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ortunities for metal–organic
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Metal–organic framework composites have the advantages of large surface area, high porosity, strong

catalytic efficiency and good stability, which provide a great possibility of finding excellent electrode

materials for electrochemical sensors. However, MOF composites still face various challenges and

difficulties, which limit their development and application. This paper reviews the application of MOF

composites in electrochemical sensors, including MOF/carbon composites, MOF/metal nanoparticle

composites, MOF/metal oxide composites and MOF/enzyme composites. In addition, the application

challenges of MOF composites in electrochemical sensors are summarized. Finally, the application

prospect for MOF composites is considered to promote the synthesis of more MOF composites with

excellent properties.
Table 1 An overview of MOF molecular formula in the paper

Materials Molecular formula References

Ce-MOF Ce4(bpydc)6(CH3O)4(H2O)2 26
Mn-MOF C24H4O13Zn4 55
Ni-MOF C8H6Ni2O8 61
Cr-MOF C24H17Cr3O16 76
Fe-MOF C96H64Cl2Fe2N8O32Zr6 29
Cu-BTC MOF C18H12Cu3O15 141
POMOF {[Mo5P2O23][Cu(phen)(H2O)]3$5H2O} 147
ZIF-67 C8H12N4$Co 107 and 108
1. Introduction

Materials science, energy science, and information science are
the three key branches of modern science and technology.
Materials science is particularly important as it has been
dominant since ancient times. Among the various materials
reported, porous materials have attracted considerable atten-
tion. Metal–organic frameworks (MOFs) are nano-materials
with different topological structures and highly ordered pores,
which have been developed by the coordination of multiple
organic ligands and inorganic metal ions.1–4 Owing to the
diversity of organic ligands and metal ions, various MOFs have
been developed and attracted the attention of researchers in
chemistry, materials science, and physics.5,6 Compared with
conventional porous materials, MOFs with increased specic
surface area, improved porosity, and enhanced catalytic effi-
ciency, have been widely applied in gas adsorption and
storage,7–9 catalysis,10–13 batteries,14–17 drug release,18–21 and
supercapacitors.22–25 However, the electrochemical applicability
of a single MOF is limited by shortcomings such as poor water
stability, low conductivity, and low mechanical strength. To
eliminate these drawbacks, composites with new functions have
been developed by combining MOFs with carbon materials,26–28

metallic nanoparticles (MNPs),29–31 and metallic oxides.32

Table 1 shows the structural formula of MOF in this paper.
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Compared with single MOF and conventional porous mate-
rials, modied MOF composites exhibit specic framework
structures and diversied functional groups.33 Electrochemical
sensors comprising electrodes modied by MOF composites
can effectively recognize metallic ions,34–37 organic
compounds,38–40 biological molecules,41–44 and drug
molecules,45–47 thereby improving the detection sensitivity for
the target. Bodkhe et al.48 prepared the Au/SWNTs@MOF-199
composite by using MOF-199, Au nanoparticles (AuNPs), and
single-walled carbon nanotubes (SWNTs) and developed an
electrochemical sensor based on the composite for Pb2+ detec-
tion. Under optimized conditions, the detection range and limit
ZIF-8 C8H12N4$Zn 69
UIO-66-NO2 C48H22N6O44Zr6 80
UIO-66-NH2 C48H30N6O32Zr6 119
MIL-101(Fe) C24H12ClFe3O13 120
MIL-101(Cr) C24H16Cr3FO15 89
Cu-TCPP C48H24N4O8Cu-4$H

+ 57
HKUST-1 C18H12Cu3O15 59
MOF-5 C24H12O13Zn4 86
Zr-MOF C48H28O32Zr6 97

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of detection (LOD) of the sensor for Pb2+ are 0.1 mM–1 pM and
25 pM L−1, respectively. Owing to its high sensitivity and
selectivity, the sensor can be used for wastewater detection.
Huang et al.26 proposed an electrochemical sensor based on the
Ce-MOF/carbon nanotube (CNT) nano-composite for simulta-
neous detection of hydroquinone (HQ) and catechol (CC).
Owing to the high specic surface area of MOF and good
conductivity of CNT, the developed sensor shows excellent
electrochemical performance for HQ and CC detection, with
linear ranges of 10–100 and 5–50 mM, respectively; therefore, the
sensor can also be used for detecting environmental pollutants.

Tang et al.49 modied a glassy carbon electrode (GCE) using
the prepared GO-ZIF-67 composite via electrodeposition, and
developed the GO-ZIF-67/GCE electrochemical sensor for
detecting dopamine (DA) and uric acid (UA); thus, the sensor
showed excellent electrochemical performance for DA and UA
detection, owing to the synergistic effect of the high conduc-
tivity of GO and high protability of ZIF-67. Li et al.50 synthe-
sized ZIF-65 and prepared an electrochemical sensor by
combing ZIF-65 with carboxylated CNTs for detecting ascorbic
acid (AA). The introduction of carboxylated carbon nanotubes
increased the conductivity of the electrochemical sensor and
accelerated the transfer of electrons between the sensor and the
target molecules. In addition, the exposed nitro group in MOF
can be utilized as the redox active sites, so that the composite
material has good water stability and large internal volume,
which is helpful to improving the sensitivity and reproducibility
Table 2 An overview of MOF structures and their basic constituents

MOF identify MOF structure Met

MOF-199 Cu2

Ce-MOF Ce2+

ZIF-67 Co2

ZIF-65 Zn2

© 2023 The Author(s). Published by the Royal Society of Chemistry
of the constructed sensor. Under optimal conditions, the
detection range and LOD of this sensor for AA are 200–2267 mM
and 1.03 mM. In summary, MOF composites show good
molecular detection performance for wastewater, environ-
mental pollutants, and drugs and can serve as a potential
material for the development of electrochemical sensors.

The structure, metal ions and ligands of MOF involved in the
Introduction section are shown in Table 2.

In this study, multiple MOF composites for electrochemical
sensing, including MOF/carbon, MOF/MNPs, andMOF/metallic
oxides (Fig. 1) are reviewed. Furthermore, the excellent appli-
cability of MOF composites for the development of electro-
chemical sensors is discussed, and future applications of these
composites have been presented. This paper also provides
references to different applications of MOF composites.
2. MOF/carbon composite

Carbon materials (e.g., carbon ber, graphene, carbon nano-
tubes, XC-72), which are characterized by good conductivity,
large specic surface area, and diverse functional groups, have
been applied in supercapacitors, electrocatalysis, and
batteries.51–54 Composites comprising MOF and carbon mate-
rials exhibit high porosity, large specic surface area, and high
catalytic efficiency (attributed to MOF) as well as good
conductivity (attributed to carbon materials); thus, these are
widely applied in electrochemical sensing (Table 3).
al ion Ligand Reference

+ H3BTC 48

H3BTC 26

+ 2-Methylimidazole 49

+ 2-Methylimidazole 50

RSC Adv., 2023, 13, 10800–10817 | 10801
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Fig. 1 Application of MOF composites in electrochemical sensors.
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2.1 MOF/carbon nanotubes composite

CNTs are seamless cylindrical tubes made of single or multi-
layer graphite sheets, which are hybridized with sp2 carbons
and coiled around the central axis at a specic helix angle.
Examples include SWCNTs and multi-walled carbon nanotubes
(MWCNTs), which are characterized by large specic surface
area, high conductivity, and good chemical stability. Conse-
quently, composites comprising with MOF and CNTs have been
Table 3 Application of MOF/carbon composites in electrochemical sen

MOF composites Target analysis Linea

Mn-MOF/SWCNTs Pb2+ 0.10–
MIL-101/MWCNTs Picloram 0.1–1

12.5–
Cu-TCPP/CNT H2O2 0.01–
ZIF-8/GN Dopamine 0.003
HKUST-1/RGO Nitrite 3–400
HKUST-1/ERGO Adenine 0.02–

Guanine 0.005
Ni-MOF/SWCNT Glucose 20 mM
HKUST-1/MWCNTs Metformin 0.5–2
Zn/Ni-ZIF-8/XC-72/Naon Pb2+ 0.794

Cu2+ 0.397
MIL-101(Cr)/XC-72 Chloramphenicol 0.01–

10802 | RSC Adv., 2023, 13, 10800–10817
used for the development of electrochemical sensors with high
sensitivity and high selectivity.65–68

Rani et al.39 prepared the Sn-MOF@CNT composite (Fig. 2(a))
using a solvothermal method. The constructed Sn-MOF has
a porous structure and large specic surface area, while CNTs
can provide rapid electron transfer channels. Electrochemical
sensors comprising Au electrodes modied by the Sn-
MOF@CNT composite exhibited excellent performance for
sors

r range Limit of detection (LOD) References

14.0 mM 38 nM 55
2.5 mM 0.06 mM 56
40 mM
377.75 mM 5 nM 57
–1.0 mM 1.0 mM 58
00 mM 33 nM 59
100 mM 0.012 mM 60
–200 mM 0.002 mM
–4.4 mM 4.6 mM 61
5 mM 0.12 mM 62
–39.6 ppm 0.0150 ppm 63
–19.9 ppm 0.0096 ppm
20 mM 1.5 nM 64

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Detection of H2O2 by the electrochemical sensor based on the Sn-MOF@CNT composite; (b) i–t curves obtained by adding H2O2

solution with different concentrations to the Sn-MOF@CNT/Au sensor every 50 s; (c) specificity of the Sn-MOF@CNT/Au sensor toward H2O2.
Reprinted with permission from ref. 39. Copyright 2020 Environment Research.
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electrochemical detection of H2O2. Different H2O2 concentra-
tions are added into a 0.1 M phosphate buffered solution (PBS;
pH = 7.4), and the reported sensor shows an excellent current
response to the target molecules; in the presence of interfering
substances (hydrazine, urea, DNT, pNT, ethanol, KI, thiourea),
the Sn-MOF@CNT/Au sensor shows no signicant peak
currents, indicating its good specicity.

Qin et al.69 developed the ZIF-8/MWCNTs/GCE electro-
chemical sensor for detecting rutin. Specically, the ZIF-8/
MWCNTs composite was prepared via in situ synthesis,
wherein ZIF-8 nanoparticles were deposited on MWCNTs
(Fig. 3(a)). Owing to the synergistic effect of ZIF-8 andMWCNTs,
the composite provides abundant active centers for the target
molecules, and improves the electron transfer capability of the
electrochemical sensors. Consequently, the differential pulse
voltammetry (DPV) peak current of ZIF-8/MWCNTs/GCE is
signicantly higher than those of MWCNTs/GCE and bare GCE
(Fig. 3(b)). Fig. 3(c) shows that the peak current of rutin linearly
increases with a rise in the scanning rate in the range of 20–
© 2023 The Author(s). Published by the Royal Society of Chemistry
200 mV s−1, indicating that the rutin reaction on the electrode
surface is a typical adsorption-controlled process. Additionally,
this electrochemical sensor exhibits excellent performance for
rutin detection in real-world samples.
2.2 MOF/graphene composite

As a natural 2D carbon material, graphene has a honeycombed
structure and exhibits high conductivity, excellent electro-
catalytic activity, large specic surface area, and good biocom-
patibility. Consequently, graphene has been widely applied in
electrochemical sensors and biosensors.70–73 The presence of
graphene can accelerate electron transfer in MOF composites,
thereby enhancing the conductivity and electrochemical activity
of MOF/graphene composites.74

Li et al.75 developed an electrochemical sensor based on the
Cu-based metal–organic framework-graphene composite (Cu-
MOF-GN) for simultaneous detection of HQ and CT. Owing to
the large specic surface area and good adsorbability of Cu-
RSC Adv., 2023, 13, 10800–10817 | 10803
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Fig. 3 (a) Preparation of the ZIF-8/MWCNTs composite; (b) CV curves for 5 mM rutin generated by the bare GCE, MWCNTs/GCE, and ZIF-8/
MWCNTs/GCE sensors; (c) electrochemical response of the ZIF-8/MWCNTs/GCE sensor to rutin at different scanning rates. Reprinted with
permission from ref. 69. Copyright 2021 Analytical Methods.
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MOF, as well as the excellent conductivity and stability of GN,
the Cu-MOF-GN/GCE sensor exhibits excellent electrocatalytic
performance for detecting HQ and CT. The recovery rate ach-
ieved by this sensor for the detection of HQ and CT in tap water
is 99.0–102.9%, and the RSD is below 5% for ve consecutive
replicates; this indicates that this composite can be used for
detecting HQ and CT in real-world samples.

Cui et al.76 introduced dendrimer polyamidoamine (PAMAM)
and ERGO into the synthesis process of Cr-MOFmaterial, which
Fig. 4 (a) Preparation of the Zn/Ni-ZIF-8/XC-72/Nafion suspension; (b)
sensor. Reprinted with permission from ref. 64. Copyright 2021 Environm

10804 | RSC Adv., 2023, 13, 10800–10817
made the prepared composites have good crystallinity, small
size and large specic surface area. The hydrogen link and p–p

bond synergistically improved the electrical conductivity of
PAMAM/Cr-MOF/ERGO composite, increasing the electro-
chemical active area and sensing sensitivity of the constructed
sensors. Under optimized conditions, the linear ranges and
LOD of sensor for 1-OHPyr are 0.1–6.0 mM and 0.075 mM,
respectively. Additionally, this sensor exhibits good selectivity,
reproducibility, and stability. This study provides experimental
detection of Pb(II) and Cu(II) using the Zn/Ni-ZIF-8/XC-72/Nafion/GCE
ental Research.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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references for the development and application of electro-
chemical sensing platforms.

Zeng et al.77 developed the Cu-MOF/Fe3O4-GO/GCE electro-
chemical sensor by modifying GCE with the as-prepared Cu-
MOF/magnetic Fe3O4-graphene oxide (Fe3O4-GO) composite
for rapid detection of zearanene (ZEA) in breakfast cereals, corn
our, and rice our. As indicated by the density functional
theory (DFT), Cu-MOF on the Fe3O4-GO surface promotes elec-
tron transfer between energy bands, thereby facilitating rapid
oxidation of ZEA on the sensor surface. Additionally, this sensor
shows excellent stability, high selectivity, a wide linear range
(159.2–2865.2 ng mL−1), and a low LOD (23.14 ng mL−1).
2.3 MOF/XC-72 composite

XC-72, which is known for its large specic surface area, excel-
lent thermal stability, outstanding conductivity, and good
biocompatibility, has been employed for loading MOF mate-
rials.78,79 Currently, the MOF/XC-72 composites have been
widely used for electrochemical detection of target molecules.

Li et al.64 developed a novel electrochemical sensor by using
the Zn/Ni-ZIF-8/XC-72/Naon composite as an electrode surface
modier for simultaneous detection of Pb(II) and Cu(II) (Fig. 4).
Owing to the large specic surface area of Zn/Ni-ZIF-8 and high
conductivity of XC-72, the Zn/Ni-ZIF-8/XC-72/Naon/GCE
sensor exhibits excellent electrochemical response for Pb(II)
detection (0.794–39.6 ppm) and Cu(II) (0.397–19.9 ppm), with
LODs of 0.0150 and 0.0096 ppm, respectively. Additionally, this
sensor shows a good recovery rate for the detection of heavy
metal ions in lake water and honey, thereby demonstrating its
excellent potential for simultaneously detecting multiple heavy
metal ions in real-world samples.

Zhang et al.80 developed the UIO-66-NO2@XC-72/GCE elec-
trochemical sensor by modifying GCE with the UIO-66-
NO2@XC-72 composite via hydrothermal synthesis for simul-
taneous detection of AA, DA and UA (Fig. 5). Individual and
simultaneous detection of AA, DA and UA are achieved by using
the DPV method. Due to the large surface area of UIO-66-NO2,
Fig. 5 Preparation of the UIO-66-NO2@XC-72/GCE sensor and the cor
Reprinted with permission from ref. 80. Copyright 2017 RSC Advances.

© 2023 The Author(s). Published by the Royal Society of Chemistry
good conductivity of XC-72 and hydrogen bonding between
UIO-66-NO2 and the target analyte, the composite is very suit-
able to be used as sensor modier. The oxidation peak current
of this sensor exhibits excellent linearity with the concentration
of target molecules; the detection ranges of AA, DA and UA are
0.2–3.5, 0.03–2.0 and 0.75–22 mM, respectively, and the LODs of
AA, DA and UA are 0.12, 0.05, and 0.03 mM (S/N = 3), respec-
tively. Overall, this sensor delivers promising results for detec-
tion of AA, DA and UA in real-world samples.
3. MOF/MNPs composite

Owing to their unique electronic structure, high chemical
activity, and special size and shape, MNPs have attracted
considerable attention.81,82 Combined with MOF, MNPs can
promote the conductivity of MOF and signicantly improve the
catalytic performance of the MOF/MNPs composite. By modi-
fying the electrode, the constructed electrochemical sensor can
sensitively and efficiently detect the target molecules. However,
the applicability of MNPs has been severely limited by
agglomeration and poor stability. These drawbacks can be
eliminated by encapsulating MNPs into nano-cavities or open
channels of MOF.83 Additionally, MOF/MNPs composites have
been widely applied in electrochemical sensor owing to their
good conductivity as well as optical and catalytic perfor-
mances84,85 (Table 4).
3.1 MOF/Au nanoparticles (AuNPs) composite

Owing to their good conductivity, AuNPs can signicantly
reduce the distance between electron donors and acceptors, and
accelerate the transfer of electrons to the electrode surface,
thereby enhancing selectivity and sensitivity of the corre-
sponding sensors.94–96 The presence of MOF can control the size
of AuNPs and prevent agglomeration of the composite. Hence,
MOF/AuNPs composites can be used in a wide range of appli-
cations for improving the performance of modied electrodes.
responding mechanisms governing redox reactions of AA, DA and UA.

RSC Adv., 2023, 13, 10800–10817 | 10805
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Table 4 Application of MOF/MNPs in electrochemical sensors

MOF composites Target analysis Linear range Limit of detection (LOD) References

Au-MOF-5 Nitrobenzene nitrite 20 mM–6.0 mM 15.3 mM 86
5.0 mM–65 mM 1.0 mM

Ag@MOF-5(Zn) 2-Nitrophenol 0.1–10 mM 0.09 mM 87
50–200 mM

Ag@ZIF-67 Glucose 2–1000 mM 0.66 mM 88
Pt@MIL-101(Cr) Xanthine 0.5–162 mM 0.42 mM 89
AuPd/UiO-66-NH2 Nitrite 0.05–5666 mM 0.01 mM 90
Au/Cu-MOF Nitrite 0.1 mM–10 mM 82 nM 91
Pt@UIO-66-2 Hydrazine 0.05–4017.6 mM 0.024 mM 92
Cu-in-ZIF-8 Glucose 0–0.7 mM 2.76 mM 93
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Sun et al.97 developed a voltammetric detection method for
sensitive analysis of sunset yellow (SY) and Sudan I based on
AuNPs/Zr-MOF-graphene composite modied GCE. The
prepared composite not only has the benets of a single
material, but also can prevent the disordered aggregation of
AuNPs on MOF material, greatly enhancing the analytical
performance of the sensor toward SY and Sudan I. The excellent
electrochemical performance can be ascribed to the high cata-
lytic activity of AuNPs/Zr-MOF and the quick electron transfer
rate of graphene. Under the optimal conditions, the constructed
sensor has wide linear range (0.1–1000 mM and 0.1–800 mM) and
low detection limits (0.1 mM and 0.1 mM). In addition, the
AuNPs/Zr-MOF-Graphene/GCE sensor has also been success-
fully applied to the real detection of SY in beverages and Sultan I
in chili powder, and obtained satisfactory recoveries (92.89–
109.87%). The above results indicate that the sensor has great
potential application in the detection of azo dyes (Fig. 6).

Hatamluyi et al.98 developed a highly sensitive molecular
imprinting electrochemical sensor for detecting patulin (Fig. 7).
Specically, GCE was modied with N-doped graphene
quantum dots (N-GQDs) and Au@Cu-MOF, and the MIP/
Fig. 6 Detection of SY and Sudan I using the AuNPs/Zr-MOF-Graphene
Food Control.

10806 | RSC Adv., 2023, 13, 10800–10817
Au@Cu-MOF/N-GQDs/GCE electrochemical sensor was devel-
oped using electropolymerization. The presence of N-GQDs
signicantly enhanced sensing conductivity, and the unique
structure of Au@Cu-MOF signicantly increased the number of
binding sites on the polymer. This sensor exhibits a wide linear
range (0.001–70.0 ng mL−1) and low LOD (0.0007 ng mL−1) for
patulin, as well as good selectivity, stability and reproducibility.
This sensor shows promising recovery rates (97.6–99.4%) for
patulin detection in apple juice, suggesting that it can be used
for rapid detection of patulin in real-world samples.

Dang et al.99 prepared the AuNPs-NH2/Cu-MOF composite by
graing ammoniated AuNPs (AuNPs-NH2) to Cu-MOF, and
developed the AuNPs-NH2/Cu-MOF/GCE sensor for detecting
H2O2. The recognition of H2O2 by the fabricated sensor was
carried out as following: through the reversible reaction
between Cu2O and CuO in MOF material, the electron was
captured by H2O2, and then the corresponding electrochemical
reduction reaction occurred, resulting in the formation of OH
and H2O. This sensor shows a wide linear range (5–850 mM), low
LOD (1.2 mM), and high sensitivity (1.71 mA cm−2 mM−1).
Consequently, the AuNPs-NH2/Cu-MOF/GCE electrochemical
/GCE sensor. Reprinted with permission from ref. 97. Copyright 2022

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Development of the MIP/Au@Cu-MOF/N-DGQs/GCE sensor and application for patulin detection. Reprinted with permission from ref.
98. Copyright 2020 Sensors and Actuators B: Chemical.
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sensor is highly promising for detecting H2O2 released by HeLa
cells. Sun et al.100 established the ZIF-8/AuNPs/PVP-rGO/GCE
electrochemical sensor by modifying a GCE with poly-
vinylpyrrolidone (PVP)-dispersed reduced graphene oxide (PVP-
rGO), AuNPs, and ZIF-8 for highly sensitive detection of salbu-
tamol (SAL). Herein, the porous structure of ZIF-8 facilitates SAL
adsorption on the modied electrode. Meanwhile, the syner-
gistic effect of PVP-rGO and AuNPs, both of which have excellent
conductivity, signicantly enhance the electrochemical activity
of the sensor. Compared with conventional sensors, this sensor
shows superior electrochemical performance, with the linear
detection range and LOD for SAL being 0.001–5 nM and
0.001 nM, respectively. Additionally, this electrochemical
sensor exhibits excellent recovery rates (94.0–107.0%) for SAL
detection in pork.
3.2 MOF/Ag nanoparticles (AgNPs) composite

AgNPs are characterized by low costs, low toxicity, and good
catalytic performance. The abundant active sites on the surface
of AgNPs can promote electron transfer.101,102 Electrode modi-
cation with the MOF/AgNPs composite prevents agglomera-
tion of AgNPs in the solution, amplies the current signals, and
enhances the electron transfer rate, thereby achieving highly
sensitive detections.103–105

Tang et al.106 prepared an Ag-doped CoNi MOF (Ag–CoNi-
MOF) composite and developed the Ag–CoNi-MOF/GCE elec-
trochemical sensor for detecting luteolin by modifying GCE
with this composite (Fig. 8). The Ag–CoNi-MOF composite
© 2023 The Author(s). Published by the Royal Society of Chemistry
exhibits high specic surface area and conductivity, thereby
providing abundant active sites for luteolin. Under optimized
experimental conditions, electrochemical detection of luteolin
was conducted using the DPV method with high sensitivity. The
results demonstrate that the DPV method shows a good line-
arity in the range of 0.002–1.0 mM, while exhibiting an LOD of
0.4 nM (S/N = 3). Additionally, this sensor shows a good
performance for luteolin detection in human urine samples,
with high selectivity and sensitivity.

Dong et al.107 prepared the Ag@ZIF-67 composite by encap-
sulating AgNPs into ZIF-67 at room temperature, and then
developed the Ag@ZIF-67/GCE sensor for detecting H2O2.
Owing to the synergistic effect of Ag and ZIF-67, the Ag@ZIF-67/
GCE sensor exhibits electrocatalytic activity toward H2O2. This
sensor has three linear ranges for detecting H2O2 (5.0–275 mM,
775–2775 mM and 4775–16775 mM), while exhibiting an LOD of
1.5 mM. Additionally, this sensor shows good stability, repro-
ducibility and specicity. It also exhibits high recovery rates for
detection of real-world samples of H2O2 disinfectants, sug-
gesting that Ag@ZIF-67 can be used for development of elec-
trochemical sensors.

Fan et al.108 constructed an electrochemical sensor for Cl−

sensitive detection using ZIF-67/AgNPs/polydopamine (PDA)
composite with yolk–shell structure and diameter of 400–
600 nm as the modication material of GCE (Fig. 9). As
a protective layer, the PDA coating greatly decreases the release
of AgNPs from the ZIF-67 substrate and provides a more stable
electrochemical response for the determination of Cl−. This
RSC Adv., 2023, 13, 10800–10817 | 10807
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Fig. 8 Development of the Ag–CoNi-MOF/GCE sensor and application in electrochemical detection of luteolin. Reprinted with permission from
ref. 106. Copyright 2022 Microchemical Journal.
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electrochemical sensor exhibits promising recovery rates
(93.37–109.85%) for Cl− detection in articial sweat samples.
Meanwhile, the ZIF-67/AgNPs/PDA/GCE sensor exhibits high
sensitivity, selectivity and stability for Cl− detection.

Saedi et al.109 prepared the AgNPs/CuMOF/PPy-rGO
composite using the hydrothermal method and developed an
electrochemical sensor for detecting metronidazole (MTZ) by
employing a carbon-pasted electrode (CPE) modied by the
AgNPs/CuMOF/PPy-rGO composite as the working electrode
(Fig. 10). The AgNPs/CuMOF/PPy-rGO composite amplies the
electrochemical signals of the developed sensor and decreases
LOD. For the B-R buffer containing MTZ, the linear range and
LOD of this sensor are 0.08–160 mM and 24 nM, respectively.
Additionally, this sensor shows excellent sensitivity and
Fig. 9 Preparation of the ZIF-67/AgNPs/PDA/GCE sensor and electro
Copyright 2022 Journal of Electroanalytical Chemistry.

10808 | RSC Adv., 2023, 13, 10800–10817
selectivity for the detection of MTZ in tablets and human urine
samples, thereby demonstrating the excellent potential of this
composite in antibiotic monitoring.
3.3 MOF/Pt nanoparticles (PtNPs) composite

PtNPs are characterized by higher catalytic activities compared
to those of other noble metal NPs. Hence, encapsulation of
PtNPs in MOF has been prevalent in electrochemical sensing as
it can effectively control the size of PtNPs and improve catalytic
activity and selectivity.110–112

Zhang et al.89 developed a non-enzyme electrochemical
platform for detection of xanthine (XA). Herein, MIL-101 (Cr)
with a porous cage structure and large specic surface area was
employed as the framework for loading PtNPs (Fig. 11). Owing
chemical detection of Cl−. Reprinted with permission from ref. 108.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Preparation of AgNPs/CuMOF/PPy-rGO nano-composites. Reprinted with permission from ref. 109. Copyright 2021 Journal of the
Chinese Chemical Society.
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to the ordered crystal structure and large specic surface area of
MIL-101 (Cr) as well as the high conductivity of PtNPs, this
sensor shows excellent sensing performance for XA, with
a linear range of 0.5–162 mM and LOD of 0.42 mM. Additionally,
the Pt@MIL-101(Cr)/GCE electrochemical sensor delivers
promising recovery rates (100.80–103.00%) for XA detection in
human serum samples.

Saeb et al.29 reported the Fe-MOF/PtNPs/GCE sensor for
detecting tinidazole (TDZ). The electrochemical performance of
Fig. 11 Mechanism of molecular recognition of XA at the Pt@MIL-101(C
Microchimica Acta.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the Fe-MOF/PtNPs/GCE sensor was investigated using the DPV
method. The Fe-MOF/PtNPs composite increases the number of
electrocatalytic active sites for TDZ and facilitates electron
transfer between the electrode and TDZ. Thus, this sensor
exhibits a wide linear range (0.02–525 mM), low LOD (43 nM),
good selectivity and excellent stability. Additionally, it also
shows high recovery rates (98.28–108.33%) for TDZ detection in
human plasma.
r)/GCE sensor. Reprinted with permission from ref. 89. Copyright 2018

RSC Adv., 2023, 13, 10800–10817 | 10809
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4. MOF/metallic oxides composite

Metallic oxides have attracted considerable attention owing to
their good catalytic performance, unique magnetism and
excellent photoelectric characteristics.113–116 Metallic oxides
(e.g., CuO, ZnO, Al2O3, Fe3O4, and TiO2) mostly belong to
semiconductor material. When they are combined with MOF,
the materials can strengthen their dispersion in MOF/metal
oxides composites. In addition, the large surface area and
abundant active sites of the prepared composites can provide
a microenvironment suitable for the electrochemical reaction of
target molecules, which is helpful to the effective identication
and rapid detection of target object117,118 (Table 5).
4.1 MOF/Fe3O4 composite

Owing to their large specic surface area, abundant active
centers, high catalytic efficiency, and good adsorption capacity,
magnetic nano-materials have been thoroughly investigated
and widely applied.125–127 Fe3O4 is one of the most widely used
magnetic nano-materials because MOF/Fe3O4 composites
exhibit the synergistic effect of MOF and Fe3O4, and can effec-
tively prevent agglomeration of these composites. Conse-
quently, MOF/Fe3O4 composites show excellent potential for
electrochemical sensing.

Chang et al.128 polymerized DA onto the surface of Fe3O4

nanoparticles, and then combined it with CuSO4 and H3BTC to
prepare magnetic Fe3O4@PDA@MOF material, which was
applied to construct Fe3O4@PDA@MOF@MIP electrochemical
sensor for detecting oxytetracycline. The introduction of MOF
can increase the surface area of Fe3O4 nanoparticles, thus
increasing the number of pores and effective binding sites of
MIP, so that the sensor has an obvious electrochemical
response to tetracycline. Moreover, the fabricated sensor also
exhibits wide linear range, good reproducibility and strong anti-
interference ability, and can perform highly sensitive detection
of tetracycline in milk samples.

Salman et al.120 prepared the MIL-101(Fe)@Fe3O4 composite
and developed an electrochemical sensor by modifying GCE
with the MIL-101(Fe)@Fe3O4 composite for detecting H2O2.
Compared with bare GCE, the MIL-101(Fe)@Fe3O4/GCE sensor
shows excellent electrochemical activity during electrocatalytic
reduction of H2O2 as it provides effective electron transfer
channels for target molecules. Under optimized conditions, the
oxidation peak current has a good linearity with the H2O2

concentration (5–55 mM), an LOD of 0.15 mM (S/N = 3), and
Table 5 Application of MOF/metallic oxide composites in electrochemi

MOF composites Target analysis Linear r

UiO-66-NH2/TiO2 Chlorogenic acid 0.01–15
MIL-101(Fe)@Fe3O4 H2O2 0.005–0
Fe3O4@ZIF-8/RGO Dopamine 0.002–1
ZnO@ZIF-8 Sulfamethoxazole 0.04–50
CuO/ZIF-8@NiF Glucose 0.5–120
CuONPs/Ce-MOF Glucose 5 nM–8

10810 | RSC Adv., 2023, 13, 10800–10817
a sensitivity of 68.8312 mAmM−1 cm−2. Additionally, this sensor
shows good reproducibility, long-term stability and high
selectivity.

Wang et al.121 prepared the Fe3O4@ZIF-8/rGO composite and
developed the Fe3O4@ZIF-8/rGO/GCE sensor by modifying GCE
with the Fe3O4@ZIF-8/rGO composite for highly sensitive
detection of DA (Fig. 12). Owing to large specic surface area of
MOF and high conductivity of graphene, this composite shows
high electrocatalytic activity for DA detection. Under optimized
conditions, the oxidation peak current of DA during the DPV
method has a good linearity (2 nM–10 mM) and an LOD of
0.667 nM. Thus, this method is optimal for electrochemical
detection of DA.
4.2 MOF/ZnO composite

ZnO is a key wide-bandgap semiconductor material that has
been widely utilized in photocatalytic, drug delivery and sensor.
However, vacancies and defects of ZnO can barely be controlled
during preparation process. Consequently, stability and cata-
lytic efficiency of ZnO oen fall short of the demand.129–131

Recently, MOF/ZnO composite enhanced the catalytic perfor-
mance of ZnO and diversied the functions of MOF, resulting in
widespread use of this composite for sensing.

Li et al.132 prepared the UIO-66-NH2/ZnO nano-composite
with stabilized performances via ultrasonic mixing of UIO-66-
NH2 and ZnO, and then developed an electrochemical sensor
for detecting Cu2+ (Fig. 13). This composite has abundant –OH
and –NH2, thereby providing plentiful active sites for Cu2+.
Under optimized conditions, this sensor has a good linearity
(0.2–0.9 mM), an LOD of 0.01435 mM and a sensitivity of 6.46 mA
mM−1. Additionally, this sensor shows excellent performance for
rapid detection of Cu2+ in real-life water samples.

Guo et al.122 developed the ZnO@ZIF-8/CPE sensor for trace
detection of sulfamethoxazole (SMX) by modifying CPE with the
as-prepared ZnO@ZIF-8 nano-composite. Compared with bare
CPE, the oxidation peak current of the ZnO@ZIF-8/CPE sensor
triggered by SMX increases signicantly owing to the large
specic surface area and high electron transfer rate of
ZnO@ZIF-8. Under optimized conditions, the ZnO@ZIF-8/CPE
sensor shows a wide linear range (0.04–50 mM) and low LOD
(0.02 mM) for SMX. Additionally, this sensor exhibits good
stability, selectivity, specicity and reproducibility. Thus, this
sensor has been applied for electrochemical detection of SMX in
eggs.
cal sensors

ange Limit of detection (LOD) References

mM 7 nM 119
.02 mM 1.76 mM 120
0 mM 0.667 nM 121
mM 0.02 mM 122
mM 0.1 mM 123
.6 mM 2 nM 124

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Development of the Fe3O4@ZIF-8/RGO/GCE sensor and electrochemical detection of DA. Reprinted with permission from ref. 121.
Copyright 2015 RSC Advances.
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4.3 MOF/CuO composite

As a key narrow-bandgap (1.2 eV) P-type semiconductor, CuO
shows excellent physical and chemical properties. Hence, CuO
has been widely applied in catalysis, sensing, and
batteries.133–136 Recently, CuO combined with MOF to construct
MOF/CuO composite has been employed for developing
enzyme-free glucose sensors, which can achieve highly sensitive
detection.

Deng et al.123 developed the CuO/ZIF-8@NiF electrochemical
sensor for glucose detection by assembling CuO/ZIF-8 in Ni
foam (NiF) (in pores and on surface). The presence of the CuO/
ZIF-8@NiF composite increases surface area with a rise in
electrochemical activity and enhances electron transfer effi-
ciency. This sensor shows excellent electrocatalytic activity,
Fig. 13 Highly sensitive detection of Cu2+ at the UiO-66-NH2/ZnO/GCE
Advances.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a wide linear range (0.5–120 mM), low LOD (0.1 mM), and high
sensitivity (5640 mA mM−1 cm−2) for glucose. Additionally, the
recovery rate of this sensor for glucose detection in human
blood samples is 101.08–104.53%.

Zhang et al.124 prepared the CuONPs/Ce-MOF composite via
in situ adsorption of CuO on Ce-MOF, and developed the
CuONPs/Ce-MOF/GCE electrochemical sensor by modifying
GCE with the CuONPs/Ce-MOF composite for glucose detection
(Fig. 14). The Cu(II) is oxidized to Cu(III) on the surface of the
constructed sensor, and Cu(III) plays the role of catalyst, which
can quickly oxidize glucose into gluconolactone and further
produce glucose acid. Under optimized conditions, this sensor
shows a good linearity (5 nM–8.6 mM) for glucose, with an LOD
of 2 nM. Additionally, this sensor shows excellent selectivity,
sensor. Reprinted with permission from ref. 132. Copyright 2022 RSC

RSC Adv., 2023, 13, 10800–10817 | 10811
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Fig. 14 Mechanism of glucose detection at the CuONPs/Ce-MOF/GCE sensor. Reprinted with permission from ref. 124. Copyright 2019 Ionics.
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reproducibility, and stability, rendering it suitable for the
accurate detection of glucose in human serum. Consequently,
CuONPs/Ce-MOF/GCE is a promising non-enzymatic sensor for
glucose.

5. Other MOF composites

Besides the MOF composites mentioned above, enzymes and
polyoxometalates (POM) with excellent catalytic performance
are combined with MOF to develop new functions that expand
the application scope of MOF/enzyme and MOF/POM compos-
ites. Owing to their unique physical and chemical properties,
these composites have been applied in various elds, especially
electrochemical sensor.

5.1 MOF/enzyme composite

Enzymes are proteins with catalytic functions, and their cata-
lytic efficiencies tend to be higher than those of conventional
inorganic catalysts. Nevertheless, enzymes are hindered by their
low stability, difficult recovery, easy denaturization and
inactivation.137–139 MOF as immobilized carrier can well protect
Fig. 15 Preparation of the BCL@MOF nanofibers/chitosan/GCE biosens
140. Copyright 2019 Talanta.

10812 | RSC Adv., 2023, 13, 10800–10817
enzyme activity. Even in some unnatural environments (high
temperature, organic solvent, etc.), MOF can also effectively
prevent a large number of enzyme inactivation, so that the
enzyme is easy to separate, efficient recovery and utilization,
improving the life and efficiency of the enzyme.

Wang et al.140 prepared the Burkholderia cepacia lipase (BCL)
@MOF nano-ber composite by using synthetic MOF bers,
and then developed an electrochemical biosensor by modifying
GCE with the BCL@MOF nano-ber using chitosan for detect-
ing methyl parathion (MP) (Fig. 15). The developed BCL@MOF
nano-ber/chitosan/GCE sensor shows a wide linear range (0.1–
38 mM), low LOD (0.067 mM), and high sensitivity for MP.
Additionally, this sensor shows good reproducibility and
stability. Aer storage for three weeks, the response of this
sensor to MP exceeds 80% of the initial response. Additionally,
this sensor has been used for accurate detection of MP in
vegetables.

Song et al.141 prepared the Cu-BTC MOF/3D-KSC electrode by
growing the Cu-BTC MOF on a 3D macroporous carbon elec-
trode (3D-KSC). Meanwhile, AuNPs were deposited on this
electrode via electrodeposition, which was followed by
or and sensitive detection of MP. Reprinted with permission from ref.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Detection mechanism of glucose at 3D-KSCs/Cu-BTC MOF/AuNPs/GOD sensor. Reprinted with permission from ref. 141. Copyright
2018 Sensors and Actuators B: Chemical.
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immobilization of glucose oxidase (GOD), to develop the 3D-
KSCs/Cu-BTC MOF/AuNPs/GOD sensor (Fig. 16). The size of
the prepared AuNPs was about 10–20 nm, which can not only x
GOD, but also improve the conductivity of Cu-BTC MOF. Due to
the synergistic effect between Cu-BTC MOF and AuNPs, the
prepared composite has high electrocatalytic activity, which can
make glucose quickly produce gluconic acid. Under optimized
experimental conditions, this sensor shows good linearity for
glucose in the ranges of 0.0449–4.0 mM and 4.0–19.0 mM, while
exhibiting an LOD of 14.77 mM. Additionally, this sensor
exhibits high selectivity and good reproducibility for glucose
detection in serum. Overall, this sensor provides a reliable and
accurate approach for glucose detection.

5.2 MOF/POM composite

POM is a metal–oxygen cluster compound with a cage structure.
Typically, POM exhibits unique electrochemical redox activity
and can participate in fast and reversible multi-electron transfer
reactions. Consequently, POM has been regarded as a prom-
ising electrocatalytic material.142,143 Composites prepared by
encapsulating POM into MOF are characterized by their large
specic surface area, high chemical stability, and easy
reusability.144,145

Fernandes et al.146 prepared a novel hybrid composite
PMo10V2@MIL-101 by encapsulating tetra-butyl ammonium
(TBA) of [PMo10V2O40]

5−(PMo10V2) intoMIL-101(Cr), aer which
they developed an effective electrochemical sensor bymodifying
a graphite electrode (PG) with PMo10V2@MIL-101. Owing to the
large specic surface area and unique pore structure of MIL-
101, as well as the excellent electrochemical activity of
PMo10V2, this sensor exhibits good electrochemical responses
for both individual and simultaneous detection of AA and DA.
Furthermore, combining MIL-101(Cr), PMo10V2, and PG is
characterized by facile preparation and low cost.

Zhang et al.147 prepared the POMOF/rGO composite by using
a one-pot process, and developed the POMOF/rGO/GCE
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrochemical sensor by modifying GCE using the POMOF/
rGO/GCE for detecting DA. POMOF has open channels and
rich metal centers, which can be used as catalytic active sites.
RGO exhibits large surface area, which can promote electron
transfer in the composite. This unique structure can adsorb DA
molecules by interacting with thep–p bond of graphene, so that
POMOF/rGO/GCE sensor has better catalytic activity for DA. The
proposed sensor has a wide linear range (1–200 mM) and a low
detection limit (80.4 nM). Additionally, the developed electro-
chemical sensor shows good stability, high selectivity, and high
interference resistance. As a non-noble metal catalyst, the as-
prepared POMOF/rGO composite shows great application
potential for DA detection, thereby facilitating the advances in
POM sensors.
6. Conclusions and outlook

Due to their structural diversity, good conductivity and
biocompatibility of MOF composites, made their wide applica-
tions in the detection of metal ions, organic pollutants, pesti-
cides, and key biomolecules (e.g., glucose, DA, UA, H2O2, AA).
Compared with traditional detection methods, the electro-
chemical detection method has the advantages of fast analysis
speed, low detection cost and easy miniaturization. Excellent
structural characteristics and large membrane surface area of
MOF composites provide recognition space for the detection of
target molecules. In addition, adjusting the pore size of the
corresponding MOF for different target objects also signi-
cantly improves the recognition ability and specic selectivity of
the fabricated sensor for target molecules.

At present, MOF composites sensors have made some
progress in laboratory and some practical samples. For
example, researchers synthesized Co-MOF by one-step method,
which has a good catalytic effect on the electrooxidation of
hydrazine and the electroreduction of nitrobenzene, and real-
ized the detection of these two substances. Au-SH-SiO2@Cu-
RSC Adv., 2023, 13, 10800–10817 | 10813
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MOF composite was prepared for determination of L-cysteine by
electrocatalytic oxidation of cysteine. Through solvothermal
synthesis of Cu(tpa)-GO-MOF material, an electrochemical
sensor for the detection of dopamine and acetaminophen was
fabricated. However, some issues need to be solved before these
sensors can be used commercially at a large scale. First, MOF
materials tend to have low structural stability and low conduc-
tivity, while catalytic active sites in these composites can barely
bind to the reactants in a rapid manner; this results in poor
detection of the target molecules by the developed sensors.
Second, although composites on the sensor are readily exposed
to decomposition in water or under UV radiation, functional
materials can enhance the conductivity of MOF under such
conditions. Consequently, development of MOF composites
with high stability, conductivity, and electrochemical response
remains a challenge. Third, despite excellent electrochemical
detection, previously reported MOF composites are limited by
high costs, complicated synthesis processes, and absence of
large-scale production. Finally, sensors based on MOF/enzyme
composites are not ready for practical applications owing to
complicated production processes, high production require-
ments, and difficult characterization; however, these compos-
ites can be used to detect specic chemical species.

The combination of MOF and functional materials equips
the MOF composites with diversied functional groups, good
conductivity, and abundant active sites; thus, these composites
exhibit suitable physical and electrochemical performances for
electrochemical sensor. Despite the great potential of MOF
composites in electrochemical sensor, large-scale production of
non-toxic and environmentally-friendly sensors for real-world
detections requires more efforts. The following conclusions
have been established in the review:

(1) To realize the large-scale application of MOF composites,
it is necessary to nd cost effective yet highly active metal
particles that can replace noble metals used in existing MOF
composites.

(2) To enhance the water stability of MOF composites and
reduce the inuences of other solvent molecules on coordina-
tion centers, a green route for synthesizing MOF composites in
aqueous solutions should be developed.

(3) Although MOF materials can be used for immobilization
and encapsulation of enzymes, the preparation method of
microporous MOF that is suitable for enzyme loading and cor-
responding production processes requires further
optimization.

(4) MOF composites can be combined with nano-ber paper,
portable uorescence detector, paper chip technology, and
smart phones to develop facile, rapid, accurate, and portable
electrochemical sensing methods.
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 Carbon nanotube

GCE
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 Multi-walled carbon nanotubes
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 Phosphate buffered solution
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 Graphene
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 Polyamidoamine

ERGO
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1-OHPyr
 1-Hydroxy pyrene
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ZEA
 Zearanene

DFT
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 Au nanoparticles
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 N-Doped graphene quantum dots

PVP
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 Polydopamine
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 Limit of detection
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 Ni foam
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MP
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 Glucose oxidase
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