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Harnessing the UiO-67 metal—organic framework
for advanced detection of cadmium ions in water
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Heavy metal ions are hazardous pollutants that pose serious threats to ecosystems and human health,
making it imperative to detect and monitor their presence in water for environmental protection. This
paper highlights the synthesis of the UiO-67 Metal-Organic Framework (MOF) without any dopants,
offering a novel approach specifically for the detection of cadmium ions (Cd?*) in agqueous
environments. Following solvothermal synthesis, Powder X-ray Diffraction (PXRD), BET nitrogen
adsorption—desorption analysis, X-ray Photoelectron Spectroscopy (XPS), and Scanning Electron
Microscopy (SEM) were used to characterize the structural and morphological features of UiO-67. The
MOF exhibited a high pore volume and surface area, which are essential for enhancing its detection
capabilities for Cd?* ions. Based on experimental findings, the proposed sensor exhibits excellent
selectivity towards Cd?* ions and a sensitivity of 3.008 pA nM~L Further, it achieves a low Limit of
Detection (LoD) of 1.43 nM pA~ and a Limit of Quantification (LoQ) of 4.34 nM pA~t. The sensitivity and
reliability of the UiO-67-modified electrode are demonstrated by these values, which qualify it for trace-
level cadmium ion detection. The ground-breaking potential of undoped UiO-67 serves as a cutting-
edge and effective tool for environmental monitoring, particularly in the detection of toxic metal ions in
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1. Introduction

Environmental monitoring plays a crucial role in identifying
and measuring contaminants that affect water, soil, and air
quality." As the global demand for clean, potable water
continues to rise, the need for accurate and continuous moni-
toring of water quality has become increasingly important. The
emergence of new pollution sources, driven by industrialization
and urbanization, poses significant threats to water
resources.””* Among the most critical environmental challenges
is Heavy Metal Ion (HMI) pollution, which presents a serious
risk to global sustainability due to its nonbiodegradable and
highly toxic nature.>”

Heavy metal ions, including cadmium (Cd), copper (Cu),
lead (Pb), arsenic (As),® and mercury (Hg), are among the most
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dangerous pollutants found in water systems.*™* These metals
primarily enter the environment through human activities,
including industrial emissions, mining operations, and the
application of pesticides. Once introduced, they can persist in
ecosystems for extended periods. Their accumulation in the
food chain results in bio-magnification, leading to increasingly
higher concentrations of these toxic metals in organisms at the
top of the food chain, including humans.” This poses significant
health risks, as exposure to even low levels of heavy metals can
cause severe damage to the immune, renal, nervous, and
hematopoietic systems.>® In response to these dangers, global
health organizations such as the World Health Organization
(WHO) and the Environmental Protection Agency (EPA) have
established stringent guidelines on permissible levels of heavy
metal ions in drinking water and the environment.’ Exceeding
these limits has been associated with a range of health prob-
lems, including neurological disorders, reproductive toxicity,
cardiovascular diseases, and an increased risk of cancer.'"*?
Traditional methods for detecting heavy metals, such as
Atomic Absorption Spectroscopy (AAS), mass spectrometry,
capillary electrophoresis*® and Inductively Coupled Plasma -
Mass Spectrometry (ICP-MS), have been widely used due to their
high sensitivity and accuracy. However, these techniques are
often expensive, require complex sample preparation, and are
not suitable for rapid, on-site analysis." This has led to
exploring alternative approaches that are more cost-effective,
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portable, and capable of providing quick results. Electro-
chemical biosensors have gained attention because of their
good response, sensitivity and potential for miniaturization.*™**

Materials utilised for detecting heavy metal ions encompass
Metal-Organic Frameworks (MOFs),"*'*"” carbon-based mate-
rials,"*>*® polymers,* and nanoparticles.” Notably, MOFs have
emerged as a highly promising group of materials for environ-
mental monitoring, especially in the detection of heavy metal
ions. MOFs are porous, crystalline materials comprised of metal
ions coordinated to organic ligands, creating a highly tunable
structure with a large surface area and high porosity.>*** Among
the various MOFs, UiO-67, a zirconium-based framework, has
garnered significant attention due to its exceptional chemical
stability, large surface area, and versatile functionalization
possibilities.

Cavka et al.** reported the discovery of UiO-66 and UiO-67,
two zirconium-based metal-organic frameworks (MOFs) with
exceptional chemical and thermal stability. ZrO,(OH), clusters
are used as inorganic nodes that are joined to organic linkers in
the framework. High stability is achieved by this structure
under a variety of circumstances, such as exposure to moisture
and high temperatures, which are generally difficult for other
MOFs. The study highlights that because of their robustness,
these zirconium-based MOFs with high porosity and wide
surface areas may find use in environmental sensing, gas
storage, and catalysis.>**

A member of the UiO (University of Oslo) family of metal-
organic frameworks (MOFs), UiO-67 is made up of zirconium
(Zr) ions coordinated with organic linkers. Compared to UiO-66,
the structure is more porous and has bigger pore diameters
because Zr clusters are used as inorganic nodes and 4,4-
biphenyl dicarboxylate is used as an organic linker. Zr clusters
are renowned for their exceptional chemical and thermal
stability, which gives UiO-67 exceptional resistance to extreme
environmental factors, including high temperatures and acidic
or basic environments.?®?” UiO-67, a zirconium-based metal-
organic framework, can be modified in several ways to enhance
its performance for different applications.

The basic form of UiO-67 has a high surface area and large
pore size, making it ideal for gas adsorption, catalysis, and
environmental sensing. It can be functionalized with amine
(Ui0-67-NH,), sulfonic acid (UiO-67-SO;H), or carboxylic acid
(Ui0-67-COOH) groups to improve interaction with specific
molecules, enhance proton conductivity, or boost adsorption
efficiency. UiO-67 can also be modified with hydroxyl groups
(Ui0-67-0OH) for increased chemical reactivity or doped with
metals such as copper, iron, or nickel to improve catalytic
performance. Embedding nanoparticles, like gold (UiO-67-Au)
or palladium (UiO-67-Pd), enhances catalytic properties for
reactions involving metals. Composites with materials like
graphene oxide increase its electrical conductivity, making it
suitable for electrochemical applications. UiO-67 can also be
combined with ionic liquids to improve gas capture and sepa-
ration, particularly for CO,, or functionalized with thiophene to
enhance conductivity and catalytic activity in sulfur-related
processes. These diverse modifications allow UiO-67 to be

tailored for various applications, from environmental
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monitoring to catalysis and sensing. For a number of bio-
related uses, including drug delivery, anti-cancer activity, bio-
sensing, and imaging, Zr-MOFs and their composites have been
extensively studied. Functionalization with specific ligands
enables UiO-67 to direct its payload to tumour cells, where
controlled drug release can be triggered by specific stimuli,
such as pH changes or enzyme activity.”*>°

The properties of UiO-67 are particularly suitable for the
adsorption and detection of toxic metal ions in aqueous envi-
ronments.'*'”** Specifically, it's robust structure allows for the
incorporation of specific functional groups that can selectively
interact with heavy metal ions, enhancing the sensitivity and
selectivity of the detection process.** The material's high surface
area and porosity enhance its ability to effectively capture and
concentrate metal ions from water samples, allowing for
detection at very low concentrations. This makes UiO-67 an
ideal candidate for developing advanced sensors for environ-
mental applications, particularly in scenarios where rapid and
accurate detection is critical.'”*3%

Previous research on zirconium-based metal-organic
frameworks (MOFs), especially UiO-67, has emphasized their
potential for environmental applications, such as heavy metal
detection, due to their exceptional stability, high surface area,
and porous structure. Studies have shown that functionalizing
UiO-67 with various groups (e.g., amine, sulfonic acid) or
embedding nanomaterials (e.g., gold or palladium nano-
particles) enhances selectivity, sensitivity, and catalytic proper-
ties, allowing for specific interactions with target heavy metal
ions. These modifications are often applied to improve UiO-67's
capacity to capture and detect specific ions in complex envi-
ronmental settings.**** Also, most previous studies focus on
either the structural or catalytic aspects of UiO-67 without fully
exploring its electrochemical potential for real-time environ-
mental monitoring at regulatory threshold levels (e.g., EPA and
WHO standards).*>*

However, despite these advances, there remains a gap in
understanding the intrinsic capabilities of undoped, unmodi-
fied UiO-67 for heavy metal detection, specifically for cadmium
ions. In our proposed work, we uniquely employ undoped UiO-
67 without any functional group modifications or nanomaterial
incorporation, focusing solely on the inherent properties of this
pristine MOF. This approach underscores the powerful
adsorption capacity and selectivity that undoped UiO-67 can
naturally provide, particularly in electrochemical sensing. By
leveraging the intrinsic porosity, surface area, and structural
robustness of UiO-67, we aim to demonstrate its efficacy in
detecting cadmium ions at trace levels, achieving both low
limits of detection (LoD) and quantification (LoQ) without
added complexity from functionalization. This undoped
approach not only simplifies the sensor fabrication process but
also highlights UiO-67's baseline performance, offering
a straightforward, cost-effective, and reliable solution for envi-
ronmental monitoring. Thus, our work fills a critical research
gap by showcasing the standalone effectiveness of undoped
UiO-67 for trace-level cadmium detection, reaffirming its value
as a versatile and robust MOF for environmental sensing
applications.
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In this context, the current work focuses on the application
of UiO-67-based materials for developing electrochemical
sensors designed to detect cadmium ions. By harnessing the
unique properties of UiO-67, these sensors aim to detect metal
ions at concentrations below the safety thresholds established
by the EPA and WHO.

2. Materials & methods

2.1. Chemicals

Zirconium chloride (ZrCl, (purity > 98%), MW: 233.02 g mol )
was sourced from TCI Chemicals India; glacial acetic acid
(CH3COOH (purity > 99.8%), MW: 58.08 g mol ') was supplied
by CDH India; 4,4’-biphenyl dicarboxylic acid (BPDC (purity >
98%), MW: 242.23 g mol ') was obtained from TCI Chemicals
India; N,N-dimethylformamide (DMF (purity > 99.5%), MW:
60.05 g mol ') and acetone (C;HqO (purity > 99.5%) MW: 58 g
mol ") were provided by Avra India.

2.2. Synthesis of UiO-67 MOF

To prepare the UiO-67 metal-organic framework, 4 mmol of
ZrCl, was dissolved in 100 mL of N,N-dimethylformamide
(DMF) with a subsequent addition of 10 mL acetic acid and
6 mL deionized water under continuous stirring. The reaction
solution was subjected to sonication for 20 min to get
a complete and homogeneous reaction mixture. Then, 4 mmol
of 4,4'-biphenyl dicarboxylic acid (BPDC) was added to the
solution under stirring for an additional 20 min. Afterwards, the
solution was transferred to a hot air oven and heated at 120 °C
for 24 hours. Once cooled to room temperature, the resulting
sample was collected by centrifugation and subsequently
washed three times each with DMF and acetone. Finally, the
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a container for further use. The schematic representation of the
UiO-67 synthesis process is shown in Fig. 1.

2.3. Fabrication of UiO-67 MOF-modified glassy carbon
electrode (GCE) electrode

To perform electrochemical sensing, a working electrode,
a Glassy Carbon Electrode (GCE) was polished using alumina
slurries of various particle sizes (1, 0.3 and 0.05 um) followed by
cleaning with ethanol and distilled water to clean the electrode
surface. In parallel, 3 mg of UiO-67 in 0.5 mL of DMF (dime-
thylformamide) was subjected to sonication for 15 min to ach-
ieve a homogeneous and well-dispersed solution of UiO-67
particles. Then, 3 uL volume of the well-dispersed UiO-67 was
drop-casted over the GCE surface. The conformal coating of
UiO-67 layer was obtained by keeping the drop-casted GCE to
dry at room temperature and utilized the same for electro-
chemical studies.

2.4. Characterization studies

The Powder X-ray Diffraction (PXRD) analysis was carried out
using a Bruker D8 ADVANCE system (Germany), allowing for
precise determination of crystallographic properties. The
morphological features were examined using a Field Emission
Scanning Electron Microscope (FESEM, JEOL-6701F, Japan)
providing detailed insights into the nanostructure's surface and
internal characteristics. To analyze functional groups, a Fourier
Transform Infrared Spectrometer (FT-IR, Alpha-T, Bruker, Ger-
many) was employed. Additionally, X-ray Photoelectron Spec-
troscopy (XPS) was conducted using a K-ALPHA from Thermo
Scientific in the UK, facilitating the study of elemental compo-
sition and chemical states. The surface area and porosity were
assessed with a BET surface area analyzer (ASAP 2020, Micro-

sample was dried under vacuum at 80 °C for 24 h and stored in  meritics, USA), while electrochemical and impedance
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Fig. 1 Schematic representation of UiO-67 synthesis process.
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properties were explored using a Squid stat (Admiral Instru-
ments, USA) electrochemical workstation.

3. Results and discussion

3.1. Characteristic features of UiO-67 MOF

Fig. 2(a) displays the powder X-ray diffraction pattern (PXRD) of
as-synthesized UiO-67 and the existence of characteristic peaks
confirmed the crystallinity and formation of the framework. The
observed peaks at 5.8°, 6.7°, 9.1°,11.0°, 11.6°, 13.3°, 19.6°, 19.9°,
23.8°,26.6°, and 28.9° correspond to the (111), (002), (022), (113),
(222), (004), (133), (024), (006), and (444) crystallographic planes,
respectively. This is in good agreement with crystallographic card
number 4512073. The consistency of these crystallographic peaks
with the existing reports** inveterate a well-defined crystalline
structure characteristic of the UiO-67 framework.

From Fig. 2(b), it was revealed that UiO-67 crystals have
exhibited regular octahedron structure morphology and the
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existence of corresponding elements (C, O, & Zr) were confirmed
from the EDS mapping as shown in Fig. 2(c and d), which is in
line with existing report.*” The estimated atomic percentage of
elements is given in the inset of Fig. 2(d).

FTIR spectrum of UiO-67 is presented in Fig. 3(a). The
characteristic peaks at 655 and 775 cm ™" correspond to Zr-O
bonding vibration.** The peak centred at 1398 cm ™" is due to
C=C bonding vibrations of the benzene ring in a ligand
moiety.>* The peaks at 1545 and 1604 cm ' are due to the
coordinated carboxylate groups (COO™) in a framework.*** A
broad peak at 3422 cm ' is attributed to O-H stretching
vibrations, which arise from the hydroxyl groups in water
molecules associated with the carboxylate group of BPDC and
intercalated water molecules***®

Fig. 3(b) provides the textural properties of the as-
synthesized UiO-67, which exhibited a larger surface area of
998 m”> g ' and a total pore volume of 0.70 em® g~ '. The high
nitrogen uptake at pressure (P/P, > 0.95) indicates that the

34.2K! L (d)

304K

266K d

228K )

Elements At:)/nnc
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15.2K & e

114K/ o 11
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o

Fig. 2 Structural and morphological studies of UiO-67: (a) PXRD pattern; (b) SEM image; (c) elemental mapping and (d) EDS spectra.
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Fig. 3 (a) FTIR spectrum; (b) N, isotherm of UiO-67 MOF.

samples follow the Type IV isotherm behaviour.*” The existence
of a hysteresis loop between adsorption and desorption curves
revealed the dominance of mesoporosity.”®* Our results
demonstrate the material's significant porosity and large
surface area, highlighting its potential use for applications that
need fine-grained control over pore architecture and a large
surface area to enhance performance.

The X-ray photoelectron spectroscopy (XPS) analysis depic-
ted in Fig. 4 offers a detailed examination of the elemental
composition and chemical states of UiO-67 framework. As
shown in Fig. 4(a), the XPS survey spectra confirm the successful
incorporation of zirconium (Zr), oxygen (O), and carbon (C)
elements, essential to the material's structure. The Zr 3d spectra
in Fig. 4(b) revealed a binding energy separation of 2.35 eV
between the Zr 3ds, and Zr 3dj, peaks,* unambiguously
confirmed the presence of zirconium and elucidating its +4
oxidation states.” Fig. 4(c) illustrates the C 1s spectra, where
identifying peaks corresponding to C=0O, C-C, and C=C
bonds, further confirmed the carbon framework's integrity.**
Further, the deconvoluted O 1s spectrum (Fig. 4(d)) highlights
the presence of distinct oxygen-related bonds, including C=0,
C-0, and Zr-O, which reflect the diverse chemical environment
of oxygen within the UiO-67 structure.>

3.2. Electrochemical studies

Cyclic Voltammetry (CV) studies were conducted using both
bare and UiO-67-modified Glassy Carbon Electrodes (GCE) in
a 0.1 M citrate buffer solution at a scan rate of 25 mV s *, both
in the presence and absence of the analyte, Cadmium. Notably,
the potential difference decreased significantly from 390 mV in
the bare GCE to 109.2 mV after modification with UiO-67. This
reduction in potential difference indicates enhanced electron
transfer kinetics, as a higher potential difference typically
corresponds to slower electron transfer, highlighting the
enhanced electrocatalytic behaviour of the UiO-67-modified
electrode. Furthermore, in the presence of cadmium ions, the
bare GCE did not exhibit any discernible redox peaks, whereas
the UiO-67-coated GCE showed notable variations, highlighting

35622 | RSC Adv, 2024, 14, 35618-35627
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its improved sensitivity and detection capability, as depicted in
Fig. 5(a and b).

To enhance the sensitivity of cadmium ion detection,
Differential Pulse Voltammetry (DPV) was employed, as shown
in Fig. 6(a). The DPV technique offers higher sensitivity and
better resolution compared to cyclic voltammetry by applying
a series of potential pulses superimposed on a linear potential
ramp, which helps distinguish between closely spaced redox
processes. This makes DPV particularly suitable for detecting
trace levels of cadmium ions. A systematic pH optimization
study was carried out over a range from 4 to 9 to identify the pH
conditions that would provide the maximum electrochemical
response as shown in Fig. 6(b).

The results indicated that a pH of 6 yielded the most
favourable response. The enhanced current observed at pH 6
can be attributed to electrostatic interactions between the
analyte (Cd** ions) and the UiO-67-modified glassy carbon
electrode (GCE). In this range, the surface charge of the elec-
trode and the ionization state of both the analyte and the UiO-67
material promote stronger electrostatic attraction, facilitating
greater accumulation of cadmium ions at the electrode surface
and thereby increasing the current response. However, beyond
pH 6, a noticeable reduction of current was observed. This
might be due to the hydrolysis of cadmium ions, which can
occur at higher pH levels. Hydrolysis leads to the formation of
cadmium hydroxide species, which are less electroactive and
may precipitate, resulting in decreased availability of free
cadmium ions for the redox process. Thus, the electrochemical
signal weakens as the pH increases beyond the optimal value.
Based on these findings, a 0.1 M citrate buffer at pH 6 was
chosen as the optimal medium for cadmium ion detection.

Fig. 7(a) illustrates the concentration studies for cadmium
(Cd*") ions. The observed increase in current with rising
cadmium concentration could be attributed to the higher
availability of electroactive species, enhancing electron transfer
at the electrode surface. Additionally, the peak shifts toward
more negative potentials as the concentration increases, likely
due to changes in the mass transport or kinetic parameters and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of UiO-67: (a) survey spectrum; (b) Zr spectra; (c) C 1s spectra; (d) O 1s spectra.

electrode interface of the electrochemical reaction. Although
the sensitivity of the detection method, with a sensitivity factor
of 3.008 pA nM !, is moderate, it is still sufficient to achieve

a low Limit of Detection (LoD) of 1.43 nM pA ™", calculated using
the formula: “LoD = (3.3 x standard deviation)/slope of the
calibration curve”. Similarly, the Limit of Quantification (LoQ)
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Fig. 5 Electrochemical behaviour of (a) bare GCE and (b) UiO-67 modified GCE.
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Fig. 6 DPV studies of (a) UiO-67 modified GCE and (b) pH calibration studies.

was found to be 4.34 nM pA~", based on the formula: “LoQ =
(10 x standard deviation)/slope of the calibration curve”. These
values highlight the sensitivity and reliability of the detection
method for cadmium ions, allowing for precise quantification
even at low concentrations. These parameters indicate that the
UiO-67-modified electrode is capable of detecting cadmium
ions at trace levels, demonstrating its reliability and potential
use in applications.

Typically, the response of a modified electrode to an analyte
may be reduced after multiple measurements. In this study, the
repeatability of the UiO-67-modified electrode for cadmium
detection by continuously monitoring the electrochemical
response of a 100 nM cadmium solution, as shown in Fig. 8(a).
The consistent electrochemical responses observed across these
measurements highlight the excellent repeatability and reli-
ability of the UiO-67-based sensor for cadmium detection.
Reproducibility was assessed by preparing three separate elec-
trodes, each coated with UiO-67 MOF according to the same
synthesis protocol. The sensors exhibited minimal variation in
performance across different electrodes, confirming their good

reproducibility and consistency as shown in Fig. §(b). This low
deviation highlights the reliability of the UiO-67 MOF-based
sensor in delivering consistent results. Selectivity tests were
conducted to evaluate the performance of the UiO-67-modified
electrode against various metal ions, including Ni, Cd, Pb, Cu,
and Zn. Among these ions, cadmium exhibited the most
significant and consistent response, highlighting the sensor's
superior selectivity for cadmium detection compared to the
other metal ions as depicted in Fig. 8(c). The operational
stability of the developed electrode was evaluated in the pres-
ence of 10 uM cadmium over 45 days, during which it main-
tained a sensitivity of 74.2%, indicating that the sensor can
maintain its electrochemical activity over extended periods.
Throughout the study, no significant peeling or delamination of
the UiO-67 coating was observed, even after repeated immer-
sion in the electrolyte solution. This suggests that the coating
adheres well to the GCE surface and remains mechanically
intact under normal operating conditions.

The comparison of existing UiO-67 electrochemical sensors is
detailed in Table 1, illustrating its applicability across various
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d
154 154 Linear range = 100 nM to 10 mM /
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Fig. 7 (a) Concentration studies (b) linear calibration plot of Cd** ions.
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Fig. 8 (a) Repeatability, (b) reproducibility of 100 nM concentration Cd?* analyte and (c) stability analysis for Cd?* ions at a 500 nM

concentration.

Table 1 Comparison of UiO-67 MOFs modified electrode with reported literature

Modified material Analyte Method Detection limit (nM) Ref.

Ui0-67 Hydroquinone DPV 3.5 35
GO/UiO-67@PtNPs AS(w) Ccv 0.48 32
Fe@Ui0-67-BDA/GCE Hg(n) DPV 1.642 53

Uio-67 Cd(u) DPV 1.43 Current work

scenarios. However, the detection of cadmium using UiO-67 has
seldom been reported in the literature, indicating a significant
research gap. This study addresses this gap by demonstrating the
effectiveness of UiO-67 for cadmium detection, thereby contrib-
uting valuable insights to the field of environmental monitoring.
Ultimately, our findings highlight the potential of UiO-67 as
a reliable material for detecting cadmium contamination.

4. Conclusion

In this study, UiO-67 metal-organic framework was successfully
synthesized using the solvothermal method. The effective

© 2024 The Author(s). Published by the Royal Society of Chemistry

synthesis was confirmed while preserving the structural integ-
rity of the framework by the use of extensive characterisation
techniques such as SEM, XRD, and FTIR. The UiO-67-modified
Glassy Carbon Electrode (GCE) demonstrated a significant
reduction in potential difference from 390 mV to 109.2 mV, and
enhanced electrocatalytic behaviour, resulting in improved
detection capabilities for cadmium ions (Cd**). The sensor
achieved a low Limit of Detection (LoD) of 1.43 nM pA™", along
with good repeatability and stability, highlighting its reliability
for practical applications. These findings establish the UiO-67-
modified GCE as a promising platform for heavy metal ion
detection. research  could further

Future explore

RSC Adv, 2024, 14, 35618-35627 | 35625
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functionalization of the UiO-67 framework to extend its appli-
cability to a broader range of analytes in environmental moni-
toring and related fields.
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