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Acetaminophen (AP) is a widely used analgesic and antipyretic drug, but its excessive use poses health
risks and contributes to environmental contamination. In response to the need for rapid, accurate, and
cost-effective detection methods, we developed a highly sensitive and selective electrochemical sensor
for AP. The sensor was based on a composite of UIO-66-NH, (UN) and an MXene (TizC,). UIO-66-NH,
was in situ synthesized onto the MXene via a one-step hydrothermal process with a varying MXene
content, followed by calcination at 300 °C under an argon (Ar) flow. This treatment induced the formation
of TiO, on the MXene surface and increased the interlayer spacing, which enhanced its electrochemical
performance. The resulting UN@TizC,-C electrode exhibited remarkable electrochemical activity due to
the high surface area and excellent conductivity of the MXene. The fabricated sensor demonstrated a
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simple yet effective approach for the rapid and quantitative detection of AP, with a linear detection range
of 0.032-160 pM and a low detection limit of 10 nM. Moreover, the sensor was successfully applied to
detect AP in different water samples, validating its potential as a reliable and efficient tool for AP
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1. Introduction

The global outbreak of the novel coronavirus disease 2019
(COVID-19) caused by severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2) has posed unprecedented challenges to
public health systems worldwide. Amidst the urgency to ident-
ify effective therapeutic strategies to combat the pandemic,
existing drugs with potential repurposing opportunities have
garnered significant attention. Among these, AP has emerged
as a frontline candidate for managing symptoms associated
with COVID-19.

AP also known as paracetamol is a commonly available
over-the-counter drug with antipyretic and analgesic pro-
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perties.! Its affordability, accessibility and relative safety
profile have contributed to its widespread usage during the
COVID-19 pandemic. AP therapy has a low side-effect fre-
quency, but an overdose can cause liver damage>? and lead to
acute hepatic injury.*” In addition, AP has been identified as
an aquatic pollutant with traces commonly found in water
bodies and fish, stemming from both pharmaceutical manu-
facturing and human consumption.® The concentrations of AP
found in the coastal area samples were 75.7-169.8 ngL "
which was twice as high as the previously reported concen-
tration before COVID-19 (4.7-72.3 ngL™").” Evaluating toxicity
in fish stands out as one of the most reliable approaches for
comprehending the harmful impacts of environmental pollu-
tants on aquatic ecosystems.®° Therefore, simple, reliable, and
sensitive methods need to be developed for AP detection.
There are many commonly used techniques for the detec-
tion of AP, including high-performance liquid chromatography
(HPLC),"® gas chromatography (GC),"* spectrophotometry,'?
thermogravimetric analysis, and electrochemical methods."*"*
However, these methods have drawbacks, including low selecti-
vity, complex procedures, high costs and the need for sample
pre-treatment. In contrast, researchers are increasingly
attracted to electrochemical sensing technology due to its
extensive applicability in the analysis of environmental and
biological data. This fascination stems from its notable advan-
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tages, including sensitivity and excellent selectivity, rapid
analytical response, straightforward equipment requirements,
cost-effectiveness and the absence of sample pre-treatment
requirements.'>"”

So far, a variety of materials with distinctive electrochemical
properties have been explored for the development of electro-
chemical sensors aimed at detecting AP. These materials
include graphene,'® graphene oxide,'® carbon nanotubes,*
metal nanoparticles,”® and MXenes,”*** as well as metal-
organic frameworks (MOFs) and MOF-derived carbon
materials.?**> Among these options, MOFs have gained atten-
tion due to their diverse structure, ample specific surface area
and uniformly structured cavities. MOFs have proven to be
excellent sacrificial templates for creating innovative metal or
metal oxide nano-porous carbon composites. However, the low
electrical conductivity of MOFs hinders electron transfer,
restricting their use in certain applications such as electro-
chemical sensors. Several works have recently shown the
potential of MOFs for electrochemical sensing. For example,
Tang et al.’*® developed a Co-based MOF which shows good
electrocatalytic performance for AP with a glassy carbon elec-
trode. Among all the MOFs, UIO-66-NH,, (Zr-MOF) is the prom-
ising candidate for electrochemical sensing in aqueous media,
the property of the material to be considered should be its
water stability.>”*® Its highly porous nature provides sites for
the analyte molecules and consequently improves the sensi-
tivity of the electrochemical sensing system. Zhang et al.*®
developed an electrochemical sensor using Zr-MOF and
carbon derived from walnut shells (WC) as modified materials.
This sensor is highly sensitive and selective for detecting para-
cetamol (Para) and para-aminophenol (PAP). Furthermore, Li
et al.** further improved the sensing performance for AP and
dopamine by combining Zr-MOF with carbon nanotubes.

MXenes are novel two-dimensional (2D) nanomaterials
similar to graphene, consisting of multiple layers. They have
excellent electrical conductivity, a large specific surface area and
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numerous functional groups making them highly attractive in
the field of electrochemistry.>* MXenes are typically represented
by the formula M,X,T;, where “M” stands for transition
metals, “X” refers to carbon or nitrogen atoms, and “T,” indi-
cates surface functional groups like -OH, -O, and -F. MXenes
can establish strong interactions with the organic ligands found
in MOFs and some inorganic compounds due to their multiple
active sites.>! They are particularly effective as a conductive plat-
form to support materials that have high catalytic activity but
low electrical conductivity. As a result, TizC,T,-MXene is widely
used in electrochemical sensing applications.”” For example,
Zhao et al.** developed a disposable electrochemical biosensor
using multi-dimensional nanocomposites (MXene/Au-Pd) to
detect organophosphorus pesticides. In another study, Wang
and colleagues created an electrochemical sensor based on a
reduced graphene oxide (rGO) and Ti;C,T,-MXene composite,
specifically for the detection of AP.>* These examples demon-
strate the versatility and effectiveness of Ti;C,T,-MXene in
enhancing the sensor performance in various applications.

In this study, UN@Ti;C,-C was synthesized by a hydro-
thermal method with a varying content of MXene (20, 30, 50 and
70% by weight) and then calcined to 300 °C under an argon
atmosphere resulting in the formation of TiO, on the MXene
surface as presented in Fig. 1. This process improved its conduc-
tivity and increased its surface area. The electrochemical behav-
ior of AP was tested using the UIO-66-NH, and MXene compo-
sites. The results showed that this electrochemical sensor could
detect AP with high sensitivity, selectivity, and stability.
Moreover, it was effective in detecting AP in real-world samples.

2. Experimental section

2.1 Chemicals and materials

MAX phase (Ti3AlC,), lithium fluoride (LIF), hydrochloric acid
(HCl), zirconium chloride (ZrCl,), 2-amino terephthalic acid

Calcination

Fig. 1 Schematic diagram of the various steps in UIO-66-NH,@TizC,-C synthesis and the electrochemical sensing mechanism.
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(2-NH,-BDC), acetic acid (CH3;COOH), dimethylformamide
(DMF), and methanol (CH;OH) reagents were purchased from
Sinopharm Group Chemical Reagent Co. Ltd (Shanghai,
China). All of the chemicals were analytically pure and used
without any further purification. Double distilled water was
used to make all of the solutions. The supporting electrolyte of
0.1 M phosphate buffer solution (PBS, pH = 7) was composed
of KH,PO, and K,HPO,-3H,0 in a suitable amount, and it was
used throughout the experiment.

2.2 Instrumentation

X-ray diffraction patterns (XRD) were obtained using a Rigaku D/
max-rA diffractometer (Japan) with a Ni filter using Cu Ka radi-
ation (40 kV, 200 mA), and X-ray photoelectron spectroscopy
(XPS) was carried out on an AXISULTRA DLD-600 W X spectro-
meter (Shimadzu Company). Scanning electron microscopy
(SEM) was performed on a HITACHI X-650 (Hitachi Co., Japan).
An acceleration voltage of 200 kV was used to capture the images
of transmission electron microscopy (TEM) with a TECNAI G220
U-Twin instrument (Netherlands). Cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and electron impedance
spectroscopy (EIS) were performed on a CHI760E -electro-
chemical workstation (CH Instrument Company, Shanghai,
China), and fitted with GCE, Ag/AgCl/saturated KCl, and plati-
num as the working, reference, and counter electrodes respect-
ively, in a traditional three-electrode system at room temperature
with deoxygenated 10 mL of 0.1 M PBS (pH = 7). The working
potential range was used from —0.6 to 1.2 V in CV and DPV,
while a frequency range of 0.1 to 10°> Hz and 0.005 V of sinusoi-
dal potential amplitude were established for EIS.

2.3 Preparation of MXene (Ti;C,)

MXene was prepared by etching 1 g Ti;AlC, powder with a
mixture of 1 g LiF and HCI (10 mol L™, 20 ml) in a container
for 30 h under stirring for removal of the Al layer based on pre-
vious literature.®® Afterwards, deionized water was utilized to
wash the mixture, effectively removing any remaining acid and
impurities. Subsequently, the obtained solid sample was
added to deionized water again using a sonication process for
6 h under N, flow. Finally, after freeze-drying for 24 h, the
final product was obtained.

2.5 Preparation of UN@Ti;C,

Preparation of UN@Ti;C, was as follows: 50 mg of ZrCl, and
50 mg of 2-NH,-BDC were dissolved in 20 ml DMF by vigorously
stirring and it was named solution A. Then 20, 30, 50 and 70%
by weight of the above-mentioned Ti;C, were dispersed ultra-
sonically in 20 mL DMF separately for 30 minutes and named
solution B. Solution A was added to solution B to obtain solution
C. Then, 10 ml of acetic acid was further added to solution C
under persistent mechanical stirring for 30 minutes. Next, these
four suspensions were transferred to a Teflon-lined stainless-
steel autoclave and heated for 16 h at 120 °C. After that, the
powder form was separated and methanol was used to wash it
several times and dried at 60 °C overnight. This process yielded
various compositions of UN@Ti;C, with ratios of 20%, 30%,
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50%, and 70%. Additionally, UiO-66-NH, was synthesized using
the same procedure but without the inclusion of MXene.

2.5 Preparation of UiO-66-NH,@Ti;C,-C

The UN@Ti;C,-C composite was obtained by a simple calcina-
tion method. Typically, the above-prepared (20, 30, 50 and
70%) UN@Ti;C, was calcined at 300 °C at a ramping rate of
5 °C min~' in an Ar flow to obtain UN@Ti;C,-C. Finally, the
obtained samples were collected and ground.

2.6 Modification of the glassy carbon electrode (GCE)

An alumina slurry with particle sizes of 0.3 and 0.05 pm was
poured onto micro cloth pads and used to polish and modify
the surface of the GCE, which has a diameter of 3 mm. In the
next step, it was washed with distilled H,O and ethanol for one
minute ultrasonically and finally, N, was purged to dry it.
Afterward, 5 pL of each suspension (3 mg mL™"), UN, 20%
UN@Ti;Cy-C, 30% UN@Ti;C,-C, 50% UN@Ti;C,-C, and 70%
UN@Ti3C,-C were cast on a polished GCE surface at ambient
temperature.

3. Results and discussion
3.1 Characterization of 50% UN@Ti;C,-C

Firstly, we performed SEM and TEM to investigate the mor-
phology of UIO-66-NH,, UN@Ti;C,, and 50% UN@Tiz;C,-C
samples, as shown in Fig. 2(A-E). Fig. 2(A) shows the successful
synthesis of octahedral UIO-66-NH, with particle sizes ranging
from 0.33 pm to 0.52 pm and an average size of 0.45 um. Fig. 2
(B) demonstrates the successful integration of octahedral
UIO-66-NH,, onto the MXene surface. Fig. 2(C) shows the SEM
images of 50% UN@Ti;C,-C, revealing MXene layers with octa-
hedral UIO-66-NH, positioned on and between these layers. A
significant amount of TiO, was observed on the surface of
MXene, which increased the thickness of the layers and the
interlayer spacing, and the MXene surface became rougher due
to the conversion of Ti;C, into TiO,.***” Fig. 2(D and E) display
the TEM image of 50% UN@Ti;C,-C which shows TiO, particles
on the MOF surface. Additionally, Fig S1T presents the EDX spec-
trum of 50% UN@Ti;C,-C, while Table S1{ shows the relative
concentrations of different elements present in the material.
Furthermore, XRD analysis was used to examine the crystal-
line structure of UIO-66-NH,, Ti;C, and composite materials
UN@®@Ti;C, and 50% UN@Ti;C,-C as displayed in Fig. 3(F). The
major diffraction peaks at 7.36°, 8.55°, and 25.68° are assigned
to the (111), (200), and (422) crystal planes which indicate the
successful synthesis of UIO-66-NH,.*® In Ti;C,, the diffraction
peaks at 8.79°, 18.23°, and 27.62° are assigned to the (002),
(004), and (006) planes respectively.>*>° After calcination of
50% UN@Ti;C, at 300 °C, the diffraction peak at 7.6° slightly
shifted to 7.25° indicating an increase in interlayer spacing. In
addition to the presence of main characteristic peaks from
Ti;C,, many other peaks are observed for anatase TiO, like
25.3°, 37.8°, 48.1°, 53.9°, 55.0°, and 62.7° which were ascribed
to the (101), (004), (200), (105), (211), and (204) planes.*® The
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Fig. 2 SEM image of UIO-66-NH, (A), UN@TizC, (B), 50% UN@TizC,-C (C), TEM image of 50% UN@TizC,-C (D), the corresponding elemental

mapping of 50% UN@TizC,-C (E).
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XRD patterns of UN@Ti;C, and 50% UN@Ti;C,-C indicate the
successful incorporation of UIO-66-NH, on the Ti;C, surface.*'

Next, the metallic composition and valence bond configur-
ation of TizC, and UIO-66-NH, were studied using XPS. The
wide-scan XPS spectrum in Fig. 3(A) indicates the existence of
elements like Zr, Ti, N, C and O. Fig. 3(B) depicts the Ti 2p
spectrum of 50% UN@Ti3;C,-C which could be fitted into two
peaks (Ti 2p;z, and Ti 2p,;,) that can be ascribed to Ti-O
(457.9 and 463.7). The doublet of Ti-O shows the presence of
TiO, particles. As for the Zr 3d spectrum in Fig. 3(C), two
peaks could be attributed to Zr 3ds,, and Zr 3d;,, with binding
energies of 181.9 and 184.2 eV respectively. As for the O 1s
spectrum shown in Fig. 3(D), the peak at approximately 529.5
eV is attributed to lattice oxygen (O0>”) in metal oxides, which
likely arises from the partial oxidation of the Ti;C, surface to
form TiO, during calcination. Additionally, Zr-O bonds from
the UIO-66-NH, framework contribute to this peak, indicating
the presence of zirconium oxide. The second peak, located
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around 531.1 eV, is assigned to surface hydroxyl groups (-OH),
which are commonly found on the surface of Ti;C, as termin-
ation groups and may also be present due to interactions
between the UIO-66-NH, framework and atmospheric moist-
ure. The peak at 532 eV is likely due to carbonyl groups (C=0)
from the organic linker in the UIO-66-NH, structure, which
contains functional groups such as amides or carboxyls.*"*?
As for the N 1s spectrum shown in Fig. 3(E), two peaks are
observed at 399.2 eV and 400.1 eV, which can be attributed to
the -NH, group bonded to the phenyl ring (PhNH,) and the
protonated amidogen form (PhNH;"), respectively.**** These
peaks confirm the presence of the -NH, group in the material.

3.2 Electrochemical performance of 50% UiO-66-NH,@Ti;C,-C

Electrochemical impedance spectroscopy (EIS) was conducted
to assess the interfacial properties of different modified elec-
trodes immersed in a [Fe(CN)s]*~*~ redox probe solution con-
taining 0.1 M KCI. The electrodes investigated included unmo-
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Fig. 4 (A) Nyquist plots of the unmodified and modified electrodes in the 2 mM redox probe of [Fe(CN)gl>~#~with 0.1 M KCl, 0.01-10°% Hz (fre-
quency range). (B) DPV results of various prepared electrodes in 0.1 M PBS with 48 pM AP. (C) Cyclic voltammograms of 50% UN@TizC,-C/GCE at
0.01-0.10 V s™* scan rates. (D) Cyclic voltammograms of 50% UN@TizC,-C/GCE in the 48 uM AP solution with various pH.
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dified bare GCE, UIO-66-NH,/GCE, Ti;C,/GCE, 50%
UN@Ti;C,/GCE and 50% UN@Ti;C,-C/GCE. This method was
chosen due to its effectiveness in characterizing electrode
interfaces. Fig. 4(A) shows different characteristics of Nyquist-
plots fitted for the Randle’s equivalent circuit (inset of Fig. 4
(A)) where ‘R, stands for the charge transfer resistance of the
semicircle, and it controls the kinetics of electrons on the elec-
trode surface while ‘R’ stands for the resistance of solution,
‘Car’ stands for double layer capacitance and ‘W’ denotes the
Warburg constant. It can be noticed that the bare GCE shows a
large charge transfer resistance with an R, value of 4972.4 Q.
The R value for UIO-66-NH,/GCE is found to be 591.5.7 Q,
reflecting the improved electron transfer due to the MOF’s
high surface area and porous structure, which facilitate a
better interaction between the electrode and electrolyte. For
TizC,, the R, value was found to be 130 Q. When Ti;C, was
incorporated into the composite, the charge transfer resistance
decreased with the 50% UN@Ti;C, composite showing an R
of 105 Q and the 50% UN@Ti;C,-C composite further decreas-
ing it to 87 Q, indicating the optimal balance between the
MOF and MZXene leading to excellent electron transfer capa-
bility. These results highlight the synergistic effect between
UIO-66-NH, and Ti;C, in enhancing the electrochemical per-
formance of the electrode. The excellent conductivity and large
specific surface area of Ti;C, combined with the porous nature
of UIO-66-NH,, provide abundant active sites for electron trans-
fer and analyte adsorption. This significantly improves the
electrode’s sensitivity and efficiency in electrochemical
sensing applications. The optimal performance observed with
the 50% UN@Ti;C, composite suggests that balancing the pro-
portion of MXene is crucial for maximizing sensor perform-
ance. CV curves of numerous modified electrodes in the redox
solution comprising [Fe(CN)e]*”*~ were recorded and the
same results were obtained as shown in Fig S2.1 To calculate
the effective electroactive surface area of the modified elec-
trode we use the Randles-Sevcik equation.'>*?

I, = (2.69 x 10°)n%?AC x D'/*y1/?

where I, represents the peak current, n is the number of elec-
trons involved in the reaction (n = 2), A is the electroactive
surface area (cm?), D is the diffusion coefficient of Fe(CN)s>~’
4~ and its value is 7.6 x 107® cm? s™%, C is the concentration of
Fe(CN)g>~"*~ which is 1 mM and v is scan rate in V s™*. The
estimated electroactive surface area of 50% UN@Ti;C,-C/GCE
(0.5561 cm?) is higher than those of 50% UN@Ti;zC,/GCE
(0.2487 cm?), TizC,/GCE (0.1247 cm?), UIO-66-NH,/GCE
(0.0971 cm?) and bare GCE (0.0684 cm?).

To further assess the performance of the electrochemical
sensor using six different types of modified electrodes, DPV
responses of various modified electrodes, including bare GCE,
Ui0-66-NH,, 50% UN@Ti;C, and 50% UN@Ti;C,-C, in 48 uM
acetaminophen solution at pH 7 (PBS) are shown in Fig. 4(B).
The current density (WA cm™2) is plotted against the applied
potential (V), demonstrating a clear enhancement in the
current response with the addition of MXene. The bare elec-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

trode shows the lowest current response, indicating poor sensi-
tivity for acetaminophen detection. The UiO-66-NH, modified
electrode slightly improves the current signal but the highest
sensitivity is observed with the 50% UN@Ti;C,-C modified
electrodes suggesting that this specific composition optimizes
the balance between conductivity and active surface area. The
incorporation of Ti;C, improves electron transfer kinetics,
while UiO-66-NH,, provides additional active sites for acetami-
nophen interaction, resulting in higher sensitivity. Increasing
the MXene content from 20% to 50% improves the sensor per-
formance, but beyond 50%, the increase in MXene does not
result in further enhancement, as seen in Fig S3.t This
suggests that 50% MXene provides the optimal composition
for AP sensing.

3.3 Influence of pH

The pH of the supporting electrolyte significantly influences
the electrochemical characteristics of the working electrode in
sensing the target analyte. Hence, we investigated the impact
of pH on the response of AP (48 uM) using CV with the 50%
UN@Ti3C,-C/GCE sensor. pH was controlled using 0.1 M PBS,
ranging from 4.0 to 11 in CV voltammograms as shown in
Fig. 4(D). Notably, the oxidation peak current response for AP
was found to be maximal at pH 7.0. Consequently, pH 7.0 was
selected as the optimal value for further AP sensing research
in this study. Additionally, as illustrated in Fig S4(B),T the oxi-
dation peak potential (E,) of AP exhibited a linear relationship
with pH. Specifically, as the pH increased, the linear equations
describing this relationship are as follows:

E,=—0.049 £ 0.002 pH +0.7821 + 0.01 (R*=0.9936)

The slope values of —0.049 V pH™ " were also observed,
which is smaller than the Nernst equation calculated value of
0.059 V pH™ ' suggesting that the electrooxidation of AP is a
two proton and two electron system.>*®

Nernst equation:

2.303mRT

E,=E’ —
P nF

where E? is the conditional potential, T is the temperature, R
denotes the general gas constant and F represents Faraday’s
constant. The m/n could be determined to be 1.
However, according to the results, the possible mechanism
of AP electrochemical sensing is demonstrated in Scheme 1.
Furthermore, for the peak current change, I firstly
decreases from 4 to 5 and then increases and at pH 7 it shows

3 e g O

Acetamlnophen N-acetyl-p-benzoquinone imine

Scheme 1 Possible mechanism of the electrocatalytic oxidation of
acetaminophen at 50% UN@TizC,/GCE.
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the maximum current, and thereafter by increasing the pH to
11 the current decreases, as shown in Fig S4(A).t

3.4 Influence of scan rate

The effect of scan rate on the current values of AC is investi-
gated at different scan rates from 0.01 to 0.1 V s~ with 50%
UN@Ti3C,-C/GCE. As shown in Fig. 4(C), both anodic and
cathodic currents increase with the increase in scan rate from
0.01 to 0.1 V s™*. To understand how electrode reactions work,
a calibration plot is drawn between scan rates and peak
current values, as shown in Fig S5(A).T These results confirm
that a mass diffusion-controlled process is involved in the AP
redox reactions at the surface of 50% UN@Ti;C,-C/GCE.
Moreover, the oxidation peak potential is linearly related to the
log of the scan rate and follows the equations Ep, = 0.042 =+
0.001 + 0.446 + 0.002 (R2 = 0.9875) and Epe = 0.065 + 0.005 +
0.257 + 0.007 (R* = 0.9714), as shown in Fig S5(B).7 Based on"’
theory, the value of charge transfer coefficient (@) could be
found using the following equation.*®

Ka Ka K(Z Ka

logl? = log?or A

C C C C
where K, is the slope of Ep, vs. logv (0.04271) and K. is the
slope of Ep, vs. logv (0.0651). According to the formula, a was
calculated to be 0.37. According to*” theory, the slopes of the
lines were equal to 2.3RT/(1 — a)nF and —2.3RT/anF for the
anodic and cathodic peaks, respectively. The number of elec-
trons involved in the reaction of AP is 2. Furthermore, the
heterogeneous electron transfer rate constant (k) was evalu-

ated according to the following equation:

log Ks = a log

a RT
1_a+(1fa)10ga710g@

a(1 — a)nFAE,
2.3RT

where ‘R’ stands for the ideal gas constant, F is Faraday’s con-
stant, AE,, is the value for peak potential shift, and 7 indicates
the number of electron transfers. The value of ks was calcu-
lated to be 1.6745 s™' and 1.5936 s™' for AE,, and AE,.
respectively. The high value of ks indicates that 50%
UN@Ti;C,-C/GCE could effectively improve the electron trans-
fer between the surface of the electrode and electrolyte
solution.?®*>

3.5 Determination of AP (sensitivity)

To investigate the sensitivity of 50% UN@Ti;C,-C/GCE under
optimal conditions following the addition of AP (PBS, pH =
7.0), DPV has been employed. By increasing the concentration
of AP, the oxidation peak current values increased constantly
as shown in Fig. 5(A). Moreover, Fig. 5(B) shows the calibration
plot between AP concentrations and oxidation peak current
which matches the linear regression equation y = 1.235 + 0.01
+6.455 + 0.66 from 0.032 pM to 160 pM linear range with R* =
0.9983. The limit of detection (LOD) and limit of quantifi-
cation (LOQ) were calculated to be 0.010 pM and 0.15 pM
using equations of IUPAC, LOD = 3S/m and LOQ = 10S/m
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respectively. In these equations, S is the standard deviation of
blank (no analyte) and m is the slope of the calibration curve.
The sensitivity was estimated to be 1.235 pA pM ™' cm™> which
can be calculated by dividing the slope of the calibration plot
by the surface area of the electrode. Furthermore, the analyti-
cal performance of the proposed electrochemical sensor based
on the 50% UN@Ti3C,-C composite for AP sensing was com-
pared with traditional methods and previously reported
electrochemical sensors in terms of detection method, LOD,
and linear range (Table 1). This comparison highlights the
superior sensitivity and broader linear range of the proposed
sensor, demonstrating its effectiveness in AP detection. By
integrating the unique properties of UIO-66-NH, and MXene,
the sensor exhibits enhanced electrochemical performance
providing improved detection limits and selectivity compared
to traditional sensors.

3.6 Selectivity, reproducibility, and stability

To determine the selectivity of 50% UN@Ti;C,-C/GCE, we
perform DPV measurements against different possible interfer-
ing species including dopamine, ascorbic acid, nicotinic acid,
t-histidine, lauric acid, glucose, citric acid, anions and cations
that may cause interference. A distinctive response can be seen
in Fig. 5(C) upon the addition of 48 pM AP in 0.1 M PBS at pH
7.0. In the potential window of —0.1 to 0.6, a 10-fold higher
concentration of each of the species does not show any signifi-
cant interference. Dopamine and ascorbic acid show peaks but
they do not show a significant effect on AP’s current peak. So,
the mentioned results confirmed that this sensor is highly
selective. The reproducibility tests were carried out in 0.1 PBS
containing 40 M AP under the same experimental conditions.
I,, was measured at the five different electrodes through DPV
and relative standard deviation (RSD) was calculated to be
1.34% as illustrated in Fig. 5(D). Furthermore, the sensor’s
stability was examined by storing the electrode for periods of
7, 15, and 21 days before use, and the peak currents achieved
were 98.1% (RSD = 0.72%), 97.6% (RSD = 1.09) and 96.8%
(RSD = 1.62%) of the initial current signal, respectively, as
shown in Fig S6.7 The results demonstrate the good reproduci-
bility and stability of this sensor.

3.7 Mechanism

The synthesis of a UN/Ti;C, composite, followed by calcination
at 300 °C under an argon atmosphere, offers an efficient
approach for the electrochemical detection of AP. UIO-66-NH,,
a MOF formed by Zr** ions and 2-aminoterephthalic acid, pro-
vides high porosity and amine groups that enhance AP adsorp-
tion. Tiz;C, contributes superior conductivity and functional
groups (-OH, =O) that improve electron transfer during
sensing.

During synthesis, MXene integrates with or attaches to the
MOF, enhancing dispersion and performance. Calcination
stabilizes the composite, retaining the MOF’s porosity and
amine functionality while dehydrating MXene and partially
modifying its surface groups. Minor TiO, formation during

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) DPV curves of UN@TT-C/GCE with different AP concentrations from 0.032 to 160 pM in 0.1 M PBS with pH 7.0. (B) Current density (UA
cm™2) vs. concentration (uM) linear calibration plot of AP. (C) DPV of 48 uM AP in 0.1 M PBS (pH = 7.0) using 50% UN@TisC,-C/GCE with 10-time
dosage of the different interference species. (D) Reproducibility graph of five electrodes.

calcination strengthens the composite via Zr-O-Ti bonds, with
additional hydrogen bonding enhancing structural stability.
The composite’s high surface area and functional groups
enable effective AP adsorption through hydrogen bonding and
n-7 interactions, and the amine groups (-NH,) in UIO-66-NH,
act as adsorption sites for acetaminophen. The -NH, groups
form hydrogen bonds with the hydroxyl (-OH) group on the AP
molecule. The aromatic ring of the 2-aminoterephthalic acid
linker interacts with the aromatic ring of AP through n—x stack-
ing, further stabilizing the adsorption. Zr*" ions act as catalytic
sites in this system due to their Lewis acidic properties, which
enables coordination with the electron-rich hydroxyl and
amino groups of acetaminophen. This coordination enhances
the electrophilicity of the AP molecule, facilitating the oxi-
dation process to the reactive metabolite N-acetyl-p-benzo-
quinone imine (NAPQI). The Zr*" ions can also stabilize the
transition states during oxidation, lowering the activation

This journal is © The Royal Society of Chemistry 2025

energy and promoting faster electron transfer.’>®® Moreover,
Ti;C, ensures fast electron transfer during the oxidation of AP
to NAPQI as presented in Fig. 6. The presence of TiO,, formed
during calcination, further enhances the catalytic activity by
providing additional sites for electron transfer, contributing to
the overall efficiency of the sensor. This combination creates a
robust, reusable sensor material with high sensitivity and
selectivity, suitable for practical applications and further
optimization.

3.8 Determination of acetaminophen in real samples

To assess the practical utility of the fabricated 50% UN@Ti;C,-
C sensor, recovery experiments were conducted using real-
world water samples collected from tap water, the Yangtze
River, and East Lake. The standard addition method was
employed for the recovery experiments, where two concen-
trations of AP (10 pM and 20 pM) were added to three different

Nanoscale, 2025, 17, 4444-4454 | 4451
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Table 1 Comparison of different modified electrodes with 50% UN@TisC,-C/GCE for sensitive AP determination

Traditional methods

Method LOQ LOD Linear range Ref.
UV spectrophotometry 0.0869 pg mL™* 0.0287 pg ml™* 2-10 pg ml™* 49
GC-MS 20.00 pg mL™" 6.00 pg mL™" 75-500 pg mL™" 50
HPLC 1.7 x10° M 5x10"M 10pg L '-5 mg L™ 51
HPLC 0.11 pg mL™" 0.04 pg mL™" 1-300 pg/mL 52
HPLC 0.2 ug mL ™" 0.067 ug mL™" 0.2 ug mL™'-75 pg mL ™" 53
HPLC 2.13 pg mL™" 0.64 pg mL™" 10-400 pg mL™" 50

Electrochemical sensors

Sensor material Detection method LOD (uM) Linear range (uM) Ref.
Co-N-C@PC/GCE DPV 0.034 0.1-25 54
N-HKUST-1/Au/GCE DPV 0.16 1-4448.4 55
Zn0O-MoO;-C/SPE DPV 1.14 2.5-2000 56
MXene/SPE DPV 0.048 0.25-2000 57
Ti;C,T,/MWCNT/GCE DPV 0.23 1.0-90.1 58
UiO-66-NH,/CNTs/GCE DPV 0.009 0.03-2.0 24
50% UN@Ti3;C,-C/GCE DPV 0.010 0.032-160 This work
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Fig. 6 Schematic representation of the sensing mechanism for AP using the UN@TisC,-C composite electrode.
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Table 2 DPV and HPLC measured results of AP in tap water, river water
and lake water samples

RSD

Samples Added (uM) Found (uM) Recovery (%) (%, n=3)
Tap water 10 9.85 98.5 +1.69

20 19.82 99.1 +1.87
Yangtze river 10 10.3 103 +2.63

20 20.7 102.7 +1.98
East lake 10 11.15 111.5 +3.52

20 21.45 107.2 +2.83

water samples. As shown in Table 2, the recovery rates for AP
ranged from 98.5% to 111.5%, with RSD values below 5%.
These findings confirm the feasibility and reliability of the
designed sensor for the electrochemical detection of AP in
real-world water samples.

4. Conclusion

In conclusion, a highly sensitive and selective electrochemical
sensor for AP was successfully developed using a composite of
UIO-66-NH, and Ti;C,, synthesized via a one-step hydro-
thermal process. The calcination at 300 °C under argon
resulted in enhanced electrochemical properties, driven by
TiO, formation and increased interlayer spacing on the MXene
surface. The 50% UN@Ti;C,-C electrode demonstrated excel-
lent electrochemical activity, enabling rapid and quantitative
detection of AP with a broad linear range (0.032-160 uM) and
an ultra-low detection limit of 10 nM. The sensor’s successful
application in real water and pharmaceutical tablet samples
highlights its practicality and potential for real-world monitor-
ing of AP, offering a reliable and efficient approach for
environmental and pharmaceutical analysis.
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