real sample analysis

Different ions and compounds often coexist with HQ and CC
in environmental water samples. Therefore, several nontarget
water constituents were chosen to investigate their effect on
HQ and CC detection. The results showed that 500-fold of K+,
Na+, Ca2+, and Mg2+, 250-fold of Cl−, SO4

2−, NO2
−, H2PO4

−,
HPO4

2−, and NO3
−, 100-fold of Cu2+, Zn2+, and Pb2+, 50-fold

uric acid, ascorbic acid, glucose, and hydrogen peroxide, ru-
tin, quercetin, dopamine, triethanolamine, baicalin, hydroxyl-
amine, and morin, 3-fold of resorcinol, bisphenol A, and p-
nitrophenol did not interfere with HQ and CC determination
(the peak current signal change below ±5%). This reflectes
that the Fe/PC/GCE electrode has a wonderful selectivity for
simultaneous detection of HQ and CC without impact from
the common interfering substances.

The validity and practical application was examined by the
measurement of HQ and CC concentration in the tap and lake
water samples (Table 2). The recovery ranges were calculated
to 100.1–102.0% for HQ and 97.0–101.1% for CC, respec-
tively. The results illustrates that the present method shows
excellent reliability and practicality for the simultaneous anal-
ysis in real samples.

Fig. 3 Differential pulse voltammograms of a binary mixture of
10.0 μmol · L−1 CC and different concentrations of HQ (0.1–120 μmol
· L−1) at Fe/PC/GCE in phosphate buffer (pH 7.0) (a) Differential pulse
voltammograms of a binary mixture of 10.00μmol · L−1 HQ and different

concentrations of CC (1–120 μmol · L−1) at Fe/PC/GCE in phosphate
buffer (pH 7.0) (b). The inserts were the relationships between the peak
currents and concentrations

Table 1 Performance comparison
of Fe/PC/GCE for simultaneous
determination of HQ and CCwith
other reported electrode materials

Electrodea Linear range

(μmol · L−1)

Detection limit

(μmol · L−1)

Ref.

HQ CC HQ CC

ZnS/NiS@ZnS/L-Cys/AuNPs/GCE 0.1–300 0.5–400 0.024 0.071 4

PME/GR-CPE 7.0–1000 – 0.074 – 6

GO/PM/GCE – 0.03–138 – 0.008 7

CoPC-PGE 0.5–100 0.5–100 0.338 0.340 24

Cu-MOF-199/SWCNTs/GCE 0.1–1453 0.1–1150 0.08 0.1 25

pMA/EG/GCE 0.3–100 0.2–100 0.085 0.080 26

Pt/ZrO2 −RGO/GCE 1–1000 1–400 0.4 0.4 27

LRG/GCE 1–300 3–300 0.5 0.8 28

CNCs-RGO/GCE 1–400 1–300 0.87 0.4 29

Fe/PC/GCE 0.1–120 1–120 0.014 0.033 This work

a L-Cys: L-cysteine; PME/GR: poly(melamine)/graphene; PM: polymelamine; CoPC: cobalt-phtalocyanine;
SWCNTs: single-walled carbon nanotubes; pMA/EG: poly- mercaptoacetic acid/exfoliated grapheme; RGO:
Graphene oxide; LRG: reduced graphene; CNCs: carbon nanocages

Microchim Acta (2018) 185: 37 Page 5 of 7 37



Conclusion

In summary, MOFs derived iron species doped porous carbon
as sensing materials has been prepared for the simultaneous
detection of phenolic compounds. The HQ and CC can well
be separated from each other with a large peak potential dif-
ference. The satisfactory results are obtained for the determi-
nation of the HQ and CC in the environmental water samples,
which broadens the application of the MOFs materials in the
analytical fields. However, this work also has some limitation.
For example, the synthetic process of porous carbons derived
from ZIF-8 is more complicated than other materials (graph-
eme, carbon nanotubes, and porous carbon spheres), and the
morphology is affected by carbonization temperature and car-
bonization environment (nitrogen or air). Hence, we hope we
can simplify the synthesis process without losing its analytical
performance in the next work.
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