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An easy, in situ growth approach led to the formation of several
composites of metal-organic framewoks and Nb,CsT, MXenes
mixed intimately at the submicron scale. The high affinity of MXene
surface for dopamine, enhanced by a nanostructuration induced by
MOFs, resulted in superior sensing performances. The system
exhibited good linearity over the 1-100 nM range, with an excellent
limit of detection of 0.2 nM.

Discovered in 2011, MXenes constitute an emerging class of
2D materials made from transition metal carbides or nitrides
that possess high electrical conductivity, tuneable structures,
and superior mechanical strength.'™ The general formula for
MXene is M1 X, T, (n = 1-3), where M represents an early
transition metal (such as Ti, Mo or Nb), X represents carbon or
nitrogen and T denotes surface termination groups (-OH, -O
and -F).* The surface termination groups on the 2D ultrathin
MXene nanosheets enable easy adsorption of cationic ions
through electrostatic interactions. This combination of proper-
ties has made MXene-based materials extremely promising for
various electrochemical applications, including sensing and
biomedical applications.”® Among the group of MXenes, Nb-
based MXenes have been considerably less studied than Ti-
based MXenes, likely because of a more difficult delamination
for thicker monolayers.” Nb,C;T, based-material applications
in the electrochemical sensing field are still largely unexplored,
despite a higher conductivity (1024 S em™ ') compared to the
extensively studied Ti;C,T, (850 S em™").® It is worth noting
that MXenes can allow swift electron transport towards electro-
chemically active sites, thus promoting electrochemical
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reactions.” MXenes have been used in biosensing without
affecting biological molecules due to their excellent biocompat-
ibility and affinity for biomolecules."

Dopamine (DA) is a significant electrochemically active
molecule with a high affinity for MXene surfaces™ that com-
monly exists in the human body. It is a primary catecholamine
molecule with a basal concentration ranging from 0.01-1 uM
and is involved in many physiological and pathological
aspects.” DA is a neurotransmitter that plays a crucial role in
several biological processes, and abnormalities in DA levels can
cause neuroendocrine disorders like Parkinson’s and schizo-
phrenia, as well as tardive dyskinesia.'® Therefore, it is of great
importance to developing selective and ultrasensitive methods
for detecting DA, as it has significant analytical and diagnostic
applications.

Detection of DA is typically done using enzyme-linked
immunosorbent assay (ELISA) and high-performance liquid
chromatography (HPLC).'*"® Despite the sensitivity of these
methods, they are also expensive, difficult to handle, time-
consuming, and require highly skilled personnel to operate.
Electrochemical detection techniques are a useful set of tools
for overcoming these limitations and detecting different com-
pounds with high precision and sensitivity.'® By utilizing
comparatively inexpensive potentiostats, it is possible to create
transportable sensing devices, thereby enabling widespread
access and even on-site detection.'” However, electrochemical
detection of DA poses a challenge in selective detection due to
interference from uric acid (UA) and ascorbic acid (AA) because of
their redox potentials being close to that of DA. To overcome this
obstacle, the electrode must be chemically modified with a
material that has high selectivity towards DA. MXene-based
electrodes appeared as promising electrocatalytic systems for
detecting DA, even in the presence of interfering species.'® How-
ever, like other 2D layered materials, the spontaneous stacking of
the MXene monolayers during electrode fabrication often leads to
limited access to their surface, resulting in a significant decrease
of their overall performances and sensitivities.
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Interfacing exfoliated MXene monolayers with porous materials
such as metal-organic frameworks (MOFs) is a potent way to
increase dramatically their performances. MOFs are a class of
organic-inorganic hybrid materials with a highly porous structure
and large surface area.'® MOFs have found diverse applications in
gas storage/separation, catalysis, energy storage, conversion, and
sensing.”*>* However, because the vast majority of MOFs are
electronic insulators, the development of electrochemical systems
based on pure MOFs has remained comparatively hampered.****
To address these issues, one strategy is to interface MOFs with
other functional materials (such as conductive polymers), resulting
in composites that maintain a highly accessible porosity of their
parent MOF, while introducing new properties.>>*® Among these,
MXene/MOF composites have emerged as a class of composites
with high potential for applications.” For instance, Pang et al.
recently demonstrated the use of MOFs as a way to greatly improve
the performance of Ti,C,T, MXene layers in supercapacitors.*®

In this article, we prepared delaminated Nb,C;T, layers and
integrated them uniformly in composites with three-dimensional
(3D) MOF networks. To the best of our knowledge, this work
constitutes the first example of interfacing between Nb-based
MXenes and MOFs. These 3D MOFs were crucial in preventing
the re-stacking of Nb,C;T, nanosheets and providing a high
accessibility towards their surface. The following composites were
prepared by in situ growth of the corresponding MOFs in the
presence of exfoliated Nb,CsT,: ZIF-67/Nb,C3T,, MIL-100(Fe)/
Nb,C;T,, MIL-101(Fe)/Nb,CsT, and HKUST-1/Nb,C;T,. Also com-
posites with ZIF-8 at four MOF-to-MXene ratios were achieved by
varying the amount of MOF precursor (25%, 50% and 75% of the
weight of the initial value of 100%), and referred to as ZIF-8/
Nb,C3T,(25), ZIF-8/Nb,C3T,(50), ZIF-8/Nb,C3T,(75) and ZIF-8/
Nb,C;T,(100). Detail on the nature of these composites is given
in the ESL.{ As a result, we optimized the distribution and size of
the MOF particles on the Nb,C,;T, sheets, which resulted in
excellent performances for the selective and ultrasensitive electro-
chemical detection of DA. It is evident that this study introduces a
new approach for designing and synthesizing MOF/Nb,C;T,
composites with customizable structures and properties, enabling
their applications in various electrochemical sensing.

Accordion-like Nb,C;T, (Fig. S1, ESIf) was prepared by
selective etching of its parent Nb,AlC; phase. Nb,C;T, was then
exfoliated into single-layer sheets using high-energy probe
ultrasonication (Scheme S1, ESIt). The morphology of the
exfoliated Nb,C;T, was confirmed using SEM and HRTEM
images. The SEM, TEM and HRTEM images clearly show the
single-layer MXene sheets, as depicted in Fig. S2 (ESIt). Suc-
cessful etching of the parent phase Nb,AlC; was further con-
firmed by X-ray diffraction (Fig. S3, ESIf)*’ and Raman
spectroscopy (Fig. S4, ESIT). In addition, Nb,CsT, presented
numerous negatively charged surface termination groups (zeta
potential: —33 mV, Fig. S5, ESIt), which promoted the adsorp-
tion of cations (Zn>*, Co**, Fe*" and Cu®*), increasing the
affinity of the MOFs for the Nb,C;T, nanosheets.”® As a result,
homogeneous composites of 3D MOFs with Nb,C,;T, were
obtained (detailed procedures are presented in the ESIf and
in Scheme 1).
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Scheme 1 Preparation of MOF/Nb,CsT, composites and detection of
biomolecules.

The SEM and TEM imaging (Fig. 1) indicated that ZIF-8/
Nb,C;T,(75) was composed of submicronic Nb,C,;T, nanoflakes
and MOF microcrystals, intimately mixed together at the micro-
scale. The corresponding selected area electron diffraction (SAED)
pattern (Fig. 1(c)) also confirmed the presence of monocrystalline
Nb,CsT, sheets. The presence of Zn, C, N, Nb, O and F elements in
ZIF-8/Nb,C;T,(75) has been confirmed and mapped through high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) (Fig. 1(d)). Notably, this observation con-
firmed the intimate contact of Nb,C;T, with ZIF-8, with nanoflakes
of the MXene (size: ca. 300 nm, indicated by red arrows in Fig. 1(d))
observed adhering to the surface of a ZIF-8 particle (size: ca. 1 pm).
Composites’ homogeneity with other MOFs was also confirmed by
FESEM elemental mapping analysis (Fig. S17, ESIt).

At the macroscopic scale, the XRD pattern of various ZIF-8/
Nb,C;3T,(75) compositions confirms the presence of main peaks
for both ZIF-8 and Nb,C;T, in the composites (Fig. 2(a)). In the
XRD patterns of all other MOF/Nb,C;T, composites (Fig. S8-511,
ESIT), prominent diffraction peaks for the MOF and Nb,C;T,
were also observed, indicating the successful preparation of the
composites for all MOFs. The functional groups and surface
functionalities of all MOFs and the composites were analyzed by

Fig. 1 (a)-(c) Observation of ZIF-8/Nb4CsT,(75) using SEM (a), TEM (b),
and the corresponding SAED pattern (c). The indicated peaks correspond
to the diffraction signal of Nb4CsT,. (d) HAADF-STEM image and elemental
mapping of ZIF-8/Nb4C3T,(75).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) XRD pattern of various ZIF-8/Nb4CsT, composites. (b) N, adsorp-
tion isotherms of ZIF-8, Nb,C3T, and their composites (the closed symbols
represent adsorption, while the open symbols represent desorption).

FT-IR spectroscopy analysis (details are discussed in ESI,T Fig.
S12-S16). The X-ray photoelectron spectroscopy (XPS) survey
spectrum of ZIF-8/Nb,CsT,(75) displayed peaks attributed to
Nb, C, N, O, and F elements (Fig. S19a, ESIt), consistent with
the elemental mapping results. High-resolution XPS spectra of
the Nb3d and Zn2p regions of ZIF-8/Nb,C;T,(75) were consistent
with previous reports of NbyC;T,>° and ZIF-8 structures.*® Simi-
larly, XPS analysis of the relevant elements for all MOF/Nb,C;T,
composites, were discussed in Fig. S18-S23 (ESIf).

Furthermore, both the MOF and MXene were confirmed to
be present in the composites via TGA (Fig. S24a and b, ESIt)
and SEM-EDX elemental analysis (Fig. S25-S32, ESIt), revealing
their different compositions, and the modulation of the ZIF-8
content in the composites increases from ZIF-8/Nb,C3T,(25) to
ZIF-8/Nb,C;T,(100). Finally, the specific surface area of all
synthesized materials was measured using N, adsorption iso-
therms (Fig. 2(b), Fig. S33 and Table S2, ESIt). Bare Nb,C;T,
lacks accessible porosity and has thus a specific surface area of
5m?> g~ ' because of layer restacking. By incorporating MOF as a
spacer, the porosity of the composites was increased markedly
(Table S2, ESIt). Notably, the specific surface area of the
composites ZIF-8/Nb,C;T,(25) to ZIF-8/Nb,C;3T,(100) increased
gradually with the ZIF-8 content. Interpolation of the increase
trend to low ZIF-8 contents suggests a texturation of the
Nb,C;T, by the presence of ZIF-8 (Fig. S34, ESIt), with a surface
area specific to the MXene around 70 m> g,

The electrochemical performance of the MOF/Nb,C;T, compo-
sites was investigated by drop-casting solids onto a 3 mm glassy
carbon electrode (GCE) (details are presented in the ESIt). Electro-
chemical impedance spectroscopy (EIS) was used to investigate the
charge transport properties of the modified electrodes. The interface
charge transfer resistance (R.) values for different MOF/Nb,C,T,
composites were measured by fitting with the Randles equivalent
circuit.*! The R, values for ZIF-8/Nb,C;Ty(75), ZIF-67/Nb,C5T,, MIL-
100/Nb,C,T,, MIL-101/Nb,C,T,, and HKUST-1/Nb,C,T, were 790,
908, 1026, 1065 and 1532 Q, respectively (Fig. 3(a)). The R values for
all the composites were significantly lower than that of the bare GCE
(5686 Q, Fig. S35, ESIT). This suggests a higher rate of electron
transfer and electrocatalytic activity for all composites. Among all the
composites, ZIF-8/Nb,CsT,(75) had the lowest R, value, making it
the best system for sensing experiments.

To investigate the electrochemical biosensing activity of the
composite materials towards DA, cyclic voltammetry (CV)

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Nyquist plots of several MOF/Nb4C3T, electrodes. (b) and (c)

Comparison of the CV responses of ZIF-8/Nb4C3T,(75) and its constituents
(b) and of ZIF-8/Nb4C3T, with different ZIF-8 contents (c), in the presence of
50 uM DA (20 mM HEPES buffer, pH 7, 0.1 M KCl and scan rate: 50 mV s7%).
(d) DPV responses of ZIF-8/Nb4C3T,(75) in 20 mM HEPES buffer solution
with different concentrations of DA and (e) corresponding plot of DPV peak
current vs. concentration of DA. (f) Selectivity of ZIF-8/Nb4C3T,(75) for DA
detection in the presence of several interfering molecules (10 uM of each).

experiments were conducted using a ZIF-8/Nb,C,;T, modified
electrode in the presence and absence of DA. The results were
compared to those of bare GCE, ZIF-8, and Nb,C;T, (Fig. 3(b)).
The oxidation potential of 0.15 V was clearly defined, and the
peak current was higher for ZIF-8/Nb,C;T,(75). The peak corre-
sponds to the oxidation of DA to dopamine-o-quinone through
a two-electron transfer process (Scheme 1). The electrochemical
responses of the other composites were also investigated (Fig.
S36b, ESIt). The ZIF-8/Nb,C3T,(75) composite exhibited a
significantly higher peak current than the other composites,
which can be attributed to its superior electron transfer rate.
Moreover, the CV response of samples in the ZIF-8/Nb,C;T,
series was compared (Fig. 3(c)). Increasing the MOF content in
the composites leads to an increase in peak current up to ZIF-8/
Nb,C3T,(75), followed by a decrease due to excess MOF content
in ZIF-8/Nb,C;T,(100) as the more non-conductive MOF hin-
ders electron transfer ability in the composite. The porosity of
the composites plays a significant role in the adsorption of DA,
but only to a certain extent. Beyond that, the electron transfer
ability of the composites and their interaction with the MOF
become crucial parameters for detecting DA. Furthermore, the
n-n interaction between DA and MOF and -OH groups of
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Nb,C;T, facilitate DA adsorption on the composite surface.*'
The stability of ZIF-8/Nb,C;T,/GCE was tested by storing it in
HEPES buffer for 20 days at 5 °C. The electrochemical response
of DA was reduced by only 8% of the initial response value,
indicating high stability in these conditions (Fig. S37, ESIY).

Differential pulse voltammetry (DPV) was adopted to improve
the sensitivity by eliminating non-faradaic current, resulting in a
stronger analytical signal compared to CV.** Fig. 3(d) illustrates the
DPYV responses of the ZIF-8/Nb,C;T,(75) electrode in HEPES buffer
solution in the presence of various concentrations of DA (ranging
from 1 nM to 50 puM). The distinct oxidation potential of DA was
observed at 0.11 V, and the peak current of this oxidation gradually
increased with an increase in the concentration of DA from 1 nM to
50 uM. The DA oxidation peak is clearly visible even at a concen-
tration of 1 nM (Fig. S38, ESI{). The calibration plot in Fig. 3(e)
shows two domains where the peak current was linear to the DA
concentration, denoting two distinct mechanisms at different
concentration ranges. One domain ranged from 1 to 100 nM (slope:
13.6 pA M ), and the other ranged from 5 to 50 uM (inset in
Fig. 3(e); slope: 0.065 pA puM ). These two domains are likely
related to the adsorption of DA onto Nb,C;T, or within the MOF
near Nb,C;T,, respectively. However, because the current ranges
and concentration domains for either of these behaviours were well
distinct, the system was suitable to analyze either of the domains
with a good precision. We then focused on the low concentration
domain (1-100 nM, Fig. S38, ESIt). The limit of detection (LOD) is
calculated for a linear range of 1-100 nM using the 3c method and
found to be 0.2 nM. The LOD is significantly lower as compared to
most of the previously reported MXenes and their composite
materials (Table S3, ESIT).

The selectivity of the designed sensor was studied in the presence
of high concentrations (10 uM) of various interferent molecules that
are commonly present in our human body (Fig. 3(f)). Ascorbic acid
(AA) and uric acid (UA) only showed a minor interference effect for
the detection of DA due to the oxidation peak potential being close
to DA. The distinct oxidation peaks were also observed for AA and
UA in the presence of DA, and easily separated by peak deconvolu-
tion (Fig. S39, ESIT). Therefore, the designed sensor can simulta-
neously detect DA, AA and UA with excellent selectivity.

In summary, a simple in situ synthesis approach for the
growth of various MOFs on Nb,C;T, MXene sheets was devel-
oped. The metal cations interact with negatively charged termi-
nation groups on Nb,C;T, sheets, facilitating the growth of MOF
particles on Nb,C;T, sheets. The MOF plays a crucial role in
increasing porosity, while the MXene provides conductivity to
the composites. The composites obtained are highly porous and
have superior electrolytic activity with a high electron transfer
rate. The composites of MOF/Nb,C;T, and notably composites
with ZIF-8 exhibited exceptional activity in selectively detecting
small biomolecules such as dopamine. This highlights their
potential for developing ultrasensitive electrochemical sensors
for the detection of various organic and inorganic molecules.
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