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Chemically modiﬁed electrodes with MOFs for the
determination of inorganic and organic analytes
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Voltammetric analytical techniques combine exceptional sensitivity, low cost, portability and capability for
simultaneous determination of multiple analytes. The sensitivity of voltammetric analysis is largely determined by the eﬃciency of the working electrode. Electrodes modiﬁed with metal organic frameworks
(MOFs) seem particularly promising for use in the analysis of a series of important inorganic and organic
analytes. Nevertheless, research on chemically modiﬁed electrodes with MOFs is still in its infancy. In this
critical review, we present the current status of research related to MOF-modiﬁed electrodes highlighting
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the respective MOF-modiﬁed electrodes which are based on MOFs that show exceptional chemical stability or/and sorption capability towards the targeted analytes. We also provide perspectives for future
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research aiming at motivating additional scientists to be involved in this exciting ﬁeld of MOF-based
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electroanalytical sensors.

1.

Introduction

Metal organic frameworks (MOFs) are polymeric metal complexes with potential voids that have received much attention
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over the last two decades. Besides their rich chemistry, MOFs
are attractive for their potential applications in various fields.1
MOFs are particularly appealing as sensors since they can
combine highly porous structures with a variety of functional
groups leading to the fast diﬀusion of analytes into their pores
and enhanced framework–analyte interactions. So far, the
majority of research is directed towards the development of
MOF-based luminescent sensors.2 Such sensory materials have
shown excellent detection properties for a series of inorganic
and organic pollutants, as a result of substantial modification
of the emission properties of MOFs in the presence of trace
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amounts of specific analytes. A number of review articles
discuss in detail the features of MOFs as luminescent
sensors.3 Although luminescence-based sensing has several
advantages (e.g. portability, low cost, and low detection limits),
it also suﬀers from limitations such as limited selectivity
and inability for simultaneous determination of multiple
analytes.2,3
More recently, MOFs have been utilized for the modification of electrodes to be used for the voltammetric determination of inorganic and organic species. As we will discuss in
more detail below, chemically modified electrodes show
enhanced accumulation of the analysed species, as a result of
the high sorption capability of the modifier (e.g. MOF) towards
the targeted analyte.4 Thus, voltammetric analysis using such
modified electrodes oﬀers a number of advantages such as
exceptionally low detection limits, high selectivity and simultaneous determination of several analytes.4 Although MOFs
that have been utilized so far in voltammetric determination
show great promise, research in this field is still in its infancy.
There are particular challenges to be addressed for the
extended development of MOF-based electrodes.5 For example,
up to now, there are several publications which describe the
modification of electrodes with MOFs but in many cases there
is limited information about the stability of the MOF in the
working environment (e.g. they do not discuss if the MOFs are
chemically stable in aqueous media).5 There is also limited
information in many relevant publications about the selectivity
and the sorption ability of MOFs towards specific analytes
while the nature of the frameworks ( pore size, charge of the
frameworks, functional groups, etc.) does not always justify
their choice as chemical modifiers for electrodes.
So far, this new field of MOF-based electroanalytical
sensors has not been reviewed critically. Here we aim to
present the current status of research on MOF-modified electrodes discussing selected examples and their applications
related to voltammetric determination of important inorganic
and organic analytes, highlighting those examples where

unambiguous information on the chemical (and hydrolytic)
stability of the MOFs6 or sorption studies have been reported.
Prior to the presentation of examples of MOF-modified electrodes used in voltammetric analysis of inorganic and organic
analytes, we discuss briefly the basic principles of voltammetric analytical techniques focusing on stripping voltammetry and provide a short introduction on chemically modified
electrodes.4 We further suggest directions and perspectives for
future research on the use of MOF-modified electrodes for
analytical applications, focusing on the specific characteristics
that MOFs should possess in order to be utilized as electrode
modifiers for voltammetric determination. Our ambition is
that the present review will inspire scientists with interest in
MOFs to extend their research eﬀorts towards this new field of
MOF-based analytical applications.
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2. Background information on
stripping voltammetry and chemically
modiﬁed electrodes
One of the most powerful voltammetric techniques is stripping
voltammetry which combines particularly low detection limits,
portability and capability for simultaneous determination of
multiple analytes.4,7 Stripping voltammetry involves accumulation ( pre-concentration) of the analyte on the working electrode followed by its release (stripping) to the solution. For
example, stripping voltammetry analysis of metal ions (Mn+)
includes deposition of Mn+ on the working electrode with simultaneous reduction of Mn+ to M0 ( pre-concentration step) and
a subsequent electrochemical stripping step of the accumulated analyte (oxidation of M0 to Mn+) producing a peak
current proportional to the analyte’s concentration in solution
(Fig. 1). The three most commonly used variations of stripping
voltammetry are anodic (in this method, used for most metal
ions, stripping is achieved by scanning anodically towards a
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Fig. 1 Schematic representation of the determination method for
heavy metals via stripping voltammetry.

more positive potential), cathodic (in this method, used for
several inorganic anions, stripping is achieved by scanning
cathodically towards a more negative potential) and adsorptive
stripping voltammetry (in this method, which is used for some
metal ions and organic molecules, deposition involves adsorption of a metal complex or organic analyte on the working electrode’s surface without electrolysis of the adsorbed species).8
In addition, depending on the type of the potential waveform
used in the stripping step (mainly diﬀerential pulse and
square wave), the voltammetric analytical technique is called
Diﬀerential Pulse Stripping Voltammetry (DPSV) or Square
Wave Stripping Voltammetry (SWSV).
A prerequisite for sensitive electrochemical measurements,
which can achieve detection limits even at ppt levels, is the
appropriate selection of the working electrode material.
Traditionally, stripping voltammetry makes use of the Hanging
Mercury Drop Electrode (HMDE), where mercury forms an
amalgam with a metal ion and the current is measured after
an oxidation reaction.4 However, health considerations and
environmental limitations have led to intense research eﬀorts
towards the replacement of the highly toxic mercury-based
electrode with other types of environmentally friendly electrodes. To this end, electrodes modified with several materials
have been developed and tested for the voltammetric determination of various analytes. For example, as an alternative to
mercury-based electrodes, carbon paste electrodes (CPEs) constitute a special class of heterogeneous carbon electrodes consisting of a mixture of conductive graphite powder and a suitable chemical modifier.9 The material that is chosen to serve
as a chemical modifier in an electrode should at least have the
following characteristics: (i) stability under the experimental
conditions, (ii) stability after multiple pre-concentration–stripping cycles and (iii) high selectivity and sorption capacity for
the targeted analyte. The latter is particularly important as it is
directly related to the pre-concentration step (deposition of the
analyte on the electrode) and therefore greatly influences the
observed detection limits. Several already reported electrode
modifiers include nanomaterials/ionophores,10 bismuth modified zeolite,11 antimony powder,12 multi-walled carbon nano-
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tubes,13 double-stranded DNA and ferric oxide nanoparticles,14
Ca10(PO4)6(OH)2,15 tripolyphosphate-modified kaolinite clay,16
a mixture of titanium dioxide/zirconium dioxide,17 graphene,18
and other polymeric materials.19 Although there is a plethora
of chemical modifiers reported in the literature, the search for
new materials that would lead to enhanced analytical performance towards the targeted analytes is continuous.
MOFs seem to have high potential to be used for the modification of electrodes for voltammetric analyses. Indeed, they
could be superior over other materials which are currently
being tested for this purpose. The surface areas of MOFs can
reach values as high as 7000–8000 m2 g−1, higher than those
commonly found for other types of porous materials.20 Thus,
various analytes can rapidly diﬀuse into the pores of certain
highly porous MOFs thereby enhancing pre-concentration. In
addition, MOFs can be derivatized with a variety of functional
groups, something that is either very diﬃcult or even impossible with conventional materials. By choosing appropriate
functional groups, MOFs can display selective sorption of analytes in the presence of various competitive species, a fact that
is also highly beneficial for the pre-concentration of analytes
in the course of voltammetric analysis.

3. Determination of organic analytes
with MOF-modiﬁed electrodes
3.1

General comments

In recent years, there has been a large number of literature
reports describing the fabrication and utilization of MOFbased modified electrodes for the detection of organic molecules. The driving force behind these eﬀorts is identified as
the need for the detection and quantification of organic molecules that: (i) demonstrate biological action crucial to maintaining human health such as glucose,21 (ii) act as explosives
such as 2,4,6-trinitrophenol22 and (iii) exist as traces in food,
such as methyl parathion,23 which is one of the most widely
used pesticides in agricultural practices in order to control a
wide range of pests infesting various crops.
It is apparent that MOFs which are either soluble or degradable in aqueous media (the most common working environment for an electrode) or lose their crystallinity and therefore
their ordering and porosity, the main feature that classifies a
coordination polymer as a MOF, are inappropriate to be used
as electrode modifiers. Nevertheless, modified electrodes,
based on HKUST-1 ([Cu3(BTC)2], H3BTC = trimesic acid) and
MOF-5 ([Zn4O(BDC)3], H2BDC = terephthalic acid), which are
among the best defined and most studied MOFs, have been
used for the determination of organic molecules, despite the
fact that the aforementioned materials are not stable in
aqueous media.24,25 Recently, Li et al.22 and F.A. Sofi et al.26
described the development of a glassy carbon electrode modified with HKUST-1 as a sensitive electrochemical sensor
for the determination of dopamine, an important neurotransmitter in the mammalian central nervous system, using
Diﬀerential Pulse Voltammetry (DPV). They managed to detect
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the targeted analyte in a wide range of concentrations ranging
between 5.0 × 10−7–1.0 × 10−4 M and 12.5 × 10−6–175 × 10−6 M,
respectively, with an estimated detection limit of 1.5 × 10−7 M
and 0.11 × 10−9 M, respectively. In addition, HKUST-1 and its
analogues have been extensively utilized for the modification
of electrodes, claiming selective and sensitive detection, with
low detection limits, excellent stability and reproducibility for
molecules such as 2,4,6-trinitrophenol,27 catechol,28–30
hydroquinone,28,29 2,4-dichlorophenol,30b glyphosate,31 resorcinol,29 bisphenol A,32,33 paracetamol,25,34,35 caﬀeine,34
glucose,36 L-cysteine37 and methyl parathion.38 On the other
hand, Li et al.39 demonstrated a new electrochemical sensor
which was constructed by the in situ assembly of MOF-5 onto a
PGN nanocomposite, for the determination of echinacoside,
one of the natural ingredients extracted from the herb cistanche, with a limit of detection of 1.0 × 10−8 M.
3.2. Examples of chemically stable MOFs used as electrode
modifiers for the determination of organic analytes
Despite the above, there are also several examples of chemically stable MOFs that have been utilized as modifiers for electrodes. As we will see in the following discussion, such MOFs
have improved significantly the analytical performance of the
electrodes, presumably due to their high surface area and their
potential capability for rapid sorption of organic analytes into
their pores. These MOFs are summarized in Table 1 and analyzed hereafter. Nevertheless, the published studies on MOFmodified electrodes for determination of organic analytes did
not include sorption studies for the examined organic
molecules.
A family of MOFs with remarkable and ultrahigh chemical
stability under aqueous conditions constitute the Zr6 based
MOFs.40 Recently, N. Karimian, H. Bagheri et al.41 described
the fabrication of a glassy carbon electrode (GCE) modified
with a composite consisting of TiO2 functionalized graphene
oxide (TGO) and UiO-66 [Zr6O4(OH)4(BDC)6], for the simultaneous detection of paraoxon (POX) and chlorpyrifos (CPF).
The latter are used as pesticides and insecticides, respectively,

and are considered hazardous to human health. The UiO-66
MOF consists of hexanuclear clusters that serve as 12-coordinated (12-c) nodes extended in space through the phenyl
rings of the ligands, creating a 3D framework with channels
∼6 Å in diameter. The composite (TGO@UiO-66) was synthesized by a similar method to that for the synthesis of
UiO-66. The procedure includes the dispersion of TGO in DMF
by sonication, followed by the addition of UiO-66’s components in DMF solution. The resulting suspension was
further sonicated and transferred into an autoclave at 120 °C
for 12 h. The preparation of the TGO@UiO-66/GCE was
achieved by dropping 6.0 μL of a suspension of TGO@UiO-66
in ethanol onto a bare GCE surface followed by air-drying. The
phase purity of the prepared materials was investigated by
X-ray diﬀraction analysis. The observed diﬀraction peaks of
UiO-66 were in good agreement with those of the pristine
material, while the Powder X-ray Diﬀraction (PXRD) pattern of
TGO@UiO-66 indicated that the presence of TGO did not
prevent the formation of UiO-66. N2 adsorption–desorption
measurements confirmed the porosity of both UiO-66 and the
TGO@UiO-66 composite. The modified TGO@UiO-66/GCE
electrode was tested for the determination of POX and CPF
separately and simultaneously (Fig. 2), using Square Wave
Voltammetry (SWV). In the case of POX, the SWV curves were
recorded at various concentrations ranging between 1.0 × 10−9
and 100 × 10−9 M and in the presence of 50 × 10−9 M CPF. The
current peaks on SWV curves of POX indicated that the existence of 50 × 10−9 M CPF had no eﬀect on the determination of
POX. CPF determination within the 5–300 × 10−9 M range was
achieved following the same route. The detection limits for the
POX and CPF were estimated to be 0.2 × 10−9 M and 0.1 × 10−9
M, respectively. The optimized performance of the electrochemical assay was attributed to the high surface area and
excellent conductivity of the TGO@UiO-66 composite which
facilitated the electron transfer between the analyte and the
electrode surface.
M. Deng, L. Guo et al.42, using the same MOF (UiO-66), synthesized under hydrothermal conditions a composite, combin-

Table 1 The detection limits and linear response ranges of MOF-modiﬁed glassy carbon electrodes stable in the working environment using the
corresponding organic analytes and detection methods

MOF
UiO-66

MOF-525
MOF-525
MIL-101-Cr

ZIF-8
Cu-MOF-74
Ce(BTC)(H2O)6
[In48(HImDC)96]48−

Analyte
Paraoxon
Chlorpyrifos
Hydroquinone
Catechol
Resorcinol
Dopamine
Luteolin
Catechol
Hydroquinone
Metronidazole
Quercetin
Acetaminophen
2.4.6 trichlorophenol
Bisphenol A
Acetaminophen
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Linear range (M)
−9

(1.0–100) × 10
(5–300) × 10−9
(0.5–100) × 10−6
(0.4–100) × 10−6
(30–400) × 10−6
(2–270) × 10−6
(0.005–5) × 10−6
(10–1400) × 10−6
(4–1000) × 10−6
(0.5–900) × 10−6
(0.1–700) × 10−6
3.5 × 10−6–0.56 × 10−6
(0.01–9) × 10−6 M
(0.005–50) × 10−6 M
1.0 × 10−8–2.0 × 10−5 M

Detection limit (M)
−9

0.2 × 10
1.0 × 10−9
0.056 × 10−6
0.072 × 10−6
3.51 × 10−6
0.04 × 10−6
0.35 × 10−9
4.1 × 10−6
0.66 × 10−6
0.24 × 10−6
0.06 × 10−6
1.02 × 10−6
0.005 × 10−6 M
2.0 × 10−9 M
6.4 × 10−9 M

Detection method

Ref.

SWV

41

DPV

42

DPV
DPV
DPV

43
47
48

DPV
DPV
DPV
DPV
DPV
DPV

49
50
51
55
58
59

Inorg. Chem. Front., 2019, 6, 3440–3455 | 3443

View Article Online

Open Access Article. Published on 02 October 2019. Downloaded on 12/12/2019 1:08:30 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Review

Fig. 2 Schematic representation of the procedure for the determination of POX and CPF by the TGO@UiO-66/GCE modiﬁed electrode.
Reproduced from ref. 41 with permission from the Royal Society of
Chemistry.

ing UiO-66 with mesoporous carbon (MC). The UiO-66/MC
composite was characterized by a plethora of techniques such
as SEM, TEM, PXRD and N2 adsorption–desorption isotherms,
which proved the stability and the porous nature of the composite. The preparation of the modified electrode was achieved
by the dispersion of 5 μL of a DMF suspension of the UiO-66/
MC composite on the mirror like surface of a GCE. The UiO-66
based electrode was utilized for the determination of several
di-hydroxybenzene molecules such as hydroquinone (HQ),
catechol (CT) and resorcinol (RS) which have been categorized
as emerging contaminants in aqueous media. Quantitative
determination was performed using DPV. Under optimized
conditions, the electrochemical sensor showed a wide linear
response for each targeted analyte, that is, 0.5–100 × 10−6 M,
0.4–100 × 10−6 M and 30–400 × 10−6 M for HQ, CT and RS,
respectively, with the limit of detection reaching the values of
0.056 × 10−6, 0.072 × 10−6 and 3.51 × 10−6 M, respectively. The
outstanding electrochemical performance of the modified
electrode for the simultaneous determination of the di-hydroxybenzene isomers was attributed to the UiO-66/MC composite, which showed excellent electrochemical stability, larger
pore size and good conductivity that enabled faster electron
transfer and contributed to mass transfer.
The amino-functionalized derivative of UiO-66 (UiO-66-NH2
[Zr6O4(OH)4(NH2-BDC)6], NH2-BDCH2 = 2-aminoterephthalic
acid) has emerged as a sorbent for heavy metal-ions such as
Cd2+ and Pb2+ (the maximum sorption capacity was found 268
and 293 mg g−1 for Cd2+ and Pb2+, respectively).43a Due to the
excellent adsorption ability, which is attributed to the –NH2
groups, materials such as UiO-66-NH2 are suitable for the construction of biosensors because they act as ideal signal carriers.43 There will be no further discussion on this class of
electrochemical bio-sensors that incorporate MOFs44 because
it is out of the scope of this review.
T.-Y. Huang, C.-W. Wu et al.45 demonstrated a dopamine
sensor, composed of poly(3,4-ethylenedioxythiophene) nanotubes (PEDOT NTs) coated with MOF-525 [Zr6O4(OH)4
(TCPP-H2)3] (H4TCPP-H2 = tetrakis(4-carboxyphenyl)porphyrin). MOF-525 is a porphyrin-containing MOF that is excep-

3444 | Inorg. Chem. Front., 2019, 6, 3440–3455

Inorganic Chemistry Frontiers

tionally chemically stable, maintaining its structure upon its
treatment with water and various organic solvents and can be
metalated with iron(III) and copper(II) to yield its metalated
analogues without losing its high surface area and chemical
stability.46 MOF-525 was synthesized from the reaction of zirconyl chloride with H4TCPP-H2 in a DMF solution at 65 °C for
3 days. The Zr6 clusters serve as 12-c nodes and the ligand as a
4-c node resulting in an ftw network. MOF-525 acted as an
electrocatalytic surface, while PEDOT NTs acted as charge collectors that rapidly transported the electrons from the
MOF-525 surface. The response of the electrode was measured
by DPV with the linear concentration range of dopamine detection estimated at 2–270 × 10−6 M and the detection limit reaching the value of 0.04 × 10−6 M. The enhanced electrochemical
performance was attributed to the synergistic eﬀects originating from the simultaneous presence of MOF-525 nanocrystals,
which function as electrode materials with numerous electrochemically active sites and the PEDOT NTs, which serve as
charge collectors to eﬃciently transport electrons to the
electrode.
MOF-525 was also combined, by M. Cao, L. Guo et al.,47
with a macroporous carbon (MPC), and the resulting
MOF-525/MPC composite was successfully prepared by a solvothermal reaction and used for the determination of luteolin,
which is a common flavonoid with neuroprotective and antioxidant eﬀects, by DPV. According to the DPV curves, the luteolin sensor (MOF-525/MPC-2/GCE) showed two parts of linearity
in the ranges of 0.005–0.1 × 10−6 and 0.1–5 × 10−6 M with a
limit of detection of 0.35 × 10−9 M. The electrochemical performance was attributed to the large pore size, high BET
surface area and good conductivity of the MOF-525/MPC composite, which can conduce mass transfer and quicken electron
transfer.
H. Wang, F. Lu et al.,48 in order to overcome certain drawbacks associated with the majority of MOFs, such as the low
electrical conductivity and poor chemical stability, combined
MIL-101-Cr [Cr3O(F/OH)(H2O)2(BDC)3] with reduced graphene
oxide (rGO), which is one of the most promising electroconductive materials. The resulting composite material was used
as a chemical modifier in a carbon paste electrode (CPE) for
the quantitative determination of CT and HQ. MIL-101-Cr is a
mesoporous MOF (based on super-tetrahedral units, each one
consisting of three chromium trimers that are bridged by the
BDC2− linkers) and shows incredible stability (including stability against hydrolysis). MIL-101-Cr contains two types of cages
with diameters of 34 and 29 Å. The corresponding cage
windows are 16 and 12 Å in size and they are diﬀusion paths
for adsorbates. The authors hypothesized that the incorporation of rGO in MIL-101-Cr crystals could enhance their conductivity and electron transfer and thus allow better performance in electrochemical sensing systems. The synthesis of the
MIL-101-Cr/rGO composite included the dispersion of graphene oxide and terephthalic acid followed by the addition of
a solution of tetramethylammonium hydroxide. Then, Cr
(NO3)3·9H2O was added under vigorous stirring and transferred into an autoclave that was heated for 24 h at 150 °C.
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The obtained composites were denoted as MIL-101-Cr-rGO-1,
MIL-101-Cr-rGO-2 and MIL-101-Cr-rGO-3, according to the
amount of graphene oxide that was used (i.e. 1 wt%, 2 wt%
and 5 wt%, respectively). The fabrication of the CPE included
the grounding of the composite with graphite powder with a
weight ratio of 14 : 1, followed by mixing with paraﬃn. Finally,
a copper wire was inserted within the body of the electrode as
inner electrical contact. The modified electrode after the
characterization of the composites by IR, XRD, SEM and EIS
was tested by recording cyclic voltammograms of HQ and CT
(simultaneously) in phosphate saline solution, giving a broad
oxidation peak, with the MIL-101-Cr-rGO modified electrode
exhibiting the ability to identify the two isomers by increasing
the oxidation and reduction peak currents by raising the rGO
content in the electrode. The DPV results indicated that the
oxidation peak shifted negatively with the increase of the pH
value, due to the participation of H+ in the electrode reaction,
with the quantitative detection of HQ and CT taking place in
phosphate-buﬀered solution (PBS) with pH = 7.5. The determination of HQ and CT was performed in a single analyte solution, with the regression equation showing linearity in two
ranges (HQ: 4–100 × 10−6 and 100–1000 × 10−6 M, CT: 10–60 ×
10−6 and 60–1400 × 10−6 M). The detection limits were estimated at 0.66 × 10−6 M and 4.1 × 10−6 M for HQ and CT,
respectively.
Another MIL-101-Cr/rGO composite electrochemical sensor,
was developed by J. Gu, L. Guo et al.,49 for the detection of
metronidazole, an oral drug that pertains to a class of nitroimidazole derivatives and is crucial for the treatment of anaerobic
bacterial and protozoal diseases. They followed a similar
pathway (to the previous MIL-101-Cr-rGO composite) for the
MIL-101-Cr/rGO composite synthesis and were confronted
with the same challenges, with the metronidazole detection
achieved at an optimal operation pH value of 7.5 in the concentration ranges of 0.5–200 × 10−6 M and 200–900 × 10−6
M. The detection limit was estimated at 0.24 × 10−6 M. Again,
the electrocatalytic ability of the MIL-101-Cr/rGO composite
was attributed to the synergistic eﬀect of the super electrical
conductivity of rGO and the distinctive structural features of
MIL-101-Cr.
The combination of MIL-101-Cr with MoS2 forms an
MIL-101-Cr/MoS2 composite, which involves the Cr(III) MOF
and exemplifies a synergetic advantage. W. Zhang, Y. Zhang
et al.50 introduced the molecular imprinting technique (MIT)
to design and synthesize molecularly imprinted polymers
(MIP), which can eﬀectively promote the selectivity of the
MIL-101-Cr/MoS2/GCE towards quercetin (Qu), a member of
the family of flavonoids with antioxidant activity. The MIL-101Cr/MoS2/GCE was constructed by dropping 10 μL of a suspension consisting of 10 mg of MIL-101-Cr and MoS2 (in a
1 : 6 molar ratio) onto the surface of a pre-treated GCE electrode. To further stabilize the electrode, 10 μL of a 1 wt%
Nafion solution was used. The aforementioned sensor was
polymerized at 0.7 V for 100 s, using chronocoulometry when
inserted into the polymerization solution ( pyrrole in 0.1 M
H2SO4/0.01 M Qu). The electrochemical behavior of the MIP/
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MIL-101-Cr/MoS2/GCE was investigated by DPV under diﬀerent
concentrations of Qu with the current peak increasing with the
increase of the concentration of quercetin. The current–concentration of Qu ratio exhibited a linear relationship in two
ranges, which were 0.1–10.5 × 10−6 M and 10.5–700 × 10−6
M. The detection limit of the sensor was estimated at 0.06 ×
10−6 M in PBS and pH = 3.5. The results indicated that the
MIL-101-Cr/MoS2 composite as an electrode modifier exhibited
the advantages of the large surface area of MIL-101-Cr and
the electrocatalytic performance of MoS2. Furthermore, the
combination of MIL-101-Cr and MoS2 created a chemically
catalytic environment on the electrode surface, which allowed
specific interactions between Qu and the organic parts of
MIL-101-Cr.
L. Wang, Y. Zhang et al.51 took advantage of the incredible
chemical stability of the zeolitic imidazolate framework ZIF-8
([Zn(MeIM)2], H-MeIM = 2-methylimidazolate)52 to decorate
leaf-like ZIF-8 (ZIF-L) with Au nanoparticles, in order to modify
a GCE for the eﬀective determination of Acetaminophen, the
most common over-the-counter antipyretic and analgesic drug.
ZIF-8 is a MOF with a sod topology, exhibiting a nanopore
structure formed by four-ring and six-ring ZnN4 moieties. The
typical preparation procedure includes the addition of solid
Zn(NO3)2·4H2O and H-MeIM in a glass vial containing DMF and
keeping the reaction mixture at 140 °C for 24 h. The preparation of the Au nanoparticles and the Au/ZIF-L composite was
achieved following previously published methods with a minor
modification in the case of ZIF-L.53,54 The synthesis of the
GCE’s additives was followed by the extensive characterization
of both ZIF-L and Au/ZIF-L. The size of the Au nanoparticles
was estimated at 13.62 nm, while the porosity of ZIF-L and
Au/ZIF-L was confirmed by BET measurements, which revealed
the microporous nature of the materials. The electrode was
tested by electrochemical impedance spectroscopy (EIS) to
confirm that the modification had taken place and then its behavior as an electrocatalyst and sensor for Acetaminophen,
using cyclic voltammetry (CV) and DPV, respectively, was
studied. The results of Acetaminophen determination by DPV
revealed two linear segments. The linear concentration segments were found in the ranges of 0.056–0.56 × 10−6 M and
3.50 × 10−6 to 0.056 × 10−3 M, with a limit of detection of
1.02 × 10−6 M. The long-term stability of the sensor, a key parameter for the development and application of sensors in
electrochemistry, was confirmed by placing the Au/ZIF-L/GCE
at 4 °C for two weeks. The stored sensor was tested again by
DPV in the presence of 0.05 × 10−3 M of Acetaminophen,
showing the same results. The electrode performance was
attributed to the synergistic eﬀect of the unique structures of
ZIF-L with a leaf-like morphology and the strong electrocatalytic activity of Au NPs for small molecules. The combination of large specific surface area and porosity made ZIF-L a
platform for loading the Au NPs. Thus, the Au/ZIF-L nanohybrids oﬀered a favorable microenvironment for transferring
species in solution, and were beneficial for accelerating electron transfer between the electrode and the species in
solution.
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In order to construct a sensitive electrochemical sensor for
the detection of 2,4,6-trichlorophenol (2,4,6-TCP), which is
commonly used in industry and agricultural chemicals,
T. Zhang, J. Wang et al.55 developed an electrochemical sensor
by immobilizing hemin into Cu-MOF-74 ([Cu2(DHTP)],
H4DHTP = 2,5-dihydroxyterephthalic acid). Cu-MOF-74 was
synthesized by adding H4DHTP and Cu(NO3)2·3H2O in a vial
containing 20 mL DMF and 1 mL 2-propanol which was
heated at 80 °C for 18 h. From the topological point of view
MOF-74 is a 3D MOF with rod Secondary Building Units
(SBUs) that is based on edge sharing polyhedra bridged to the
other two dimensions by the phenyl rings of the ligand. This
classifies MOF-74 as an I1O2 framework.56 The preparation of
hemin/Cu-MOF-74 was achieved by the addition of 5 mg of CuMOF-74 into 20 ml of hemin solution (2.2 g hemin in 10 ml
water and 15 ml MeOH) which was then stirred for 6 h. The
hemin/Cu-MOF-74/GCE was prepared by coating the surface of
a polished GCE ( pre-treated with ethanol and double deionized water) with 5 μL of a DMF homogeneous solution of
hemin/Cu-MOF-74. The modification of the electrode was completed by further coating of the surface of the hemin/CuMOF-74/GCE with 5 mL of 0.5% Nafion solution. The fully
modified electrode, before use, was stored at 4 °C. The electrochemical behavior of the 2,4,6-trichlorophenol-hemin/CuMOF-74/GCE was investigated by recording cyclic voltammograms in 0.1 M PBS solution ( pH = 7.0), which indicated the
irreversible oxidation of the 2,4,6-trichlorophenol and the
improved performance of the fully modified electrode against
the MOF (only)-functionalized and bare electrodes. The quantitative detection of the 2,4,6-TCP was performed by DPV. The
peak current increased linearly with the increase of the concentration of 2,4,6-trichlorophenol in the range of 0.01–9 ×
10−6 M. In this range, two linear ranges were revealed
(0.01–1.0 × 10−6 M and 1.0–9.0 × 10−6 M) while the limit of
detection was found at 0.005 × 10−6 M. When hemin was
immobilized in Cu-MOF-74, the current intensity at the
hemin/Cu-MOF-74/GCE was higher than those at other composites, probably owing to the synergistic eﬀect produced by
hemin and Cu-MOF-74. The reason for the improved performance may be the contribution from the following properties:
(i) Cu-MOF-74 consists of metal ions and organic ligands,
which can adsorb more 2,4,6-TCP onto the electrode surface
through π–π stacking interactions. (ii) Cu-MOF-74 possesses
high surface areas, favoring high hemin loading. (iii) The possible interaction between hemin and metal ions in Cu-MOF-74
increased the catalytic activity of hemin.
The combination of the trivalent lanthanide ion Ce3+ with
trimesic acid (H3BTC) aﬀorded the 1D coordination polymer,
namely [Ce(BTC)(H2O)6] (Ce-MOF), which extends to the
second dimension through π–π interactions between the
phenyl rings of the ligand.57 J. Zhang et al.58 prepared a modified electrode by combining the Ce-MOF with the cationic surfactant cetyltrimethylammonium bromide (CTAB) via electrostatic interactions, in their eﬀort to fabricate an ultrasensitive
electrochemical bisphenol A (BPA) sensor. BPA is an organic
monomer which is employed in the production of food packa-
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ging and is found in the environment, food and bodies of
living organisms. The preparation of the CTAB/Ce-MOF composite was achieved when an aqueous solution of Ce-MOF
(1.0 mL, 2.0 mg mL−1) was added into 1.0 mL of 3.0 mg mL−1
CTAB. Before the modification, a bare GCE (3 mm diameter)
was polished using 0.3 and 0.05 μm alumina slurry and rinsed
thoroughly with distilled water. The GCE was successively sonicated in a nitric acid/acetone mixture (1 : 1 v/v) and distilled
water, and afterwards the GCE was rinsed with distilled water
and dried at room temperature. 4.0 μL of the CTAB/Ce-MOF
suspension was dropped onto the pretreated GCE. After drying
at room temperature, the CTAB/Ce-MOF modified GCE (CTAB/
Ce-MOF/GCE) was successfully prepared. The PXRD measurements indicated that the nature of the as-synthesized Ce-MOF
and the MOF that exist in the CTAB/Ce-MOF composite is
unchanged which is evidence that the Ce-MOF is stable in
aqueous media and that the electrode could be characterized
as being successfully MOF-modified. The analytical performance of the modified electrode was studied by DPV. According
to the DPV, the peak current gradually increased with the
increase of BPA’s concentration. The linear concentration
range of BPA at CTAB/Ce-MOF/GCE was found to be between
0.005 × 10−6 and 50 × 10−6 M with the detection limit at 2.0 ×
10−9 M. In this work, the CTAB/Ce-MOF was prepared by the
modification of self-assembled CTAB monolayers on the
surface of the Ce-MOF via electrostatic interactions with the
assistance of ultrasonication. The CTAB/Ce-MOF/GCE showed
improved electrochemical response because of the enhanced
preconcentration of BPA of the long alkane chain in CTAB via
hydrophobic interactions.
Z. Chang, Y. Li et al.59 prepared by a one-step procedure a
ferrocene-immobilized MOF-modified graphite electrode for
the detection of Acetaminophen. They combined the ability of
ferrocene to oxidize Acetaminophen with the ability of the zeolitic type [In48(HImDC)96]48− (H3ImDC: 4,5-imidazoledicarboxylic acid) rho-ZMOF to host cationic species in its cavities
due to its anionic nature. The synthesis and structure of the
rho-ZMOF were first reported by Eddaoudi et al. and it was
found to be chemically stable in aqueous media.60,61 It is
based on 8-coordinated In3+ ions chelated by four HImDC2−
ligands. The ferrocene functionalized MOF was prepared in
the presence of ferrocene in a reaction mixture similar to the
one resulting in the original rho-ZMOF. The preparation of the
electrode was achieved by the immersion of a graphite electrode in the aforementioned mixture in a glass bottle, which
was then sealed and placed in an oven at 100 °C for 36 h. The
detection ability of the modified electrode was tested by DPV
in an Acetaminophen solution with the concentration in the
range of 1.0 × 10−8 to 2.0 × 10−5 M. The peak current increased
gradually with the increase of the concentration of
Acetaminophen and demonstrated good linearity in the abovementioned range with the detection limit estimated at 6.4 ×
10−9 M. In this work, an electrode was modified with a MOF in
which ferrocene was immobilized, thus overcoming the problems caused by the increased solubility of ferrocene in its oxidized form.
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4.1

General comments

Intense eﬀorts have been made towards the development of
analytical methods for determination of trace amounts of inorganic analytes, particularly heavy metals such as Hg2+, Pb2+,
Cd2+, Cu2+ etc. Heavy metals are highly toxic, having even
lethal eﬀects as they are easily accumulated in humans and
other living organisms. Therefore, their accurate, fast and
reliable analytical determination in aqueous media is of vital
importance. Stripping voltammetry is highly eﬃcient for the
quantitative analysis of heavy metals at extremely low concentrations, even at ppt levels.4 Nevertheless, the use of HDME in
this analytical method causes concerns due to the high toxicity
of mercury. Therefore, there has been interest in developing
MOF-modified electrodes that could be as eﬃcient as HDME
for the determination of heavy metals without having the toxicity issues of mercury-based electrodes. In the following
section, we discuss selected examples of MOFs that have been
successfully utilized as modifiers in electrodes for voltammetric analysis of heavy metals. We focus on MOFs (summarized in Table 2) that were demonstrated to be eﬃcient sorbents
for heavy metals or combine hydrolytic stability and appropriate structural characteristics that could potentially facilitate
the sorption of heavy metal ions by these materials.
4.2

Single analyte determination

i. Pb sensing studies. One of the most widely studied
MOFs, namely MIL-101-Cr (Fig. 3), was investigated for the
detection of trace levels of Pb2+.62 As mentioned above, this
material is highly stable and even maintains its BET surface
area and PXRD pattern after immersion in boiling water for
1 week.63,64 The detection of lead ions was carried out with
diﬀerential pulse anodic stripping voltammetry (DPASV) using
the MIL-101(Cr)/GCE modified electrode. The mechanism of

Fig. 3 Schematic representation of the fabrication of the MIL-101-Cr
modiﬁed electrode and the accumulation of Pb2+ ions on its surface for
the voltammetric determination of lead ions. Reproduced from ref. 62
with permission from the Royal Society of Chemistry.

this detection, suggested by the authors, first involves the
accumulation of Pb2+ on the surface of the MIL-101(Cr)/GCE.
Secondly, a constant voltage of −1.1 V is applied resulting in
the reduction of the complexed ions. Finally, Pb0 is stripped
back as Pb2+ to the solution by applying a positive potential.
Nevertheless, the authors do not provide sorption data to
support their claim for the highly eﬃcient capture of Pb2+ by
MIL-101-Cr. The relationship of the concentration with the
peak current was linear in the range from 1.0 × 10−9 to 1.0 ×
10−6 M, with a low limit of detection of 5.0 × 10−10 M (well
below the defined limit of 4.8 × 10−8 M by U.S. EPA). The presence of excess concentrations of potentially interfering ions
does not seem to influence the electrochemical activity of the
modified electrode to detect Pb2+. In addition, this sensor is
capable of determining Pb2+ in rain and river water samples,
with a recovery rate similar to that achieved by the Inductively
Coupled Plasma-Mass Spectroscopy (ICP-MS) method.
A Ni2+ MOF-based modifier [Ni(NH2-BDC)(H2O)]n was synthesized through a facile one-pot hydrothermal reaction of
Ni(NO3)2·6H2O with NH2-BDCH2 in a mixture of DMF/water
and was incorporated on a GCE for the determination of Pb2+.65
PXRD data for this material confirm its crystalline nature;
however, the exact structure of this compound has not been
identified. Nevertheless, the PXRD patterns of this Ni-MOF,
obtained after its treatment with aqueous solutions of various
pH values, are similar to those of the as-prepared material,
thus revealing its significant hydrolytic stability. The electro-

Table 2 The detection limits and linear response ranges of MOF-modiﬁed electrodes stable in the working environment using the corresponding
inorganic analytes and detection methods

Sensor
MIL-101-Cr/GCE
Ni-MOF/GCE
Au/Me2NH2@MOF-1/GCE
TMU-16-NH2/Gr/CPE
UiO-66-NH2@PANI/GCE
SPAN@UIO-66-NH2/SPCE
NH2-MIL-125-Ti/CPE
GA-UiO-66-NH2/GCE

Ca-MOF/GPE

Analyte

Linear range (M)

2+

−9

Pb
Pb2+
Cu2+
Cd2+
Cd2+
Cd2+
Mn2+
Cd2+
Pb2+
Cu2+
Hg2+
Pb2+
Cd2+
Cu2+
Zn2+
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Detection limit (M)
−6

1.0 × 10 –1.0 × 10
5.0 × 10−7–6.0 × 10−6
5.0 × 10−12–9.0 × 10−7
6.2 × 10−12–1.0 × 10−9
4.4 × 10−12–5.3 × 10−9
4.4 × 10−12–8.9 × 10−10
1.0 × 10−8–1.0 × 10−5
6.0 × 10−8–3.0 × 10−6
1.0 × 10−8–4.0 × 10−6
1.0 × 10−7–3.5 × 10−6
5.0 × 10−9–3.0 × 10−6
4.8 × 10−11–2.3 × 10−10
8.9 × 10−11–5.3 × 10−10
1.5 × 10−10–9.4 × 10−10
1.5 × 10−10–9.1 × 10−10

−10

5.0 × 10
5.08 × 10−7
1.0 × 10−12
1.7 × 10−12
2.6 × 10−12
1.5 × 10−12
4.0 × 10−9
2.0 × 10−8
1.5 × 10−9
7.0 × 10−9
2.0 × 10−9
3.0 × 10−12
1.1 × 10−11
2.2 × 10−11
1.6 × 10−11

Detection method

Ref.

DPASV
SWASV
SWASV
DPASV
DPASV
SWASV
Photoirradiation-CSV
DPASV

62
65
70
66
69
71
72
74

SWASV

78
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chemical response of this sensor, denoted as Ni-MOF/GCE,
was investigated towards Pb2+ via square wave anodic stripping
voltammetry (SWASV). The oxidation current peak was
increased linearly in a concentration range from 5.0 × 10−7 to
6.0 × 10−6 M. The limit of detection was estimated to be 5.08 ×
10−7 M, which is 10 times higher than the established limit by
U.S. EPA for Pb2+ ions in drinking water. The Ni-MOF modifier
seems to play the key role in the electrochemical analysis of
Pb2+, as indicated by the comparative study with the unmodified GCE, where the oxidation current peak and, consequently,
the determination ability for lead ions decreased. It is possible
that Pb2+ interacts with the NH2-groups of the Ni-MOF, thus
resulting in enhanced pre-concentration for the Ni-MOF/GCE
vs. the unmodified GCE. However, no Pb2+ sorption data were
provided. The electrochemical characterization of the modified
sensor was also performed, in which important operational
parameters such as pH, deposition potential, and deposition
time were optimized to detect trace amounts of Pb2+ ions. In
addition, the ability of the electrode to detect selectively lead
ions was studied in the presence of a 10-fold excess of Cr3+,
Cu2+, and Cd2+. No significant modification of the peak
current of Pb2+ was observed in the presence of the above
interfering cations, indicating eﬃcient selectivity of the sensor
for Pb2+.
ii. Cd2+ sensing studies. A Zn2+-based MOF sensor was fabricated for the detection of traces of Cd2+ via diﬀerential pulse
anodic stripping voltammetry (DPASV). Specifically, the MOF
TMU-16-NH2 {[Zn2(NH2-BDC)2(4-bpdh)]·3DMF, with 4-bpdh =
2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene} was prepared via
solvothermal reaction of Zn(NO3)2, 4-bpdh and NH2-BDCH2 in
DMF. The crystal structure of TMU-16-NH2 is based on paddlewheel dinuclear zinc carboxylate units [Zn2(COO)4] bridged by
NH2-BDC2− ligands, resulting in a distorted 2D square grid.
The 2D square grids are pillared by 4-bpdh ligands thus giving
rise to a 3D framework. A modified CPE was prepared with a
mixture of TMU-16-NH2 MOF and graphene (Gr) (TMU-16NH2/Gr/CPE).66 Owing to its unique properties which include
its large surface area, high electrical conductivity and rapid
heterogeneous electron transfer, Gr was used to improve the
quantification limit of the modified electrode. A detailed study
on the electrochemical properties of CPE/Gr, TMU-16/CPE/Gr
(TMU-16 contains no –NH2 functional groups, otherwise it is
isostructural to TMU-16-NH2) and TMU-16-NH2/Gr/CPE
showed a significantly higher response of the latter sensor
towards Cd2+ ions. A good linear relationship was found
between the peak currents and the concentration of Cd2+ over
the range from 6.2 × 10−12 to 1.0 × 10−9 M for the TMU-16NH2/Gr/CPE sensor. The limit of detection was calculated to
be 1.7 × 10−12 M, well below the acceptable limit of Cd2+ in
water (defined as 4.45 × 10−8 M by U.S. EPA). The repeatability
of the sensor and its selectivity to detect Cd2+ sensitively in the
presence of other competitive ions were also evaluated. The
excellent Cd2+ sensing properties of the TMU-16-NH2/Gr/CPE
are probably attributed to the porous structure of the MOF
modifier and the electron-donating amine groups that act as
binding sites for the Cd2+ ions, thus greatly facilitating the pre-
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concentration of Cd2+ on the electrode. Nevertheless, neither
Cd2+ sorption studies nor hydrolytic stability investigations
were conducted for the TMU-16-NH2 MOF.
UiO-66-NH2 was coated with the polyaniline polymer (PANI)
and was used as a modifier on a GCE for the detection of Cd2+
via DPASV.67 UiO-NH2 is quite stable in aqueous solutions and
also shows significant sorption capacity for heavy metals.68 On
the other hand, PANI can eﬀectively increase the conductivity
of composite materials by inducing the electron transfer
between the solution and the electrode surface. The contribution of these materials on the GCE resulted in a reliable and
highly sensitive electrochemical sensor with a detection limit
for cadmium ions as low as 2.6 × 10−12 M and a linear increase
in the current peak, when the Cd2+ concentration was between
4.4 × 10−12 and 5.3 × 10−12 M. The repeatability and the reproducibility of the usage of the UiO-66-NH2@PANI/GCE for Cd2+
analysis were also studied. Moreover, the study on the interfering eﬀects of several common coexisting ions revealed that
only Cu2+ with a concentration higher than 7.87 × 10−10 M
could aﬀect the electrochemical response of the sensor, due to
the competition between Cu2+ and Cd2+ at the active sorption
sites.
Very recently, a screen-printed carbon electrode (SCPE)
based on UiO-NH2 and self-doped polyaniline nanofibers
(SPAN) copolymerized with aniline (AN) and m-aminobenzenesulfonic acid (SAN) was prepared for the detection of trace
levels of Cd2+.69 In contrast to PANI, which is conductive only
in its protonated form or under low pH values, SPAN display
high electrical conductivities, large specific surface areas, and
relevant hydrophilicities, which are particularly useful features
for the construction of electrochemical sensors. The synthetic
procedure of SPAN@UIO-66-NH2 consists of two steps: (1)
preparation of UIO-66-NH2 and (2) coating of UIO-66-NH2 with
SPAN at controlled low-temperature by self-assembly technology (Fig. 4). The eﬃciency of the modified electrochemical
sensor SPAN@UIO-66-NH2/SPCE to determine Cd2+ was determined by the SWASV method. Under optimized conditions,
the response current of Cd2+ increased linearly with an

Fig. 4 Schematic representation of the synthetic route of UiO-NH2,
core–shell SPAN@UIO-66-NH2 and core–shell SPAN@UIO-66-NH2.
Reprinted from ref. 69 with permission from The Electrochemical
Society.
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increase in the concentration in the range from 4.4 × 10−12 to
8.9 × 10−10 M, with the detection limit found to be as low as
1.5 × 10−12 M. The stability and the repeatability of the proposed sensor, as well as its applicability in real water and
urine samples, were also demonstrated.
iii. Cu2+ sensing studies. A novel microporous zinc-based
MOF, namely Me2NH2@MOF-1 {[H2N(CH3)2]4[Zn3(Hdpa)2]·
4DMF, with H6dpa = 3,4-di(3,5-dicarboxyphenyl)phthalic acid,
DMF = dimethylformamide}, was prepared via the reaction of
Zn(II) acetate and H6dpa in DMF/H2O/HNO3 under solvothermal conditions and was used for the modification of a
GCE.70 The anionic framework of Me2NH2@MOF-1 contains
subunits, each of which consists of two independent Zn(II)
atoms (Zn1 and Zn2). Two Zn1 and four Zn2 atoms are connected by six ligands to form a cage with dimensions of 9.4 ×
13.6 Å, while the channels are filled with [H2N(CH3)2]+ ions to
balance the charge. A GCE was modified with Au nanoparticles
and Me2NH2@MOF-1. This modified electrode, denoted as Au/
Me2NH2@MOF-1/GCE, was proved to be an excellent sensor
for the detection of Cu2+ via SWASV (Fig. 5).
A linear increase in the peak current was observed for Cu2+
concentrations in the range of 5.0 × 10−12 to 9.0 × 10−7 M. The
detection limit was found to be 1.0 × 10−12 M, which is quite
lower than the established limit (1.57 × 10−5 M) for copper(II)
by the U.S. EPA and the World Health Organization (WHO).71
A comparison study among the bare GCE, Au/GCE,
Me2NH2@MOF-1/GCE and Au/Me2NH2@MOF-1/GCE revealed
that the latter demonstrated greater electrochemical response
to Cu2+. Moreover, the sensitivity and selectivity of the modified electrode were confirmed in the presence of several interfering ions and in river water samples, indicating a promising
sensor for real environmental water sample analyses.
According to the authors, anionic Me2NH2@MOF-1 can
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exchange [H2N(CH3)2]+ ions with Cu2+ thus enhancing the preconcentration of Cu2+ traces and greatly increasing the analytical signal, while Au acts as a binder. Nevertheless, the proposed sensing mechanism is not supported by experimental
data, as no Cu2+ sorption data are reported for
Me2NH2@MOF-1 and the hydrolytic stability of the MOF has
not been investigated.
iv. Mn2+ sensing studies. Another example of MOF used as
modifier in CPE was NH2-MIL-125-Ti [Ti8O8(OH)4(NH2-BDC)6].
NH2-MIL-125-Ti was synthesized via a solvothermal reaction of
tetrabutyl titanate and NH2-BDCH2 in DMF/methanol. The
structure of NH2-MIL-125-Ti is based on Ti8 cyclic octanuclear
clusters linked via NH2-BDC2− ligands to result in a 3-D microporous framework. SEM microscopy revealed particles with a
disk-like shape and uniform particle size distribution around
300 nm. The stability of NH2-MIL-125-Ti in water and its
eﬃciency of reproducible adsorption and desorption isotherms after many water cycles, have been reported in detail.72
The fabrication of the NH2-MIL-125-Ti/CPE was carried out by
mixing the MOF with grade graphite powder in paraﬃn oil.
The modified electrode was applied for the determination of
Mn2+ in aqueous solutions. Although manganese is an essential microelement for the human body that is not classified as
a toxic element, high concentrations of Mn2+ are related to
some diseases such as Parkinson’s disease.73
Therefore, the determination of manganese is of vital
importance. The modified NH2-MIL-125-Ti/CPE revealed favorable detection ability for Mn2+ in water, with a low detection
limit of 4.0 × 10−9 M (well below the defined limit of 9.1 × 10−7
M by U.S. EPA) and a linear regression equation for manganese in the concentration range from 1.0 × 10−8 to 1.0 × 10−5
M. The determination of Mn2+ was achieved by CSV, after light
irradiation of the samples for about 20 min. The proposed
mechanism for the detection of manganese is based on (a) the
oxidation of Mn2+ to MnO2 by the electron holes formed upon
light irradiation of NH2-MIL-125-Ti and (b) reduction of the deposited MnO2 to Mn2+ during the cathodic stripping step
(Fig. 6). Many important parameters to acquire the best
electrochemical response were investigated in detail, including
the mass percentage of the MOF, the pH of the supporting
electrolytes and the photoirradiation time for the response of
the sensor. Finally, the modified CPE was applied for determination of Mn2+ in various tea samples showing similar results
to those obtained via the flame atomic absorption spectroscopic method (FAAS).

4.3

Fig. 5 Schematic representation of the preparation process of the Au/
Me2NH2@MOF-1/GCE and the procedures for determination of copper
(II) via the cation exchange and nano-particle synergy eﬀect enhanced
electrochemical signal. Reproduced from ref. 70 with permission from
the Royal Society of Chemistry.
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Multiple analyte determination

A UiO-66-NH2/GA (GA = graphene aerogel) composite was isolated via the in situ growth of the MOF on the GA matrix and
the composite was applied on a GCE, for individual and for
simultaneous determination of Cd2+, Pb2+, Cu2+ and Hg2+ in
water samples (Fig. 7).74 GA enhances the conductivity of the
composite material and speeds up the electron diﬀusion in
the matrix. The determination of the examined heavy metals
was achieved by DPASV.
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Fig. 6 (A) The photooxidation procedure of Mn2+ at the NH2-MIL-125Ti/CPE and its determination by CSV. (B) Schematic illustration of the
structure of the NH2-MIL-125(Ti) modiﬁed carbon paste electrode.
Reprinted from ref. 72d with permission from Elsevier.

Fig. 7 Synthesis of the GAs-UiO-66-NH2 composite via the in situ
growth of the UiO-66-NH2 crystal on the GAs Matrix and the determination of heavy metal ions with the modiﬁed electrode. Reprinted from
ref. 74 with permission from American Chemical Society.

The linear ranges for the determination were 6.0 × 10−8 to
3.0 × 10−6 M for Cd2+, 1.0 × 10−8 to 4.0 × 10−6 M for Pb2+, 1.0 ×
10−7 to 3.5 × 10−6 M for Cu2+, and 5.0 × 10−9 to 3.0 × 10−6 M
for Hg2+. The limits of detection for each metal ion were found
to be 2.0 × 10−8 M for Cd2+, 1.5 × 10−9 M for Pb2+, 7.0 × 10−9 M
for Cu2+ and 2.0 × 10−9 M for Hg2+. The detection limits are
below the acceptable limits of these metal ions in water.
Furthermore, the electrochemical response of the GA-UiO-66NH2/GCE was explored in the presence of all four examined
ions. The results revealed lower sensitivity for simultaneous
determination, since a narrower linear range, lower slope and
in the case of Cu2+ a relatively higher limit of detection were
observed, probably due to the interactions between diﬀerent
metals such as competitive deposition and formation of intermetallic compounds.75,76 Moreover, a weak peak that appeared
between Pb2+ and Cu2+ may be attributed to the formation of
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Pb–Cu intermetallic compounds during the deposition
step.76,77 Taking into account the excellent results which
emerged from the studies in the presence of competitive ions
and from studies with real samples, including river water, soil,
and vegetables (spinach), the proposed sensor seems promising for accurate and reliable monitoring of toxic heavy metal
ions under various conditions.
Very recently, our groups reported a simple ready-to-use
electrochemical sensor based on graphite paste modified with
the Ca-MOF {[Ca(H4L)(DMA)2]·2DMA, with H6L = N,N′-bis(2,4dicarboxyphenyl)-oxalamide}, which can be used for the detection of trace levels of Pb2+, Cd2+, Cu2+ and Zn2+ in aqueous
solutions via SWASV.78a Single crystals of the Ca-MOF were
obtained after the reaction of Ca(NO3)3·4H2O with H6L in DMA
under solvothermal conditions at 100 °C.78b The asymmetric
unit of Ca-MOF comprises one half of H4L2−, one half of a
Ca2+ ion and two DMA molecules. The H4L2− ligand bridges
four Ca2+ ions through two carboxylate and two carboxylic O
atoms to form a 2D framework (Fig. 8).
Our motivation to use the Ca-MOF as a chemical modifier
in electrodes for the determination of heavy metals was the
excellent capability of this material for eﬃcient and selective
sorption of Pb2+, Cd2+, Cu2+ and Zn2+ in aqueous media (due
to the rapid exchange of Ca2+ ions by other metal ions) and its
significant hydrolytic stability. Specifically, the Ca-MOF displays some of the highest sorption capacities reported for Pb2+
(522 mg g−1) and Cd2+ (220 mg g−1). In addition, the sorption
capability of the Ca-MOF for these heavy metal ions is not
influenced by the presence of common competitive ions (e.g.
Ca2+, Na+). Furthermore, the Ca-MOF shows appreciable sorption capability for Zn2+ and Cu2+. The stability of the Ca-MOF
in water was demonstrated via 1H NMR data revealing no
leaching of the H4L2− ligands, even in the presence of metal
ions. The limits of detection using the Ca-MOF/CPE sensor
were estimated to be 3.0 × 10−12 M for Pb2+, 2.2 × 10−11 M for
Cu2+, 1.6 × 10−11 M for Zn2+ and 1.1 × 10−11 M for Cd2+, which

Fig. 8 Schematic illustration of the structure of the Ca-MOF. Several H
atoms have been removed for clarity. Color code: Ca, green; C, grey; O,
red; N, blue; and H, cyan. Reproduced from ref. 78b with permission
from the Royal Society of Chemistry.
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Fig. 9 SWASV voltammograms and respective calibration plots in the
range 10–60 µg L−1 (step: 10 µg L−1) of (A) Cu2+ in 0.1 mol L−1 acetate
buﬀer, (B) Zn2+ in 1 × 10−3 mol L−1 KCl, and (C) Cd2+ in 0.1 mol L−1
acetate buﬀer ( pH 4.5). (D) SWASV voltammograms of 30 µg L−1 of Zn2+,
Cd2+, Cu2+ (black, blue, and red lines, respectively) obtained with the
modiﬁed GPE with Ca-MOF and SWASV voltammograms of 30 µg L−1 of
Zn2+, Cd2+, and Cu2+ (gray, orange, and green lines, respectively)
obtained with the bare GPE. Reproduced from ref. 78a with permission
from the Royal Society of Chemistry.

were comparable to, or lower than, those of other electrochemical sensors (Fig. 9).79
Compared to conventional electrochemical sensors, this
modified electrode can eﬀectively detect Cu2+ (normally not
possible since the oxidation peak of Cu appears outside the
useful potential window of these electrodes), is able to detect
simultaneously multiple heavy metal ions and is ready-to-use,
i.e. it does not demand multistep reconstruction between the
electrochemical measurements. Interestingly, the Ca-MOF
modified electrode represents the first MOF-based sensor for
the voltammetric determination of trace amounts of Zn2+.

5. Comparison of MOFs with other
types of electrode modiﬁers
As mentioned in the introduction, there are a number of
materials that have been tested as electrode modifiers, such as
zeolites, clays, graphene, Au NPs, mesoporous silica and so on,
for the fabrication of electrodes to be used for the determination of inorganic analytes (mainly heavy metal ions) via voltammetric techniques.80 These modifiers enhance the pre-concentration eﬃciency of the electrodes (mainly carbon paste or
glassy carbon electrodes) resulting in particularly low detection
limits (in the range 10−8–10−12 M) for the inorganic species.
The analysis of the organic species is mainly done by modifying the glassy carbon electrodes (GCEs) which have been
used as substrates for modification due to their inherent
advantages such as a wide potential window, low background

This journal is © the Partner Organisations 2019
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currents and chemical stability. The modification of GCEs
takes place in order to construct more selective and more sensitive electrodes. For this purpose, there have been several
reports on GCEs modified with carbon nanotubes,81 nanoparticles82 and polymers83 for the detection of organic molecules of biological interest such as dopamine, uric acid and
ascorbic acid. For example, a typical single-walled carbon
nanotube (SWCNT)/GCE81a exhibited a good linear working
range of 0.01–0.20 × 10−6 M with the detection limit estimated
to be 15 × 10−6 M for dopamine determination. A common
nanoparticle modified electrode82d for the detection of the
same analyte exhibited a linear range response of 0.5–30 ×
10−6 M and a detection limit at 0.011 × 10−6 M. Organic
polymer modified electrodes83d also responded well exhibiting
a similar linear range for the detection of dopamine and
almost the same limits of detection as those mentioned above
were achieved.
MOFs have been recently employed as modifiers in electrodes to be used for trace analysis of heavy metal ions and
organic species. MOF-modified electrodes have achieved detection limits comparable to those obtained with the other types
of modified electrodes (see above). Nevertheless, the research
on MOF-electrode modifiers is at an early stage since there is
plenty of room for the optimization of their properties, as will
be discussed in the next section. The fact that the properties of
MOFs can be easily tuned by applying targeted modifications
in the structures of known MOFs or designing new MOFs with
appropriate structural features is a major advantage of MOFs
compared to other types of modifiers.1 Furthermore, the high
crystallinity of MOFs allows precise structural determination of
MOFs loaded with analytes, which can facilitate the identification of analyte–MOF interactions and, thus, the design of
MOFs with appropriate characteristics for eﬃcient sorption
capability and selectivity for the targeted analyte.84 The latter
is particularly important for the utilization of a material as an
electrode modifier, as it is directly related to the pre-concentration eﬃciency of the working electrode. The main disadvantage of MOFs for their extended use in electroanalytical
applications is related to their poor electrical conductivities;
however, this drawback of MOFs can be overcome by either
mixing them with conductive materials (e.g. conductive graphite powder) or transforming them to composites with conductive polymers (e.g. PANI).69,71,78

6. Conclusions and prospects
The above discussion revealed that MOFs are highly promising
as modifiers for electrodes that can be used for determination
of trace amounts of inorganic and organic analytes via voltammetric techniques. The enhanced performance of MOF-modified electrodes is largely attributed to the intrinsic properties
of MOFs such as their high surface area, larger pore size,
ability to adsorb the analytes from solution, better distribution-exposure and loading, immobilization-stabilization of
electrocatalytic centers (e.g. metal NPs) that may be utilized
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etc. All the above can be realized only in cases in which the
MOFs maintain their structural stability during the electrode
fabrication and performance. Nevertheless, in several cases,
MOFs that were chosen to modify electrodes did not satisfy the
basic features of appropriate electrode modifiers, i.e. stability
under the conditions of analyses and sorption capability
towards the targeted analyte. We thus propose that prior to the
choice of a MOF to be used as an electrode modifier the following three steps should be followed (Scheme 1):
1. Rational design and synthesis of a MOF possessing structural features (e.g. pore size and functional groups) that will
lead to high aﬃnity for a specific analyte.
2. Investigation of the structural stability of the MOF under
the conditions of analyses (i.e. spectroscopic, analytical and
PXRD studies of the MOF after its treatment with solutions
having similar compositions to those of samples that will be
analysed), in order to avoid using MOFs that either decompose
or dissolve under the working conditions, thus leaching
unwanted chemical species in the working media.
3. Evaluation of the sorption capacity of the MOF towards
the analyte of interest, under the premise that the MOF has
been proved to be stable under the conditions of analyses
(step 2).
We should note that the stability and sorption studies
(steps 2 and 3) are of vital importance since these two
elements are closely related to the determination of the
mechanism of the whole electrochemical procedure which can
result in the design of new and improved MOFs as electrode
modifiers.
Therefore, there is a lot of future research to be performed
aiming at obtaining MOF-modified electrodes with optimum
performance. Attention should be paid to known MOFs with
demonstrated structural stability under the conditions of analysis and eﬃcient sorption capacity for various organic or inorganic species. Such materials are particularly suitable to be
tested as electrode modifiers. Furthermore, new MOFs can
also be synthesized by employing polytopic organic ligands
with functionalities having high aﬃnity for specific analytes.
In addition, new alkaline or alkaline earth MOFs as electrode
modifiers may be involved in facile cation exchange with toxic

Scheme 1 The proposed steps that should be followed prior to the
fabrication and testing of a successful MOF-modiﬁed electrode.
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heavy metal ions. All the above MOFs, showing eﬃcient chemical stability and sorption capacity for the species of interest,
may be then tested as electrode modifiers for voltammetric
determination of trace analytes. We should also note that the
development of optimum MOF-modified electrodes should
involve a collaboration between inorganic synthetic chemists
and analytical chemists with expertise in electroanalysis, since
the optimization process requires both synthetic and analytical
work. Overall, we believe that the research on MOF-modified
electrodes will evolve rapidly over the coming years, as many
researchers from various scientific disciplines will find this
field of research particularly appealing for the development of
new tools for trace analysis.
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