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MIL-53(Fe), MIL-101(Cr), and MIL-53(Al) were successfully prepared and selected as promising modifying materials on
electrode surface. With the difference in porous textural parameters and metal nodes, the physical characteristics, electrochemical
behaviors, and performances towards chloramphenicol (CAP) detecting at each modified electrode were systematically evaluated
through cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements. Results pointed out that both MIL-53
(Fe)/SPE and MIL-101(Cr)/SPE exhibited excellent electrochemical performance through the enhancement of the EASA value,
electrocatalytic ability, adsorption capacity (Γ), diffusion ability, and interaction with the CAP molecules, promising to be great
materials in fabricating electrode. In which, MIL-101(Cr)/SPE with a huge BET, large pore volume, and good redox
electrocatalytic ability of Cr3+ metal nodes significantly enhanced electrochemical response of CAP, despite it was still limited
by poor adsorption capacity and diffusion due to the strong water-molecule interaction force of the Cr3+ centers and steric effect of
the cramped microporous system. While, MIL-53(Fe) with a much smaller specific surface area and pore volume, it still showed
good electrocatalytic activity of Fe3+ ions, along with high interact-ability and large adsorption capacity with CAP through
hydrogen bonding and weak interaction force with water. In contrast, MIL-53(Al)/SPE showed poor electrochemical performance
due to weak electron conductivity and the lack of electrocatalytic active sites. Obviously, in addition to conductivity, the merits of
high adsorption capacity and excellent electrocatalytic activity of unsaturated metal centers need to be maximumly taken advantage
of. A perfect balance in terms of the conductivity and adsorption capacity, as well as the electrocatalytic ability in MIL materials
still needs to be further preferred in electrochemical sensors.
© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
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In recent years, MOF materials, especially the MIL family (MIL,
Materials of Institute Lavoisier), are attracting more and more great
interest from scientists in the field of electrochemical sensors for the
detection of organic pollutants and different toxic compounds.
Thanks to possessing many outstanding features arising from the
unique self-assemblies of trivalent metal ions and terephthalate
organic ligands such as highly porous crystalline material, stable
ordered structures, adjustable pore size, large surface area, good
absorbability, low cost, nontoxic nature, optical/optoelectronic
nature, and especially excellent catalytic properties of metal
nodes,1–5 MIL porous crystalline materials have proved to be
suitable factors to modify the electrode surface for improving the
sensing performance. Among the MIL series, the MIL-53(Al), MIL-
53(Fe), and MIL-101(Cr) are ones of representative materials with
extensive attention to be catalysts in organic reactions, photocata-
lytic reactions, and even electrochemical reactions.6–11 For instance,
Cheng et al.6 used MIL-53(Fe) to modify the glassy carbon electrode
(GCE) surface for the effective electrochemical determination of the
presence of H2O2 and NO2

−. The obtained results exhibit that MIL-
53(Fe)/GCE not only provided wider linear concentration ranges and
lower detection limits but also showed an excellent anti-interference,
reproduction, and stability, compared with the other modified
electrodes. In another report, Li et al.12 also introduced an electro-
catalytic catalyst of MIL-101(Cr) towards the oxidation of dopamine
and uric acid. The proposed material provided excellent performance
and proved its great application potential in electrochemical sensors.
Very recently, Meng and co-workers demonstrated the high applica-
tion potential of MIL-53(Fe) in phenol electrochemical sensing. A
novel composite based on Fe2O3/MIL-53(Fe)/rGO was fabricated
and used to investigate the electrochemical behaviors of phenol. The
proposed electrode exhibited a wide linear range, a low detection
limit, as well as good reproducibility and stability.13 Zhang et al.14

fabricated a MIL-101(Cr)/XC-72/GCE for the detection of chlor-
amphenicol (CAP) in the various real samples (honey, eye drops,
and milk) with satisfactory recoveries. Similarly, the MIL-53(NiFe)-
based sensor showed good practicability for sensitive non-enzymatic
glucose detection. Benefiting from the abundant active sites and its
good stability in an alkaline solution, the MIL-53(NiFe)-based
sensor exhibited high sensitivity and a low detection limit in the
concentration linear range from 2 to 1600 μM.15

Clearly, most of these studies have shown positive effects on sensor
performance and further confirmed the promising application potential
of MIL materials in electrochemical applications. However, as a whole,
they have just offered preliminary assessments by presenting and
analyzing the enhancements recorded in terms of electrochemical
response, selectivity, stability, and reproducibility in the electrodes
modified with MIL materials. Detailed reports and in-depth analysis of
the important effects of MIL on electrode characteristics in electro-
chemical reactions, in fact, have been still limited. From the structural
perspective, as can be seen, both MIL-53(Al) and MIL-53(Fe) have the
same formula as M(OH){O2C-C6H4-CO2} (M=Al or Fe).1,16 Their
three-dimensional frameworks are generally built up from corner-
sharing chains of MIIIO4(OH)2 octahedra interconnected through
terephthalate groups, along with the formation of infinite one-dimen-
sional linkage (–M–O–O–M–O–M–) to create a one-dimensional
diamond-shaped pore system.2 Meanwhile, for MIL-101(Cr), it is
formulated as Cr3F(H2O)2O{O2C-C6H4-CO2}3. It is made of trimers of
Cr3+ octahedra linked with terephthalate, forming supertetrahedral
motifs that further assemble to produce crystallized porous hybrid
architectures with huge surface areas.16,17 According to that, both MIL-
53(Al), MIL-53(Fe), and MIL-101(Cr) frameworks are semiconductor-
like materials with many similar physical characteristics.18 Ignoring the
promising properties of MILs as mentioned, only their weak con-
ductivity due to its rich organic linkers in crystalline structure also is a
critical drawback, which directly inhibits their sensor applications.19

Although, why did MIL-directly modified electrodes still exhibit
impressive results in electrochemical sensing performance. In order to
understand this phenomenon, researchers need to focus on the MIL’s
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influence nature on the electrochemical behaviors over the modified
electrodes. The aim of this work is therefore to assess whether or not
the remarkable impacts of MIL materials on electrochemical behaviors
and, if so, how it will be impacted? Namely, in this case, the
electrochemical characteristics are electrical conductivity, adsorption
capacity, and redox electrocatalytic ability including parameters: the
active electrochemical surface area (AESA), adsorption capacity (Γ),
diffusion ability, electrocatalytic activity in electrochemical reactions,
and the interaction ability of the adsorbent with the electrode surface.
Both MIL-53(Fe), MIL-101(Cr), and MIL-53(Al) were selected as the
modifying materials, which had different porous textural parameters
and structural components. The physical characteristics and electro-
chemical behaviors, as well as electrochemical performances in CAP
detecting at each MIL-modified electrode were systematically evaluated
through cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements. In particular, MIL-53(Fe)/SPE and MIL-101
(Cr)/SPE exhibited excellent electrochemical performance towards
CAP detection, promising potential materials in fabricating electrode.
Meanwhile, MIL-53(Al)/SPE showed rather poor electrochemical
performance. The important conclusion from this work is that
exploiting a balance between the conductivity and adsorption capacity
as well as the electrocatalytic ability of MIL materials is extremely
important in electrochemical sensor applications. The MIL-modified
electrodes are not necessarily too high conductivity for electron transfer,
instead, the merits of adsorption capacity and electrocatalytic activity
need to be maximumly taken advantage of. A high potential electro-
chemical material had to meet not only good conductivity but also in
terms of both the high adsorption capacity and the electrocatalytic
activity.

Experimental

Materials.—Hydrogen fluoride (HF, 48%), terephthalic acid
(TPA), Cr(NO3)3•9H2O, dimethylformamide (DMF, >98%), am-
monium fluoride (NH4F, >96%), Al(NO3)3, FeCl3•6H2O were
provided from Xilong Scientific Co., Ltd. and Guangdong
Guanghua Sci-Tech Co., Ltd. Chloramphenicol (CAP) (>99%
purity) was supplied from Sigma-Aldrich. K3Fe(CN)6/K4Fe(CN)6
(>99%) and ethanol (EtOH) were provided from Xilong Scientific
Co., Ltd. PBS buffer (pH 7.4) was prepared using NaCl, KCl,
Na2HPO4•12H2O, and KH2PO4 purchased from Merck KGaA,
Germany, and Sigma-Aldrich. All chemicals used in this work
were of reagent grade. In addition, the double-distilled water used in
the whole experimental process was purified through a Milli-Q
system (18.2 MΩ•cm at 25 °C). The commercial carbon screen-
printed electrodes (SPEs-DS110) were supplied by DS Dropsens,
Spain.

Methods

Synthesis of MIL-53(Fe), MIL-101(Cr), and MIL-53(Al).—
Synthesis of MIL-101(Cr).—MIL-101(Cr) was prepared by the
hydrothermal method in acid condition with the HF: TPA mole
ratio of (0.25) as reported.20–22 Briefly, a salt solution of 6.52 g
Cr(NO3)3•9H2O in 80 ml H2O was added in as-prepared HF: TPA
solution and stirred at room temperature for 3 h. This reacting
mixture was then transferred to a Teflon-lined stainless-steel auto-
clave to carry out the hydrothermal process at 200 °C for 9 h. After
cooled down to room temperature, the mixture was washed
thoroughly with DMF at 100 °C for 3 h, ethanol at 80 °C for 24 h,
and then NH4F 1 M solvent at 70 °C for 24 h. Finally, the solid
product was collected, washed with H2O, and dried under 100 °C for
24 h. The green solid was labeled by MIL-101(Cr).

Synthesis of MIL-53(Al).—A mixture of 2.6 g Al(NO3)3 and
0.576 g TPA was prepared in 100 ml DI-water and stirred at room
temperature for 3 h. It was then transferred to a Teflon-lined
stainless-steel autoclave and heated to 220 °C. The white solid
was separated through centrifugation and decantation. It was washed
three times with DI-water and finally dried overnight at 80 °C.23,24

Synthesis of MIL-53(Fe).—MIL-53(Fe) was synthesized by the
hydrothermal method.25,26 Firstly, a reacting mixture of 1.35 g
FeCl3•6H2O and 0.83 g TPA was prepared in 25 ml of DMF solvent
and stirred at room temperature for 30 min. This mixture was then
transferred to a Teflon-lined stainless-steel autoclave and heated to
150 °C for 15 h. After cooling down to room temperature, the
precipitate was separated and dried at 60 °C for 12 h. Finally, the
solid product was re-dispersed in ethanol and H2O to remove residue
DMF. The yellow solid was dried and labeled MIL-53(Fe).

Preparation of MIL-53(Fe)−, MIL-101(Cr)−, and MIL-53(Al)-
Modified SPE.—The modification of the working electrode surface
with various MIL materials was carried out by a facile dropping
method. Firstly, the commercial SPE was washed several times with
ethanol and dried at room temperature. 10 mg of the synthesized
MIL material was added into 10 ml double-distilled water, then
sonicated for 30 min to create homogeneous suspensions. 6 μl of
each above suspension was carefully dropped cast onto the working
electrode surface, respectively. After drying naturally, the modified
electrodes were still maintained in the dry air before using them for
the next electrochemical measurements.

Characterizations.—The morphology and size of the synthesized
MIL materials were observed via transmission electron microscopy
(TEM) images using a JEOL JEM 1010-TEM system. The X-ray
diffraction (XRD) patterns were used to study structural character-
izations on the Bruker D5005 X-ray diffractometer with Cu Kα
radiation (l = 1.54 Å). Fourier transform infrared spectroscopy
(FTIR) measurements were recorded on a IRAffinity-1S spectro-
meter to provide information about functional groups on the MIL
material surface. In addition, the pH values in the whole experi-
mental process were adjusted by an IC-PH60 pH tester kit.

Evaluation of electrochemical characterizations.—To investi-
gate the electrochemical characterizations of all bare or modified
electrodes in this work, electrochemical measurements were carried
out on a Palmsens 4 electrochemical workstation (PS Trace-
Netherlands), a three-electrode system, at room temperature. The
cyclic voltammetry (CV) measurements in the potential range from
−0.3 to 0.6 V at a scan rate of 50 mV s−1 were performed using
0.1 M KCl solution containing 2.5 mM K3[Fe(CN)6]/K4[Fe(CN)6)]
as a redox probe. Also, the electrochemical impedance spectroscopy
(EIS) measurements were carried out in the frequency range from
0.01 to 50000 Hz at the different modified electrodes. Furthermore,
the electrochemical performance of CAP on the bare SPE and
modified SPEs was evaluated through CV and differential pulse
voltammetry (DPV) measurements using a 0.1 M PBS buffer as the
supporting electrolyte. In which, CV measurements were carried out
at a scan rate of 50 mV s−1 in the potential range from −1.1 to 0 V.
Also, DPV measurements were done at the following conditions:
scan rate of 6 mV s−1, Epulse = 0.075 V, Tpulse = 0.2 s, and
Tequilibrium = 120 s.

Results and Discussion

Physical characterizations.—To demonstrate the successful
synthesis of crystallographic MIL structures, XRD measurements
for MIL-53(Al), MIL-53(Fe), and MIL-101(Cr) were carried out as
illustrated in Fig. 1a. As can be seen, the XRD diffraction pattern of
MIL-53(Al) showed sharp and strong peaks at about 2θ = 9.4°,
10.25°, 15.57°, 18.6°, and 21.3°, which were consistent with that of
the simulated MIL-53(Al).1,3,27 The XRD pattern of the as-synthe-
sized MIL-101(Cr) also clearly exhibited the characteristic diffrac-
tion peaks at 2 angles of 3.3°, 5.1°, 8.4°, 9.1°, and 16.7°, which were
essentially the same as those of the MIL-101(Cr) reported in Refs.
14, 28. Besides, for MIL-53(Fe), the presence of peaks located at 2θ
= 9.4°, 11.2°, 12.7°, 17.8°, 22.3°, and 25.6° matched well with the
diffraction data reported for MIL-53(Fe) in literature,2,10,29,30

demonstrating the successful synthesis of MIL-53(Fe) structure.
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Notably, in all three MIL materials proposed, no impurity phase was
detected, indicating that these MIL structures were synthesized with
high purity.

Besides, the molecular structure of the different MIL materials
was verified by using FT-IR (see Fig. 1b). Especially, the infrared
absorption spectra of MIL structures were in close agreement with
the previous literature reports. Namely, the broad characteristic
absorption peak at 3000 cm−1 was observed in both three MIL
materials, suggesting the presence of hydroxyl groups (the O–H
stretching vibration) arising from the water molecules adsorbed on
the surface of MILs as well as the connection of 2-hydroxyter-
ephthalic acid linkers.1,2 Besides, the absorption peaks that appeared
at 745 and 536 cm−1 were attributed to the C–H bonding vibrations
of the benzene ring and the formation of a metal-oxo bond between
the carboxylic group of TPA and metal (III) cations in the spectra of
all three MILs structures.2,6,18 In addition, the appearance of the two
sharp absorption peaks at about 1400 and 1530 cm−1 was attributed
to the symmetric and asymmetric stretching vibration of the C–O

bond of carboxylate groups, respectively.1,2,6,18 Clearly, all the
obtained evidence in the FT-IR spectra further demonstrated the
effective formation of MILs structures.

To further study the important physicochemical characterizations
of MIL materials, N2 adsorption-desorption isotherm, pore size
distribution, and porous textural parameters of both three MIL
materials were presented in Figs. 1c and 1d, respectively. According
to the IUPAC recommendation, both the two isotherms of MIL-53
(Al) and MIL-53(Fe) displayed a mode of the type-IV isotherm,
corresponding to the dominant existence of mesoporous cages.
Meanwhile, MIL-101(Cr) showed a higher N2 adsorption capacity
and the isotherm fitted well to type I, indicating the presence of
abundant micropores in its crystal structure. According to the N2

adsorption data, the specific surface area, total pore volume, and
mean pore diameter for each MIL material were determined by the
BET method as described in Fig. 1d, respectively. In which, MIL-
101(Cr) achieved the highest values of the surface area of 1964 m2

g−1 and total pore volume of 1.03 m3 g−1 with a pore diameter of

Figure 1. (a): XRD patterns, (b): FT-IR spectra, (c): Isotherm curves, and (d): Porous textural parameters of: MIL-53 (Fe), MIL-101 (Cr), and MIL-53 (Al).
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2.09 nm. With these unique features, MIL materials, especially MIL-
101(Cr) promise to offer many positive signals in electrochemical
reactions of CAP for sensor applications.

The morphological properties and size of MIL structures were
also observed by TEM images. As depicted in Fig. 2, each various
MIL crystallized structure indicated different shapes and sizes.
Indeed, for the MIL-53(Fe) image, it showed a well-crystallized
rod-like structure with a size in the nanoscale of around 60–80 nm in
diameter, while, the prepared MIL-101(Cr) looked like highly
ordered hexahedral particles with an average size of about 1.5 μm.
Figure 2c displayed the TEM images of MIL-53(Fe) with a special
microstructure and morphology of the uniform rod-shaped particles,
gathering together, and most of the particles’ size of bout 20–40 nm
in diameter.

Electrochemical investigations.—For the first investigation of
the electrochemical properties of modified electrodes, CV measure-
ments were carried out in 0.1 M KCl containing 5 mM Fe(CN)6

3−/4−

at a scan rate of 50 mV s−1 described in Fig. 3a. The pair of
reversible redox peaks, which is attributed to the electron transfer
between Fe2+ and Fe3+, was observed at the potential range from
−0.3 to 0.6 V for all MIL-modified electrodes and even bare SPE.
More interestingly, there was a significant difference recorded in the
redox peak current response. Namely, compared to the bare SPE, the
MIL-53(Fe)/SPE, MIL-53(Al)/SPE, and MIL-101(Cr)/SPE exhib-
ited an increase in ΔIp value at both reduction ΔIp(red) and oxidation
ΔIp(oxi) peaks, corresponding to about 174.7 μA for MIL-53(Al)/
SPE, 174.5 μA for MIL-53(Fe)/SPE, and 158.3 μA for MIL−101
(Cr)/SPE, respectively. To further understand this improvement, the

peak potential separation (ΔEp) value, the active electrochemical
surface area (AESA), and the resistance of charge transfer (Rct) at
high-frequency semicircle region in the Nyquist plot (Fig. 3c) were
also determined for each modified electrode. In which, ΔEp value
tended to increase in the following order: bare SPE (199.6 mV) <
MIL-53(Al)/SPE (201.8 mV) < MIL-53(Fe)/SPE (213 mV) < MIL
−101(Cr)/SPE (214.5 mV). As we know, the ΔEp value reflects the
electron transferability in the electrochemical reactions of the
Fe(CN)6

3−/4−.31 In this case, it decreased at all the MIL-modified
electrodes, suggesting that the MIL materials effectively promoted
the electron transfer on the modified electrodes. Although, the peak-
to-peak potential separation and large deviation compared to its
theoretical value of zero could be explained via critical proof of the
inherent weak conductivity of organic linkers within these various
MIL material structures. Besides, it could arise from the side
chemical interactions between the electrolyte ions and the electrode,
dominance of electrostatic factors, and even due to the presence of
unwanted reactions on the electrode surface. This enhancement was
further demonstrated by observing the obtained Nyquist diagrams in
EIS measurements. Indeed, it can be seen that the largest well-
defined semicircle at the high frequencies was recorded at the bare
SPE, indicating large interface impedance and poor electrocatalytic
activity. While the Rct of the MIL-modified electrodes was much
smaller, confirming the impressive promotion of electron transfer at
MIL materials. Furthermore, Fig. 4 displays CV curves were
recorded on the modified electrodes at the various scan rates of
MIL-53(Fe)/SPE (a), MIL−101(Cr)/SPE (b), and MIL-53(Al)/SPE
(c) in [Fe(CN)6]

3−/4−/KCl aiming to investigate the effect of scan
rate on the electron transfer characteristics. By varying scan rate

Figure 2. TEM images of (a): MIL-53(Fe); (b): MIL-101(Cr); and (c): MIL-53(Al).
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from low (10 mV s−1) to high (70 mV s−1), the variation in the peak
current value and slight shift in the redox peak potential value were
observed. The linear responses were obtained in Figs. 4a’–4c’
between ΔIp value and square root of the scan rate, reflecting a
complete diffusion-controlled process for the reversible electron
transfer reaction of redox probe molecules over the modified
electrodes.32 From the obtained slope values of these plots, the
AESA of each modified electrode could be calculated using the
Randles-Sevcik equation (25 °C):

= × ν/ / /I 2.69 10 n AD Cp
5 3 2 1 2 1 2

where n = 1 (number of electrons transferred in the redox reactions),
A is AESA value (cm2), D = 6.5 × 10–6 cm2 s−1 (diffusion
coefficient of Fe2+/Fe3+ in 0.1 M KCl), ν is the scan rate, and C is
the bulk concentration of redox probes. According to that, the A
values for bare SPE, MIL-53(Fe)/SPE, MIL-53(Al)/SPE, and MIL-
101(Cr)/SPE were determined of approximately 0.384, 0.448, 0.457,
and 0.531 cm2 as illustrated in Fig. 3b. In contrast with ΔEp values,
the AESA values of the modified electrodes were, in fact, remark-
ably improved, compared with that of bare SPE. This result is
consistent with the unique characteristics of MIL materials when
possessing a huge pore volume and high surface area as discussed in
the above section.

From these obtained results, it shows that the electrode modifica-
tion with MIL materials offered positive enhancements in terms of
active electrochemical surface area and electron transfer.
Unfortunately, their inherent poor electronic conductivity also led
to sluggish charge-transfer kinetic at the modified electrodes.

Although, as we know, the charge-transfer kinetic is one of the
important factors, which decides the electrochemical property of a
modified electrode. However, in this case, why did the MIL-
modified electrodes with slower charge-transfer kinetic still display
the higher redox peak current response of the probe molecules,
compared with bare SPE? It was essential to ascertain whether the
nature of the increase in surface area herein was the main cause for
this improvement. And, what are the critical impacts of MIL material
in the electrode? These contents were investigated and discussed in
detail in the next sections.

Electrochemical behaviors of CAP on modified electrodes.—To
explore the electrochemical behaviors of CAP on the modified
electrodes, CV measurements were carried out. As illustrated in
Fig. 5a, no redox peak was observed in the CV curve with the
absence of CAP, while a distinct reduction peak at the potential
range of −0.7 V and a pair of slight redox peaks at around −0.2 V
were recorded on the different modified electrodes and even bare
SPE in 0.1 M PBS (pH-7.4) containing 50 μM CAP. However, the
CV current response and peak potential value were varied at each
modified electrode. Namely, the bare SPE showed a very weak
electrochemical reduction signal of about 1.68 μA located at −0.7 V.
On the contrary, by the electrode modification with MIL materials,
the electrochemical response of CAP on the MIL-53(Fe)/SPE and
MIL-101(Cr)/SPE was remarkably enhanced. The characteristic
reduction current intensity was recorded at approximately 4.525
and 5.049 μA for MIL-53(Fe)/SPE and MIL-101(Cr)/SPE, which
were 2.7− and 3-fold larger than bare SPE, respectively. Compared
to other modified electrodes, MIL-53(Al)/SPE still exhibited a rather

Figure 3. (a) and (c): a comparison of current response obtained from CV measurements and EIS results on various electrodes: MIL-53(Fe)/SPE, MIL-53(Al)/
SPE, MIL-101(Cr)/SPE, and bare SPE in 0.1 M KCl containing 5 mM Fe(CN)6

3−/4−; (b): the EASA calculated on various electrodes via ΔIp(red) and ΔIp(oxi).
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weak reduction current of 2.018 μA. This improvement trend was
also found in the results obtained from DPV measurements (Fig. 5b).
According to that, the reduction current increased in the order: bare
SPE (3.080 μA) < MIL-53(Al)/SPE (3.541 μA) < MIL-53(Fe)/SPE
(8.353 μA) < MIL-101(Cr)/SPE (10.409 μA). On the other hand,
when comparing the reduction peak potential value, it seems to the
reduction reaction of CAP occurred at the more negative potential
range on all the modified electrodes. Clearly, these results matched
well the results from the electrochemical behaviors of Fe2+/Fe3+

redox probes.

To explain these phenomena, it should be focused on the unique
features in terms of the flexible three-dimensional structure and
tunable composition of MIL materials. Firstly, benefiting from the
flexible three-dimensional structure, the proposed MIL materials
provided large porosity, uniform pore size, high specific surface
area, and high chemical stability. These unique features contributed
to the increase in AESA value of the modified electrodes, leading to
the significant improvement in the electrochemical current response
of both Fe2+/Fe3+ probes and CAP molecules. With the possessing
average pore diameter of > 2 nm in both three MIL-structures

Figure 4. (a), (b), and (c): CV recorded on modified electrodes at various scan rates (10–70 mV s−1), corresponding to the linear plots of oxidation and reduction
peak current responses vs ν1/2 with error bars (a’), (b), and (c’) in 0.1 M KCl containing 5 mM [Fe(CN)6]

3−/4−.
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proposed, which was larger about 1.7 times than the geometry
structure of the CAP molecule (3.93 × 8.30 × 11.03 Å, calculated
using Gaussian 09 software),33,34 it facilitated the CAP diffusion and
adsorption process, that could happen inside the internal pores/
channels of MIL materials through the “pore effect.” More interest-
ingly, in a correlation comparison between porous textural para-
meters (SBET and pore volume) and the improvement of AESA value
as well as the current response of CAP recorded, SBET and pore
volume of MIL-101(Cr) were 151 and 40-fold larger than those of
MIL-53(Al) and 96 and 20-fold larger than those of MIL-53(Fe), but
the AESA value and current intensity of MIL-101(Cr) were just
larger around 1.16 and 2.96 times than those of MIL-53(Al) and
around 1.18 and 1.24 times than those of MIL-53(Fe). From that, it
seems to the huge surface area and large pore volume of MIL-101
(Cr) materials did not provide impressive improvements as expected,
and therefore, it was not the only factor affecting the electrochemical
activity on the MIL-modified electrodes.

Indeed, as mentioned in the introduction section, when consid-
ering the MIL’s composition perspective, the presence of organic
linkers in MIL structure, in fact, is a major cause leading to their
sluggish electron and charge transferability. Meanwhile, inorganic
metal clusters or coordination centers are considered as factors
determining their geometries and physicochemical properties.
Herein, the negative influence of MIL on the electron and charge
transferability was pointed out in the shift towards a more negative
potential direction of the CAP reduction peaks as well as the
increase in the peak potential separation (ΔEp). Furthermore, on
the basis of the difference of metal centers and crystal structural
geometries among the proposed MIL structures, it can see that MIL-
53 (Fe) and MIL−101 (Cr) possessed a large density of unsaturated
metal sites of Fe3+ and Cr3+ ions, respectively. Normally, these
cations are able to electrocatalytic activity in electrochemical
reactions owing to existing in variable oxidation states as well as
the existence of the incompletely filled d-orbitals (Fe3+ = [Ar]3d5 )
or empty d-orbitals (Cr3+ = [Ar]3d3+). Indeed, the presence of such
d-orbitals could support the electron acceptance or donation from the
CAP molecules aiming to form the reduction or oxidation states and
then exchange these electrons with the electrode surface to recover
the initial state. So, these electrocatalytic activity sites facilitated the
redox reactions of CAP to take place more easily and effectively on
the MIL-modified electrode surfaces. Unfortunately, MIL-53(Al)
material did not have these properties (Al3+ = [He]). The important
influence of metal cations was further confirmed when considering
the correlation relationship of the porous textural parameters and the
improvement of AESA value as well as the current response of CAP
between MIL-53(Fe) and MIL-53(Al). It should be stressed that,
under the same crystal structural geometry, MIL-53(Fe) and MIL-53

(Al) exhibited similar porous textural parameters and a small
difference in AESA value, however, the electrochemical current
response obtained on the MIL-53(Fe)/SPE displayed a large
difference of approximately 2.4 times in DPV measurements.
Clearly, this comparison indicates that the existence of unsaturated
metal active sites as having potential electrocatalytic activity in
MIL-53(Fe) and MIL−101(Cr) was extremely important, thus it
could be considered as a major factor that helped them remarkably
enhance electrocatalytic activity in electrochemical sensing applica-
tions towards CAP detection.

It is known that the effect of scan rate on the electrochemical
behaviors such as current intensity or peak potential position reflects
the redox reaction dynamic of the targeted analyte. In this case, the
effect of scan rate on the electrochemical behaviors of CAP at MIL-
53(Fe)/SPE and MIL-101(Cr)/SPE was also evaluated via CV
measurements in 0.1 M PBS containing 50 μM of CAP, respectively.
As showed Fig. 6, by varying scan rate in the range from 10 to
70 mV s−1, the cathodic peak currents recorded at both two modified
electrodes linearly increased with the increase in scan rate, corre-
sponding with linear regression equations: Ipc (μA) = −0.288 ν (mV
s−1) − 7.158 (R2 = 0.997) for MIL-53(Fe)/SPE and Ipc (μA) =
−0.259 ν (mV s−1) − 9.269 (R2 = 0.999) for MIL-101(Cr)/SPE,
respectively. According to that, the redox process of CAP on these
modified electrodes was the typical surface adsorption-controlled
process. More importantly, based on these linear relationships, the
adsorption capacity of CAP on the MIL-53(Fe)/SPE and MIL-101
(Cr)/SPE surface was also determined through the following
equation: ip = n2F2AνΓ/4RT. Namely, the adsorption capacity (Γ)
of CAP at MIL-101(Cr)/SPE was equal to about 3.74 ×
10–8 mol cm−2, which was higher than that of MIL-53(Fe)/SPE
(3.65 × 10–8 mol cm−2), suggesting higher adsorption capacity of
CAP on the MIL-101(Cr)/SPE arising from its large surface area and
pore volume. Furthermore, it was observed that there were slight
shifts of reduction peak potential towards more negative values at
higher scan rates, which was explained due to the formation of
diffusion layer on electrode surface causing the transfer limitation of
charge and electrons. Particularly, the correlation between the
cathodic peak potentials (Epc) and (ln ν) was determined in good
linear relationships of Epc (V) = −0.043 ln (ν) (mV s−1) − 0.653
(R2 = 0.996) for MIL-53(Fe)/SPE and Epc (V) = −0.039 ln (ν) (mV
s−1) − 0.616 (R2 = 0.998) for MIL-101(Cr)/SPE, respectively.

The slight difference in calculation of adsorption capacity (Γ) and
reduction current response (Ipc) of CAP is the best clear proof of the
different electrocatalyst efficiency between the MIL-53(Fe) and
MIL-101(Cr) structures used in the modification of the bare SPEs.
Returning to the material characteristics of MIL-53(Fe) and MIL-
101(Cr), both of them are not only porous typical materials but also

Figure 5. (a): CV profiles of various electrodes at a scan rate 50 mV s−1 in 0.1 M PBS (pH-7.4) containing 50 μM CAP and (b): Current responses recorded on
various electrodes via CV and DPV measurements.
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Figure 6. (a) and (d) CV responses recorded of 50 μM CAP in 0.1 M PBS (pH-7.4) on MIL-53(Fe)/SPE and MIL-101(Cr)/SPE; (b) and (c): The calibration
plots of cathodic peak current (Ipc) vs various scan rates from 10 to 70 mV s−1 plots with error bars; (d) and (f): The plots of reduction peak potentials (Epc) verus
ln (ν).
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self-assembly structures possessing a large number of the electro-
catalytic active sites. It needs to stress that although MIL-101(Cr)
offered a huge surface area and outstanding pore volume with the
microporous system, which was 96 and 20-fold larger than those of
MIL-53(Fe), it just showed increasing approximately of 1.18, 1.24,
and 1.03-fold in AESA value, current intensity, and adsorption
capacity (Γ), compared with MIL-53 (Fe) as above discussed. It is
clear upon consideration again of these obtained results that the
electrochemical activities of MIL-53(Fe)/SPE and MIL-101(Cr)/SPE
were still affected by other factors. Namely, in this case, other
factors can be inferred by the physicochemical properties of
unsaturated metal centers such as interaction energy with water,
interaction mechanism, and steric effects of the pore space between
MIL-materials and CAP molecules.

As a full description within Figs. 7a and 7b, the effect of
accumulation time on the peak current intensity of CAP was studied
in detail over MIL-53(Fe)/SPE and MIL-101(Cr)/SPE. After 120 s
of accumulation time, the reduction current response achieved the
maximum value on both two modified electrodes, therefore, it was
considered sufficient time to achieve adsorption equilibrium on the
electrode surface. To further inspect the adsorption kinetic over
these electrodes, DPV measurements were taken place by varying
concentrations of CAP (Fig. 8). As can see, there was a linear
increase of current intensity recorded along with an increase in the
CAP concentration in the range of 1 to 50 μM, indicating the
adsorption process of CAP onto the electrodes follows the Langmuir
isotherm model. According to that, the monolayer and homogeneous
adsorption of CAP molecules occurred onto the electrode surface,
and of course, the adsorption capacity of CAP could be limited by
the number of adsorptive sites with uniform energy and interaction
ability.1,29

Similar to some recent reports, it pointed out that the high
adsorption capacity and rapid adsorption of MIL species in liquid-
phase adsorption processes remarkably depended on the inherent
nature of central metal ions, for example, acidity, redox properties,
and interaction energy of water. Indeed, it was reported that the
adsorption energy of water over the different central metal ions in
MIL-materials were different in the order: Fe3+ < Al3+ < Cr3+,35

corresponding to the rate constants for the exchange of the water
molecules decreased in the order: Fe3+ > Al3+ ? Cr3+.36 In which,
the binding energy for the water adsorption on MIL-100(Cr) was
determined to be higher (94.7 kJ mol−1) than that on MIL-100(Fe)
(75.5–80 kJ mol−1).37,38 From these, it is proposed that the adsorp-
tion process of CAP molecules on MIL-53(Fe) occurred more easily
due to the water molecules can be easily desorbed and replaced from
the MIL-53(Fe)/SPE electrode surface, compared with that onto
MIL-101(Cr)/SPE. It may be concluded that the central metal ions of
MIL not only played a significant role in electrocatalytic activity but
also contributed to deciding the performance of adsorption/separa-
tion of adsorbent molecules in the liquid-phase adsorption process.

Another important reason that can impact the adsorption capacity
of CAP onto the MIL-modified electrodes is the presence of some
specific interactions between the electrode surface and the CAP
molecule. Besides pore-selective adsorption of MIL-materials,
similar to the adsorption mechanism of some organic compounds
studied, the monolayer and homogeneous adsorption of CAP
molecules onto the electrode surface under the Langmuir isotherm
model could base on electron donor-acceptor interactions between
oxygen-atoms of the carbonyl group and the aromatic ring of the
adsorbate, Van der Waals bonding, electrostatic interactions, π–π
interaction, dipolar interactions, and particularly, hydrogen bonding.
In regards to the formation of hydrogen bonding, maybe benefiting
from a large number of [Fe(OH)] groups within the structure, MIL-
53(Fe) reached a higher adsorption capacity. In order to further
demonstrate this identification, the effect of pH on the current
response was investigated by varying pH from 3 to 11, because pH
has significant influences on the physicochemical properties of not

only the adsorbate but also functional groups on the electrode
surface (Figs. 7c–7f). For MIL-53(Fe)/SPE, it can see that the
current increased as the pH increased from 3 to 7. This is consistent
because CAP is hydrolyzed at pH < 2 or pH > 8. At low pH
conditions, hydrogen bonding could be produced between N–H,
−OH, and −NO2 groups in CAP and −OH and C=O groups on
MIL-53(Fe). With increased pH, some functional groups on MIL-53
(Fe) were ionized, along with that a competitive adsorption between
−OH and the unsaturated metal sites made gradually weak the
hydrogen bonding between CAP and MIL-53(Fe), resulting in
decreasing CAP adsorption capacity and electron transferability. In
contrast, for MIL-101(Cr)/SPE, the current response tended to
increase when pH increased, which is probably explained due to
the steric effect of the monolayer adsorption of CAP molecules
inside cramped microporous channels with limitations of the number
of adsorption sites and small pore size on MIL-101(Cr). Indeed, at
high pH, CAP molecules were hydrolyzed and fracted to form
smaller species, which resulted in decreased steric effect of CAP
molecules in cramped spaces of microporous systems and increased
diffusion rate as well as increased CAP adsorption kinetic. More
interestingly, the reduction peak potential (Epc) of CAP also linearly
shifted in the considered pH range, corresponding to regression
equations: Epc = −0.015 pH—0.567 (R2 = 0.994) for MIL-53(Fe)/
SPE and Epc = −0.014 pH—0.39 for MIL-101(Cr)/SPE (R2 =
0.993).

Returning to Fig. 8, under the optimal condition of pH and
incubation time for the modified electrodes, DPV measurements at
each different CAP concentration showed the perfect linear relation-
ship of current intensity vs concentration. The regression equation
and R2 was calculated such as Ipc(μA) = 0.163 CAP (μM) + 0.155;
R2 = 0.999 for MIL-53(Fe)/SPE and Ipc (μA) = 0.264 CAP (μM) +
0.089; R2 = 0.996 for MIL-101(Cr)/SPE, respectively. According to
the slope value, the limit of detection (LOD) of the CAP of each
electrode was determined of about 0.121 and 0.075 μM (S/N = 3),
respectively. It, therefore, manifests that the proposed electrodes
afforded good electrocatalytic activities with low LOD and a wide
detection range.

To further study the practical application potential of MIL-53
(Fe)/SPE and MIL-101(Cr)/SPE, DPV measurements were utilized
in the demonstration of high repeatability and good selectivity of
MIL-53(Fe)/SPE and MIL-101(Cr)/SPE. Indeed, the favorable
repeatability of the proposed sensors towards CAP detecting was
observed after ten successive repeated DPV measurements in 0.1 M
PBS (pH = 7.4) containing 50 μM CAP using the same electrode.
As one can see from Figs. 9a and 9c, the peak current change was
very small and the relative standard deviation (RSD) was calculated
about 2.7 and 1.19% for MIL-53(Fe)/SPE and MIL-101(Cr)/SPE. In
addition, the electrochemical response of CAP under the presence of
a high concentration of various interfering compounds was recorded.
No significant change in the detection of CAP was found by adding
Co2+, Ni2+, Mn2+, Fe2+, and even organic substances such as
ascorbic acid, glucose, and 4-nitrophenol, revealing high selectivity
to the determination of CAP. In short, MIL-53(Fe) and MIL-101(Cr)
are potential electrochemical catalysts for CAP detection with
satisfied electrochemical properties for sensor applications
(Figs. 9b and 9d).

From a more general perspective, it is clear that not all MIL
materials have the suitable features to meet the requirements of
potential material in sensing applications. Indeed, with MIL-53(Al),
though it showed an increase in EASA, it was not enough to bring
about a remarkable improvement in CAP detection performance due
to poor electron conductivity and the lack of electrocatalytic active
sites. In contrast, the electrodes modified with MIL-53(Fe) and MIL-
101(Cr) showed positive signals in improving the electrochemical
response of CAP through the enhancement of both EASA, electro-
catalytic ability, adsorption capacity, diffusion ability, and interact
ability with the CAP molecules. More namely, MIL-101(Cr)
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possessed not only a huge surface area and large pore volume but
also many strong electrocatalytic metal sites (Cr3+ ions). However,
here it is limited by the steric effect due to small pore size, poor

adsorption and diffusion capacity due to the strong water-molecule
interaction force of the metal centers. While, MIL-53(Fe) with a
much smaller specific surface area and pore volume, it still showed a

Figure 7. (a)–(d): the influence of Tequilibrium and pH of 0.1 M PBS on current response of 50 μM CAP; (e) and (f): The variation of the reduction peak current
and potential with pH at MIL-53(Fe)/SPE and MIL-101(Cr)/SPE.
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variety of electrocatalytic metal centers (Fe3+ ions) with high
interaction ability and large adsorption capacity with CAP through
hydrogen bonding and weak interaction with water molecules. As a
result, the electrochemical performance of CAP on both two
electrodes was almost similar in further electrochemical analyses.
From the obtained results and detailed analysis, it can be seen that
finding a balance between the conductivity and adsorption capacity
as well as the electrocatalytic ability of MIL materials is extremely
important in electrochemical sensor applications. A high potential
MIL material in electrochemical sensors needs to meet in terms of
both the conductivity, adsorption capacity, and electrocatalytic
ability, which are strongly decided by the metal centers in the
MIL structure.

Conclusions

In summary, the enhancement in electrochemical performance
towards CAP detecting on MILs-modified electrodes has been eluci-
dated. For MILs-modified electrodes, although their poor conductivity,
the electrode modified with MIL-101(Cr)/SPE and MIL-53(Fe)/SPE still
rendered them the better electrochemical performance of CAP through

the enhancement of the EASA, electrocatalytic ability, adsorption
capacity, diffusion ability, and interact ability with the CAP molecules.
Meanwhile, MIL-53(Al)/SPE showed a poor electrochemical response
in the order of MIL-101(Cr)/SPE > MIL-53(Fe)/SPE ? MIL-53(Al)/
SPE > bare SPE. Indeed, MIL-101(Cr)/SPE and MIL-53(Fe)/SPE
provided a rather wide linear concentration range from 1 to 50 μM along
with low LOD values of about 0.121 and 0.075 μM (S/N = 3),
respectively. Furthermore, the MILs-modified electrodes also exhibited
good selectivity and high repeatability. Under an in-depth view, it can be
seen that each material has its advantages and disadvantages suitable for
particular applications. Understanding the nature of the material and the
direction of the application will help us make the most of the advantages
as well as inhibit disadvantages and come up with appropriate
improvement solutions. In this case, MIL materials have semicon-
ductor-like behaviors with weak conductivity, but they possess high
adsorption capacity and outstanding electrocatalytic activity depending
on metal centers. Therefore, finding a perfect balance between the
electrical conductivity and adsorption capacity as well as the electro-
catalytic ability of MIL materials is extremely important in electro-
chemical sensor applications. This study hopes to pave new develop-
ment pathways for MIL materials in sensing applications.

Figure 8. (a) and (c): DPV curves of CAP in the concentration range from 1 to 50 μM (pH = 7.4 and pH = 9) on MIL-53(Fe)/SPE and MIL-101(Cr)/SPE at a
scan rate 6 mV s−1, corresponding to the calibration plots between current intensity and concentration with error bars (b) and (d).
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