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ABSTRACT: Accurate and sensitive detection of uric acid (UA)
is crucial, as abnormal UA levels are often indicative of various
diseases. This  work introduces a  straightforward
electrochemical sensor utlizing a two-dimensional (2D)
nanocomposite of S-doped g-Cs;N, (SCN) and V,CT, MXene
(SCN/V,C), which was prepared via ball milling followed by
calcination. The SCN/V,C nanocomposite demonstrates
superior conductivity and a reduced band gap relative to pure g-
CsNy4, leading to improved electrochemical performance for UA

SCN/V,C

detection. Differential pulse voltammetry (DPV) measurements o o
revealed a limit of detection (LOD) of 1 yM for UA and a linear Nee " N "
response range spanning from 3 uM to 1 mM. Furthermore, @ DPV o N/k o | N/k
experimental results confirmed the excellent stability of the 24: N© H N ©
SCN/V,C nanocomposite. Density functional theory (DFT) 2 UA UAox
calculations revealed that SCN/V,C acts as a powerful electron N \_____

donor, while UA functions as an efficient electron acceptor. The " %

00 01 02 03 04 05 06 07
E (V vs. Ag/AgCl)

electron transfer between SCN/V,C and UA is significantly
greater than that with other common interfering biological molecules, leading to the highest adsorption energy of UA on the
SCN/V,C surface. This strong interaction accounts for the sensor’s exceptional selectivity. This newly developed sensor
provides a straightforward and highly sensitive approach for the electrochemical detection of trace levels of UA in real

biological samples.

KEYWORDS: S-doped g-C3N,4, V,CT, MXene, uric acid, differential pulse voltammetry, electrochemical detection

1 Introduction

Uric acid (UA) is a human metabolite, and abnormal levels in the
body can lead to various diseases, including kidney injury, scurvy,
and insomnia [1, 2]. Therefore, accurate and rapid detection of UA
is crucial for monitoring and managing its levels, which is
significant for the early diagnosis and prevention of these diseases
[3-5]. Attaining a broad detection range and a low detection limit
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is crucial for efficient UA detection. Various established analytical
techniques, including high-performance liquid chromatography
(HPLC) [6], potentiometric enzyme electrode [7], colorimetry [8],
spectrophotometry [9], fluorimetric technique [10], and ion
chromatography [11], have been employed to measure UA levels.
However, the practical application of these techniques is often
limited by challenges such as high costs, cumbersome sample
preparation, slow measurement times, and the need for skilled
technicians [12-14]. Among the various sensing techniques
available, electrochemical sensing has emerged as an attractive
method for detecting biomolecules with electrochemical activity.
Electrochemical sensors are increasingly preferred for UA detection
because of their simplicity, rapid response, affordability, and high
sensitivity [15-17].
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The performance of electrochemical sensors is heavily influenced
by the functional nanomaterials used on the electrodes [18].
Therefore, exploring new functional materials or composites is
essential for achieving accurate and sensitive electrochemical
detection of UA in various samples [19]. Recently, graphitic carbon
nitride (g-C;N,) has gained attention in electrochemical sensor
research for its distinctive layered structure, outstanding chemical
stability, and superior catalytic properties [20-23]. However, the
application of pure g-C;N, in electrochemical sensing is limited by
its low conductivity and poor electrochemical activity [24].
Elemental doping, involving the incorporation of metallic or non-
metallic elements into g-C;N,, is a proven method to improve its
properties [25-29]. Sulfur doping, in particular, has been
demonstrated to alter the electronic structure of g-C;N,, leading to
enhanced conductivity [30-32]. Another approach to enhance the
electrochemical performance of g-C;N, is by combining it with
highly conductive materials. Since g-C;N, possesses some electron
migration capability, the overall electron transport efficiency of the
composite can be significantly improved when combined with
highly conductive materials [33]. Among these materials,
MXenes—a class of 2D transition metal carbides derived from
MAX phases [34—-37], have been widely used in combination with g-
C;N;, due to their high conductivity, large specific surface area, and
abundant surface catalytic sites. V,AIC, a typical vanadium based
MAX phase material, has excellent mechanical properties and high
temperature resistance [38—40]. V,C, on the other hand, is the
product of its etching and has a two-dimensional lamellar structure
with excellent electrical conductivity, large specific surface area, and
tunable surface chemistry for applications such as catalysis and
energy storage [41-44]. Although several studies have investigated
the synthesis and photocatalytic uses of g-C;N,/MXene
nanocomposites [45-48], there is still limited research on the
development of 2D g-C;N/MXene nanocomposites for
electrochemical sensing applications.

In this work, we present a straightforward approach to fabricate
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2D SCN/V,C nanocomposites for the detection of UA. The
SCN/V,C nanocomposites were synthesized through a simple
process involving ball milling and calcination of sulfur powder, g-
C;N,, and V,C. The electrochemical performance of g-C;N,-based
electrodes was significantly enhanced by sulfur doping and the
incorporation of V,C, owing to their high conductivity and
abundant catalytic sites. The nanocomposite material was modified
on the working electrode for electrochemical detection. During the
process, UA will undergo oxidation reaction and generate oxidation
products of UA (such as allantoin). This process usually occurs at a
specific potential, and the oxidation reaction of UA is accompanied
by electron transfer (Fig. 1). The current change on the electrode
surface is proportional to the concentration of UA. By monitoring
the current, the concentration of UA can be calculated. Utilizing the
electrocatalytic properties of SCN/V,C for UA oxidation, a
differential pulse voltammetry (DPV) method was developed for
UA detection. Additionally, the exceptional sensitivity and
selectivity of this sensor were further analyzed using density
functional theory (DFT) calculations. The adsorption energies of
common biological molecules, such as UA, glucose (Glc), glutamate
(Glu), and glycine (Gly), calculated through DFT, align with DPV
results, confirming that the strong interaction between SCN/V,C
and UA enhance the sensor’s selectivity for UA. The
straightforward fabrication method used here provides important
insights for designing efficient and accurate sensors capable of
detecting very low concentrations of UA in real biological samples.

2 Experimental section

2.1 Preparation of V,CT, MXene

LiF was added to a 9 M HCl solution and stirred for half an hour to
ensure complete dissolution of the salt. Subsequently, one gram of
VLAIC powder was gradually introduced into the mixture to
prevent a violent exothermic reaction. The suspension was then
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Figure1 Schematic diagram of SCN/V,C fabrication process and electrochemical detection of UA.
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maintained at 90 °C for 24 h. After allowing the reactor to cool, the
mixture was removed and washed by repeated centrifugation until
the pH of the supernatant reached approximately 7. The product
from the final centrifugation step was then freeze-dried.

2.2 Synthesis of g-C;N,

A few grams of melamine were placed in a porcelain boat and
heated in a muffle furnace at a rate of 5 °C/min until reaching 550
°C. The temperature was then maintained at 550 °C for 4 h under
atmospheric conditions. After cooling the porcelain boat to room
temperature, the light-yellow g-C;N, product was collected and
ground into a powder for further use.

2.3 Fabrication of SCN/V,C

The mixture of sulfur powder, g-C;N,, and V,C was ball-milled
under vacuum for 10 min. Under the condition of vacuum ball
milling, the V,C structure was relatively stable. And the
electronegativity of S, C, and N elements was very close. Based on
the previous Ref. [49] and our experience in preparing S-doped g-
C;N, materials [50, 51], S powder was easy to form SCN with g-
C;N, first. Then, the SCN, V,C, and the grinding ball were mixed in
a vacuum sealed cylinder. In the process of ball milling, the
grinding ball with kinetic energy was given to move at high speed,
so as to contact with the materials and produce force [52, 53]
including impact force and shear force. The mixture produced in
the first step was transferred inside to a porcelain boat. It was then
heated to 550 °C at a rate of 5 °C/min in a N, atmosphere for 3 h.
The ball-milled samples were collected and calcined at high
temperatures under N, atmosphere to remove volatile components
to purify the product [30]. At the same time, the crystal structure
was improved during the process, enhancing the stability and
activity of the material. The final product, named SCN/V,C was
obtained after natural cooling. The fabrication process was
illustrated in Fig. 1.

2.4 Sensor fabrication

The bare 3 mm diameter glassy carbon electrode (GCE) was
polished with alumina slurry on a polishing cloth, then rinsed with
distilled water and ethanol. To modify the electrodes, 6 uL of the
prepared dispersion was carefully applied to the surface of the
pretreated GCE and dried under an infrared lamp.

2.5 Characterization

Scanning electron microscopy (SEM) was conducted with a
GeminiSEM 300 field emission electron microscopy. Transmission
electron microscopy (TEM) was performed using a JEM-2100
microscope. X-ray diffraction (XRD) patterns were collected with a
Bruker D8 Advance TXS diffractometer, and X-ray photoelectron
spectroscopy (XPS) was carried out using an ESCALAB X1+
spectrometer.

2.6 Electrochemical test

All experiments utilized a three-electrode system connected to a
CHI660D electrochemical ~workstation (Shanghai Chenhua
Instrument Co., Ltd.). The working electrode was either a bare or
modified GCE, with a platinum sheet and an Ag/AgCl (3 mol/L
KCl) electrode serving as the counter and reference electrodes,
respectively. DPV was conducted over a potential range of 0 to
0.6 V at scan rate of 100 mV/s with a sensitivity of 0.1 mA/V, while
cyclic voltammetry (CV) measurements were also carried out
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within this range. Electrochemical impedance spectroscopy (EIS)
measurements spanned a frequency range from 1 MHz to 0.1 Hz
with an amplitude of 5 mV in 0.1 mol/L KCl containing 5 mmol/L
[Fe(CN)eJ* "

2.7 Computational detail

The structural optimization and electrostatic potential (ESP) of the
target molecules used in this work were performed using
Gaussian09 software package [54]. Optimization of the molecular
structures was performed by means of DFT with the Becke’s
3 parameters and the Lee-Yang-Parr’s nonlocal correlation
functional (B3LYP). The basis sets for C, N, and H were 6-311 +
G(d) with diffuse function for N and O atoms. The quantitative
three-dimensional (3D) ESP mapping images were calculated using
Multiwfn (v 3.8) [55] and plotted by VMD programs (v 1.9.3) [56].

All reported data were calculated by the density functional theory
with the code of Quantum Espresso [57]. The frozen-core projector
augmented-wave (PAW) method was utilized to describe the
interaction between the atomic cores and the valence electron
density [58]. The exchange-correlation potential was approximated
within the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional [59]. The wave
function and charge density cutoff energies were optimized to 50
and 400 Ry, respectively. The Grimme-D2 term was used to
observe the weak interactions [60]. The Brillouin zone in reciprocal
space was sampled by a I'-centered Monkhorst-Pack scheme with
1 x1x1and 3 x 3 x 1k-point grids for geometry optimization and
electronic structure calculations [61]. Bader charge analysis was
used for partial charge density calculations according to interactions
[62]. Maps of electron density difference were analyzed with the
VESTA program [63]. The adsorption energy of adsorbates was
calculated by

AEy = E — E. — Ex (1)

where E., E., and Ex represent the energy of the total systems after
adsorption, catalysts surfaces, and adsorbates, respectively.

3 Results and discussion

3.1 Morphology characterization

The morphology and surface structure of the MXene materials
were examined using SEM. After etching the Al layer from the bulk
V,AIC, a lamellar structure was observed (Fig. 2(a)). Following
etching, the material exhibited a multilayer MXene structure with
noticeable layer separation, displaying a classic accordion-like
appearance, which signifies successful synthesis [64—66]. The
microstructures of the g-C;N, and S-doped g-C;N, (S-g-C;N,)
samples were also analyzed by SEM. As shown in Figs. 2(b) and
2(c), both samples retained similar block-like structures, indicating
that sulfur doping did not significantly alter the morphology of g-
C;N,. After calcination, the nanocomposite material revealed both
lamellar and massive structures (Fig. 2(d)), confirming the
successful reaction between V,C and S-g-C;N,.

The TEM images reveal that the prepared V,CT, is effectively
exfoliated, resulting in well-defined 2D sheets (Fig. 2(e)). The g-
C;N, and S-g-C;N, samples are composed of numerous irregular
lamellar clusters that appear lumpy overall (Figs. 2(f) and 2(g)).
Upon introducing V,C, the S-g-C;N, aggregates were dispersed to
some extent and exhibited a more uniform growth, merging into a
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Figure2 SEM images of (a) V,C, (b) CN, (c) SCN, and (d) SCN/V,C. TEM images of () V,C, (f) CN, (g) SCN, and (h) SCN/V,C. (i) HR-TEM image of SCN/V,C
(inset is the SAED pattern of V,C). (j) TEM-EDS elemental analysis of SCN/V,C. (k)-(m) TEM-EDS elemental mapping images of SCN/V,C.

cohesive structure (Fig. 2(h)). As shown in Fig. 2(i), lattice fringes
characteristic of V,C MXene was observed at the edges of the
nanocomposite in the high resolution TEM (HR-TEM) image. This
observation not only confirms the successful synthesis of the
nanocomposite material but also indicates effective contact between
the two components [67]. The ordered lattice fringes verify the high
crystallinity of the obtained V,C. The lattice spacing of 0.262 nm
corresponds to the (100) crystal plane [68]. The TEM-energy
dispersive  spectroscopy (EDS) elemental analysis of the
nanocomposite material SCN/V,C was presented in Fig. 2(j), which
predominantly indicated the co-existence of C, N, S, and V
elements.

TEM-EDS elemental mappings (Figs. 2(k)-2(m)) displayed a
homogeneous distribution of N and V elements, suggesting that
SCN and V,C are fully mixed during the synthesis, resulting in a
uniform nanocomposite material. This homogeneous distribution
indicates that the synthesis process was effective, ensuring that all
reactants participated evenly in the reaction and minimizing the
risk of incomplete reactions or by-products [69]. The uniform
distribution of elements contributes to the material’s structural
integrity and stability, preventing defects or degradation due to
localized enrichment of elements.
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3.2 Chemical structure analysis

The full X-ray photoelectron spectroscopy (XPS) spectrum of
SCN/V,C reveals the presence of C, N, S, and V, consistent with the
elemental distribution observed in the SEM mapping (Fig. 3(a)).
The XPS C 1s spectrum is divided into four peaks of V-C, C-C,
C-N, and N-C=N [50, 70] (Fig. 3(b)). Additionally, the N 1s
spectrum includes peaks associated with N-(C);, C-N-H, and
C-N=C bonds (Fig. 3(c)). For the S 2p region, three main peaks
correspond to S-O and C-S bonds, respectively, further confirming
the successful synthesis of SCN/V,C [51](Fig. 3(d)). Wherein, the V
2p region of SCN/V,C, ranging from 510 to 528 eV, is
deconvoluted into four main peaks, which are assigned to V-C
(512.8 €V), V* (514 and 521.0 eV), V* (5164 eV), and V*
(524.5 eV) (Fig. 3(e)) [71]. The V element has a multi-valence state,
and the electronic structure has outstanding adjustability. The V*
usually exhibits strong catalytic performance, which can accelerate
the rate of some reactions and enhance the response speed and
accuracy of the sensor. The stability of V** and V* is different under
different pH conditions. The performance of the sensor is improved
by optimizing the pH value to improve the selectivity to specific
analytes [72].Therefore, the XPS characterization results imply the
removal of the Al layer and the introduction of potential
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Figure 3 (a) Full XPS spectra of SCN/V,C, and XPS fittings for classic (b) C 1s, (c) N 1s, (d) S 2p, and (e) V 2p. (f) XRD patterns of SCN/V,C, SCN, g-C;N,, and V,C.

hydrophilic functional groups, which may be due to the formation
of oxygen-containing groups after etching and calcination, such as
S-0O[73].

Figure 3(f) shows that the diffraction peaks of SCN/V,C are
consistent with those of pure g-C;N, powder. The characteristic
peak at 27.5° corresponds to the (200) crystal plane of g-C;N, [74,
75], corresponding in the inter-plane stacking of aromatic systems
[76]. These results indicate that SCN/V,C was successfully
synthesized and the ball milling and calcination processes did not
alter the crystal structure of g-C;N,. In summary, SCN/V,C was
successfully synthesized with its crystal structure intact.

3.3 Electrochemical behaviors
DPV can display the anodic (oxidation) current and a well-
(&) W% %% mar | Sci@pen
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separated peak-to-peak potential difference [77]. The electron
transfer abilities of the samples were evaluated using the DPV
method. As shown in Fig. 4(a), the peak current of SCN/V,C/GCE
is significantly higher than that of the bare GCE and other modified
electrodes, demonstrating that SCN/V,C effectively enhances
electron transfer between the electrode and the analyte.
Additionally, in the presence of UA, the oxidation peak current of
SCN/V,C/GCE exceeds that of both SCN/GCE and bare GCE,
underscoring the substantial improvement in electrochemical
performance due to the synergistic interaction between SCN and
etched V,C compared to pure SCN or bare GCE [78].

EIS is a powertful tool for investigating the kinetics and processes
at the electrode interface and was utilized to evaluate the electron
transfer properties of SCN/V,C [79, 80]. In the Nyquist diagram
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Figure4 (a) DPV responses of the sensor to different modified electrode and (b) EIS Nyquist plots of the corresponding electrodes. (c) CV of the SCN/V,C/GCE in
1 mM UA at various scan rates (from 20 to 180 mV/s) and (d) the plots of the redox peak currents versus scan rate. (¢) DPV responses for UA (from 3 to 1000 uM) and
its corresponding linear relationship between peak current and UA concentration (f). (g) Cathodic scan for determining the CBM at 5 mV/s, (h) anodic scan for

determining the VBM at 5 mV/s, and (i) Tafel slope of corresponding electrodes.

(Fig. 4(b)), the semicircle diameter corresponds to the charge
transfer resistance (R.) [81], with a smaller semicircle indicating a
lower R.. It can be observed that when SCN/V,C is modified onto
the electrode surface, the semicircle diameter in the EIS plot
decreases, signifying a lower R. This indicates that the SCN/V,C-
modified electrode has a faster electron transfer ability and higher
catalytic activity.

To elucidate the electrochemical redox mechanism of UA on
SCN/V,C/GCE, CV curves of 1 mM UA were recorded at various
sweep rates. The peak current values exhibited a strong linear
correlation with the sweep rate, indicating that the process
occurring on the SCN/V,C/GCE surface is adsorption-controlled.
As shown in Figs. 4(c) and 4(d), the linear regression equation for
UA is I, = 1833v + 8.1 (R = 0.997), which suggests efficient
electron transfer at the electrode surface [82, 83].

The DPV results for SCN/V,C/GCE in buffer solutions with
different UA concentrations are depicted in Figs. 4(e) and 4(f). The
SCN/V,C/GCE modified electrode displayed a distinct oxidation
peak at around +0.4 V, with the peak current showing a consistent
increase as UA concentration rose. There was a strong linear
relationship between peak current and UA concentration, spanning
from 3 to 1000 M. The linear regression equation was determined
to be I, (A) = 0.0653¢c (mol/L) + 0.64907, with a correlation
coefficient of 0.997. The limit of detection (LOD) for UA was
calculated to be 1 uM. The LOD was defined by the equation
LOD = 3a/b, where « is the standard deviation of the current
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measured on a blank sample (2.21 x 10® A), and b is the slope of
the calibration curve (6.53 x 10° A/uM). The results indicate that
modified GCE is a promising electrode modifier for effective
electrochemical detection of UA [84].

The electronic structures of pure g-CN, S-g-C;N,, and
SCN/V,C nanocomposites were analyzed through their conduction
band minimum (CBM) and valence band maximum (VBM) [85],
as shown in Figs. 4(g) and 4(h). Measurements at a voltage of 5 mV
revealed that the band gaps of pure g-C;N, and SCN/V,C
nanocomposites are 2.82 and 2.63 eV, respectively. This indicates
that SCN/V,C nanocomposites possess a narrower band gap
compared to pure g-C;N,, with values of 1.29 eV for CBM and
1.34 eV for VBM (vs. Ag/AgCl). A reduced band gap generally
suggests lower electron transfer resistance at the interface, thereby
improving the electron transfer efficiency of the material [86].
Narrow band gap materials typically possess more active surface
sites, which improve the adsorption and activation of analytes,
thereby accelerating the sensor’s response speed [87]. This is
supported by the experimental observation that SCN/V,C
demonstrates superior catalytic performance, as indicated by the
lowest Tafel slope of 76.61 mV/dec (Fig. 4(i)). A lower Tafel slope
signifies that the sensor can operate efficiently at lower potentials,
which is crucial for enhancing sensor performance [88, 89].

34 Optimized conditions

To achieve optimal performance, we fine-tuned the electrochemical
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test conditions. First, we examined how the concentration of the
dispersion affected the electrochemical behavior, adjusting it while
maintaining consistent coating volume and electrolyte. From the
DPV results (Fig. 5(a)), the optimal dispersion concentration was
found to be 2 mg/mL. Next, we investigated the impact of
SCN/V,C loading on UA detection by varying the volume of the
dispersion applied while keeping the concentration at 2 mg/mL. As
the loading amount increased from 4 to 6 pL, the peak current for
UA significantly rose. However, further increases in loading led to a
gradual decline in peak current. This decrease may be attributed to
the increasing thickness of the sensing film on the GCE, which
reduces the adhesion of SCN/V,C to the electrode surface and
increases the charge transfer resistance (R,). The highest UA
oxidation peak was observed with a 6 uL loading amount (Fig.
5(b)). Consequently, the optimal SCN/V,C loading was determined
to be 6.0 pL.

The buffer solution type and pH are crucial in influencing the
electrochemical reaction of the analyte, making their optimization
vital for achieving optimal results. Figure 5(c) presents a
comparison of the modified electrode’s electrochemical behavior in
different buffer solutions, including phosphate buffer saline (PBS),
NaAc-HAc, H,Cit-Na,Cit, and Na,HPO,-H,Cit (pH = 5.8). The
findings reveal that the NaAc-HAc buffer solution provides a more
favorable electrochemical response for UA. Using DPV, the effect
of pH on the modified electrode’s performance in a 1 mM UA
solution was evaluated across a potential range of 0.1 to 0.6 V. The
results indicate that the current response for UA initially increased
and then decreased as pH values rose, with the peak response
observed at pH 4.6. Moreover, as pH increased, the oxidation
potential of UA shifted to more negative values (Fig. 5(d)),
indicating the involvement of protons in the UA oxidation process
[90].
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Figure5 DPV curves of SCN/V,C/GCE at 1 mM UA: (a) different dispersion concentrations, (b) different loading amount, (c) different types of buffer solutions, and (d)
different pH values in NaAc-HAc. Plot of peak current dependence of UA on (e) accumulation potential and (f) accumulation time.
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We also investigated the influence of enrichment parameters on
the UA peak current. The peak current initially increased with
enrichment but subsequently decreased (Figs. 5(e) and 5(f)). After
thorough evaluation, the optimal enrichment conditions were
determined to be an enrichment potential of -0.3 V and an
enrichment time of 120 s.

3.5 Repeatability, reproducibility, stability, and anti-
interference

The repeatability of the modified electrode was assessed using the
DPV method in a 1 mM UA buffer solution under the optimized
conditions. As shown in Fig. 6(a), the response of the same
electrode maintained high accuracy with a relative standard
deviation (RSD) of 8% across five repeated measurements.

Furthermore, five independent modified electrodes were
prepared and used to measure the current response of 1 mM UA in
parallel under the same conditions. The RSD of the current
response values across these electrodes was 4% (Fig. 6(b)). These
results demonstrate that the proposed sensor exhibits high
repeatability and good reproducibility.

As demonstrated in Fig. 6(c), the long-term stability of the sensor
was evaluated over a period of time. The sensors were vacuum-
sealed and stored at 4 °C between measurements. After 10 days, the
current response remained at 90% of the original value, indicating
that the prepared electrodes exhibit good stability over time.

To assess the interference immunity of the modified electrode,
the DPV response of UA was examined in the presence of potential
interfering substances. The response of SCN/V,C/GCE to 1 mM
UA was tested alongside 100 times the concentration of common
inorganic ions and 10 times the concentration of common organic

small molecules [91]. As shown in Fig. 6(d), the deviation in the
current responses for UA caused by these interfering substances
was within + 5%, indicating negligible effects on the oxidation
current of UA. This demonstrates that SCN/V,C/GCE exhibits
excellent anti-interference properties for UA detection [92, 93].

3.6 Selectivity

Electrochemical sensors with high selectivity are designed to
specifically recognize the target substance while minimizing
interference from other substances, thereby enhancing the accuracy
and reliability of the measurements. The selectivity of the sensor
was evaluated by comparing its response to different interfering
substances such as Glc, Glu, and Gly. Figure 7(a) shows the DPV
responses for UA, Glc, Glu, and Gly. The results clearly indicate
that the sensor produces a significant response only to the target
substance, UA, while exhibiting minimal or negligible responses to
the interfering substances. This demonstrates the sensor’s high
selectivity and its capability to distinguish UA from other
compounds.

Molecular-level DFT calculations were conducted to identify the
preferential adsorption sites for UA [94]. There are two surfaces
present on the nanocomposite SCN/V,C, thus two potential sites
were considered: the V,C surface (site 1) and the SCN surface (site
2). As shown in Fig. 7(b), V,C exhibits the highest adsorption
energy (-9.33 eV) for UA compared to other target molecules,
indicating that UA preferentially adsorbs at site 1 [95, 96]. In
addition to this, the adsorption energies of V,C site and only etched
V,C for different target analytes were also compared. Table 1 shows
that the values of adsorption energy of etched V,C for different
analytes did not differ much, while the strongest interaction
between the nanocomposite V,C site and the target UA was
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Figure6 (a) DPV curves for 5 consecutive measurements of 1 mM UA at the same SCN/V,C/GCE modified electrode. (b) DPV curves of 5 different modified
electrodes parallel assays for 1 mM UA. (c) DPV curves for 1 mM UA over 10 days. (d) Influence of interferents on detection of 1 mM UA.
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Figure7 (a) DPV curves of SCN/V,C/GCE with different analytes, (b) corresponding calculated adsorption energy, (c) charge density difference on the V,C site, and (d)

quantitative 3D ESP mapping images.

observed. This suggests that nanocomposite site 1 is more effective
in capturing UA molecules, enhancing the current signal and
improving the specificity of detection.

To further understand why site 1 has the highest adsorption
energy, the charge density difference of UA on the V,C interface
was analyzed. Bader charge analysis reveals a total charge transfer of

..................
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2.54 ¢ from the V,C site to the UA, which is significantly higher
than that observed for other small molecules (Fig. 7(c)). This
substantial charge transfer suggests that the material exhibits high
reactivity and indicates that the SCN/V,C nanocomposite can more
effectively and specifically recognize the target analyte molecule, UA
[97,98].

Nano Research, 2025, 18, 94907054


https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054
https://www.sciopen.com/article/10.26599/NR.2025.94907054

Lietal.

Nano Research | Vol. 18, No. 1

Table 1 The comparison of adsorption energy of V,C site on the SCN/V,C and
V,C after etching

Adsorption energy by analytes (eV)
Adsorption position

UA Glc Glu Gly
V,C site on the SCN/V,C -9.33 -4.36 -2.30 -2.17
V,C after etching -6.32 -5.01 -4.53 -3.36

ESP mapping was employed to analyze and explain the
electrochemical processes occurring at the electrode interfaces [99,
100]. In electrochemical sensing, adsorption is the initial step of the
reaction. The dark blue shaded areas in Fig. 7(d) represent regions
with more negative charge, while the red shaded areas indicate
regions with more positive charge. Analytes typically tend to adsorb
in these extreme potential regions because they are more prone to
charge transfer [101]. In the ESP mapping of the UA molecule,
higher potential gradients, such as +65.80 and —34.94, are observed,
which suggests a greater rate of electron migration. This strong
interaction between UA and the nanocomposite material enhances
the specific recognition of the target substance, significantly
improving the selectivity and sensitivity of the electrochemical
Sensor.

The performance of the SCN/V,C/GCE sensor was compared
with previously reported UA sensors (Table 2). Our sensor
demonstrates a lower detection limit and a wider linear range than
many other sensors. Several advantages of the proposed sensor over
other materials are evident. First, the integration of S-g-C;N, with
V,C facilitates effective charge separation and rapid charge
transport, reduces electron-hole recombination, and enhances the
efficiency of the electrochemical reaction. The high specific surface
area of V,C offers more active sites, while sulfur doping introduces
additional active sites and boosts the catalytic performance of the
material [102]. Additionally, the sensor exhibits high sensitivity and
selectivity, ensuring reliable measurements even at very low
concentrations or weak signals. Finally, the SCN/V,C
nanocomposite’s overall structure achieves a favorable synergy
between the two components, demonstrating excellent

Table2 Analytical comparison of linear range and LODs of other modified
electrodes reported for electrochemical detection of UA

Linear range LOD

Electrode materials (uM) (M) Refs.
g-C3Ny NS 100-1000 4.45 [103]
MoS, based flexible sensor 10-400 1.169 [104]
RGO-ZnO 3-330 1.08 [105]
CBNB/CNTs 1-45 0.42 [106]
Cubic Pd/rGO 4-469.5 1.6 [107]
AgNPs/rGO 10-800 8.2 [108]
Au-Cu,0/rGO 100-900 6.5 [109]
ITO-rGO-AuNPs 10-500 10.9 [110]
MC-GO-Fe;0, 0.5-140 0.17 [111]
PPy/a-Fe,O; 5-200 1.349 [112]
Au-/RGO 8.8-53 1.8 [113]
CNCo 2-110 0.83 [114]
CeO, 10-700 4.3 [115]
PtTi alloy 100-1000 53 [116]
SCN/V,C 3-1000 1 This work
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electrochemical properties, stability, and significant potential for
further development.

4 Conclusions

In this work, we systematically designed and successfully fabricated
an SCN/V,C/GCE sensor for the detection of UA. Through
comprehensive characterization and electrochemical behavior
analysis, we reached the following conclusions: (1) The
introduction of new active sites through S-doping within 2D g-
C;N, nanosheets, combined with the high specific surface area of
MXene V,C, enhances the electrochemical reaction and
significantly improves the conductivity and charge transfer
efficiency of the SCN/V,C/GCE sensor. (2) By optimizing
experimental parameters, we achieved improved sensitivity and
stability of the SCN/V,C/GCE sensor, ensuring reliable
performance in practical applications. (3) The SCN/V,C/GCE
sensor demonstrates high selectivity and accuracy in UA detection,
maintaining a sensitive response to the target substance while
effectively minimizing interference from other substances. These
advancements suggest that similar processes could be applied to
other nanocomposite sensors, offering new possibilities for early
disease prediction and environmental detection, with substantial
research value and application potential.
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