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Abstract

Sensitive and real-time monitoring of uric acid (UA) is essential for the effective management
of metabolic disorders such as hyperuricemia and Lesch-Nyhan syndrome. Herein, MnMoOQO4
(MMO) and bismuth-doped MnMoOs (BMMO) nanoparticles (NPs) were synthesized via a
combustion method and employed to fabricate MMO-ME and BMMO-ME electrochemical
sensors. Bi** incorporation was associated with lattice distortion and improved electro-
chemical charge-transfer characteristics, as evidenced by the electrochemical measurements.
Electrochemical studies revealed a diffusion-controlled, proton-coupled UA oxidation process
with optimal response at physiological pH (7.0), while NP loading optimization identified 4 mg
as the ideal composition. Compared to MMO-ME, the BMMO-ME electrode exhibited higher
anodic current and lower peak-to-peak separation, and faster electron-transfer kinetics due
to the synergistic bimetallic effect. Differential pulse voltammetry enabled ultrasensitive UA
detection over a wide linear range (10 to 60 nM) with low detection limits of 5.0 (MMO-ME)
and 4.5 nM (BMMO-ME). Both sensors demonstrated excellent stability, repeatability and
reproducibility (RSD < 2 %), while BMMO-ME showed superior resistance to surface fouling.
Accurate UA recovery (98 to 103 %) from tap water confirmed practical applicability. Overall,
this work highlights Bi-induced defect engineering as an effective strategy to activate MMO
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and establishes BMMO-ME as a robust, sensitive, and reliable platform for real-time UA
biosensing.

Keywords
MnMoO4 nanoparticles; solution combustion; carbon paste electrode; differential pulse
voltammetry; electrochemical sensing

Introduction

Disorders of abnormal purine metabolism, including Lesch-Nyhan syndrome, reflect the fragility
of uric acid (UA) homeostasis. Lesch-Nyhan syndrome is an X-linked hereditary disorder caused by
deficiency of hypoxanthine-guanine phosphoribosyltransferase (HPRT), an essential enzyme in the
purine salvage pathway [1,2]. When this pathway is impaired, purine base degradation increases,
leading to excessive UA production. High UA concentrations lead to the deposition of monosodium
urate crystals in the joints, kidneys, and soft tissues, causing an inflammatory response,
nephrolithiasis, and problems with the kidneys [3]. Besides having metabolic abnormalities, patients
have severe neurological and behavioural presentations, such as dystonia, developmental disorder,
and compulsive self-harm behaviour [4]. The disorder is male-dominant and has a prevalence rate
of about 1 per 380,000 live births [5]. Although pharmacological treatment can reduce UA levels, it
does not enable continuous, real-time monitoring, which can prevent early diagnosis and accurate
therapeutic management. This limitation highlights the need for analytical tools that can accurately
and dynamically evaluate UA levels.

Uric acid is the product of purine degradation, which is the last one formed both by the intake of
purines with food and endogenous nucleotide breakdown, where the liver is the main location of
metabolism [6]. UA is a systemic antioxidant in circulation and plays a major role in plasma redox
balance, primarily excreted by the kidneys [7]. The presence of high levels of uric acid (hyper-
uricemia) causes monosodium urate crystallization, which causes gout, kidney stones, and
progressive renal dysfunction [8]. On the contrary, low UA levels have been linked to rare metabolic
disorders as well as subdued antioxidant defence [9]. Due to its limited physiological scope and
clinical interest, precise and rapid analytical determination of UA in biological fluids is necessary yet
technically challenging, which is why other analytical approaches have been developed.

Biosensors have also become promising analytical platforms for metabolite analysis because they
integrate biological recognition components, including enzymes, antibodies, or nucleic acids, with
transducers that convert biochemical responses into measurable outputs [10,11]. It can be
integrated to enable rapid, selective, and sensitive detection, supporting timely clinical decision-
making for conditions such as hyperuricemia [12,13]. In addition to clinical diagnostics, biosensors
are widely used in environmental sensing, food safety, and pharmaceutical research, and enable the
detection of pollutants, pathogens, and drug interactions [14,15]. The operation of biosensors,
however, highly depends on the operation of the transducer material in terms of electrical
conductivity, surface reactivity, stability, and biocompatibility [16,17]. Traditional electrode
materials do not tend meet these demands, thereby limiting sensitivity and reproducibility and
spurring the search for new functional materials.

Manganese molybdate (MnMoQ4) is an oxide of mixed transition metals, that has attracted
considerable attention owing to its structural stability, chemical robustness, and rich redox
chemistry [18-19]. The ease of electron transfer and electrocatalytic activity are enabled by the
multiple oxidation states of manganese and molybdenum, making MnMoQO4 (MMO) a promising
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candidate for electrochemical applications, including sensing and catalysis [20]. Although these
benefits are apparent, pure MMO, in most cases, has moderate electrical conductivity and low
surface affinity for biomolecules, which limits its direct use as a high-performance biosensor [21].
To overcome these limitations, dopant engineering has become a popular tool to provide electronic
and surface modification of metal oxides.

Bismuth (Bi) is a post-transition metal with low toxicity, is extremely stable under electrochemical
conditions, and has a high affinity for oxygen-containing species [22]. Incorporated into the lattices
of oxides, Bi ions, along with their comparatively large ionic radius and the presence of an active
lone pair of electrons, may lead to the formation of lattice distortion, oxygen vacancies, and
electronic band structures [23]. These effects improve the mobility of charge carriers and interfacial
electron transfer, which are essential in electrochemical sensing applications [24]. Bismuth-based
composites have been shown to possess better catalytic activity, broader operating potential
windows, and greater surface fouling resistance in electrochemical systems [25,26]. However, the
effect of Bi** doping on MMO, with reference to biosensing applications, remains underexplored.

Despite the growing interest in manganese-based molybdates for electrochemical applications,
systematic studies addressing the role of aliovalent dopants in tailoring the defect chemistry and
interfacial electron-transfer behaviour of MMO remain limited, particularly in the context of
biosensing. In this regard, the present work reports the combustion-assisted synthesis of MMO and
Bi**-doped MMO (BMMO) nanostructures and provides a comprehensive investigation of the
dopant-induced modulation of their physicochemical and electrochemical properties. The incur-
poration of Bi** ions into the MMO lattice is anticipated to induce lattice distortion, oxygen vacancy
formation, and a rearrangement of the electronic structure, thereby enhancing charge-carrier
mobility and increasing the density of catalytically active surface sites. A combination of X-ray
diffraction and scanning electron microscopy was employed to establish phase purity, crystallinity,
and morphology, while cyclic voltammetry (CV) and Differential pulse voltammetry (DPV) were
utilized to elucidate redox kinetics, electrocatalytic efficiency and sensing performance toward UA
oxidation. By correlating structural defects with electrochemical response, this study not only
clarifies the fundamental role of Bi doping in MMO but also introduces a defect-engineering strategy
for optimizing mixed-metal oxides, positioning BMMO as a promising and robust electrode material
for sensitive, selective and reliable electrochemical biosensing applications.

Experimental

Materials and reagents

Ammonium heptamolybdate tetrahydrate [(NH4)sMo07024:4H,0, extra pure], manganese(ll) nitrate
hydrate [Mn(NOs)2xH20, 99.9 %] and bismuth(lll) nitrate pentahydrate [Bi(NOs)s-5H,0, 99.99 %] were
purchased from Sigma-Aldrich India. Urea [CON3H4, 99.5 %], dopamine hydrochloride (CsH12CINO,,
>98 %), uric acid (CsHaN4Os, 299 %), potassium ferrocyanide trihydrate (Ka[Fe(CN)e]-3H,0, 298.5 %),
potassium chloride (KCl, 299.5 %), sodium phosphate monobasic monohydrate (NaH2PO4-H,0, >98 %),
and sodium phosphate dibasic heptahydrate (Na;HPO4-7H,0, ACS, 98 to 102 %) were purchased from
Sisco Research Laboratories (SRL, India). The phosphate salts were used to prepare 0.2 M phosphate-
buffered saline (PBS) at the required pH. All chemicals were of analytical grade and used as received
without any further purification. Deionized water was used throughout the synthesis process.
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Synthesis of MnMoO, and Bi**-doped MnMoO4 nanoparticles

MMO and BMMO nanoparticles (NPs) were synthesized via solution combustion synthesis, using
metal nitrates as oxidants and urea as a fuel. For the preparation of MMO, stoichiometric quantities
of Mn(NOs), and (NH4)sMo07024 were dissolved in deionized water under continuous magnetic
stirring to obtain a homogeneous precursor solution, followed by the addition of CON;H4 to achieve
a near-stoichiometric redox balance. In the case of BMMO, bismuth (lll) nitrate pentahydrate
corresponding to 1 mol.% Bi3* was introduced into the precursor solution prior to fuel addition. The
resulting precursor solutions were stirred for 30 min and transferred into a heat-crystalizing dish,
which was then placed in a preheated muffle furnace maintained at 500 °C. Rapid dehydration
followed by spontaneous ignition initiated a self-propagating combustion reaction, producing
voluminous, porous powders due to the evolution of gaseous by-products. The as-combusted
products were gently ground and subsequently calcined at 900 °C for 2 h in air to improve
crystallinity and phase purity. The obtained MMO and BMMO NPs were used for further
characterization and application studies (Figure 1a).

Bi(NO;);

(a) (NH)Mo:0z,
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. .‘:\'-H"::‘."h-\?__\__:-_d P
® )
Stirred for 30 min Heated at 500 °Cand MMO BMMO

calcinated at 900 "Cfor 2 h

Silicon oil

Graphite nano

NPs

powder
Mortar Modified
electrode
» Uric acid
> .
Electrochemical analyser I I i solution
(/ 1 6/
I =
Output Three electrode system

Figure 1. (a) Schematic illustration of the solution combustion synthesis route employed for the preparation
of MMO and BMMO NPs. (b) Fabrication process of the BE, MMO-ME, and BMMO-ME
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Preparation of bare carbon paste electrode and modified electrodes (MnMoO4 and Bi**-doped
MnMoOy)

The MMO-ME was prepared by mixing the optimized amount of MMO NPs with graphite powder
and silicone oil at a 70:30 mass ratio to obtain a homogeneous, electrically conductive, and
mechanically workable carbon paste. The mixture was well blended to obtain a homogenous
distribution of NPs, which is essential in the development of a high density of electroactive sites.
The resulting paste was then pressed into an electrode holder, taking care not to leave any air gaps
to allow uniform electrical contact and mechanical stability (Figure 1b). The homogeneously
dispersed MMO NPs also contributed to the electron-transfer pathway and significantly increased
the electroactive surface area, enabling effective and rapid electrocatalytic oxidation of UA. CV
results showed that MMO-ME exhibited higher anodic currents and lower overpotentials than the
BE, indicating improved electrochemical activity due to the MMO modification.

To enhance the electrode's electrocatalytic properties, BMMO-ME NPs were synthesized and
incorporated into the electrode to form BMMO-ME. Introduction of Bi®* ions into the MMO
structure caused lattice distortions, the formation of oxygen vacancies, and a change in the
electronic band structure, which in turn increased charge-carrier velocity and interfacial electron-
transfer ratios. To produce a stable, homogeneous paste of the BMMO NPs, graphite and silicone
oil were homogeneously added to the NPs, which were then carefully packed into the electrode
holder. This bimetallic modification strongly increased the catalytic site count, conductivity, and
electron-transfer rate, as well as anodic peak currents (/pa), stability, and reduced overpotentials,
compared with MMO-ME. Both electrodes exhibited high reproducibility and structural stability, but
the electrocatalytic efficiency, long-term stability, and sensitivity of BMMO-ME were superior to
those of MMO-ME; thus, it is a better platform for reliably and selectively detecting UA in complex
biological samples. These features resulted in the same dispersibility of NPs and homogeneity of
pastes, which are important for ensuring a consistent level of performance; therefore, a careful
fabrication process is important when constructing high-performance electrochemical sensors.

Characterization

Powder X-ray diffraction (PXRD) patterns were recorded using a Rigaku SmartLab diffractometer
(Rigaku Corporation, Tokyo, Japan) with Cu Ka radiation (A = 0.15406 nm). Surface morphology and
elemental composition were analysed using a ZEISS scanning electron microscope equipped with an
EDS detector (Carl Zeiss AG, Oberkochen, Germany). Electrochemical measurements, including CV,
DPV and electrochemical impedance spectroscopy (EIS), were carried out using a CHI608F
electrochemical workstation (CH Instruments Inc., Austin, TX, USA) with a conventional three-
electrode configuration. The BE, MMO-ME or BMMO-ME (geometric diameter: 3 mm, geometric
area: 0.071 cm?) served as the working electrode; an Ag/AgCl (3 M KCl) electrode was used as the
reference electrode, and a platinum wire was employed as the counter electrode. EIS
measurements were performed over a frequency range of 100 kHz to 0.01 Hz by applying an AC
perturbation amplitude of 5 mV at a DC potential of 0.30 V.

Result and discussion

Structural and morphological analysis

PXRD was employed to investigate the phase purity and crystallographic structure of MMO and
BMMO NPs. As shown in Figure 2a, all diffraction peaks of MMO are well indexed to the monoclinic
MnMoO, phase (PDF#01-082-2166) with C2/m symmetry, confirming the formation of a single-
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phase material [27]. The PXRD pattern of BMMO exhibits no additional reflections or impurity
phases, indicating that Bi* incorporation does not alter the fundamental crystal structure of MMO.
A slight peak broadening and marginal shift are observed in the BMMO sample, suggesting localized
lattice distortion arising from dopant incorporation. The site-selective substitution of Bi** ions in the
MMO lattice can be rationalized using ionic-radius and coordination-number considerations. In
MMO, Mn?* ions occupy octahedral sites (CN = 6) with an ionic radius of 0.083 nm, whereas Bi** ions
in six-fold coordination possess a larger ionic radius of 0.103 nm. lonic radius mismatch (Ar / %) was
calculated using the relation [28], as given in Equation (1):

Ar =M100

R,CN W

Here, Rq and Ry denote the ionic radii of the dopant and the host cation, respectively, and CN is
the coordination number. The calculated Ar value for Bi3* substituting Mn?* is ~24.1 %, which is
below the commonly accepted substitution threshold of 30 %, confirming that Bi** ions can be
accommodated at Mn?* sites without inducing secondary phases. In contrast, Mo®" ions occupy
tetrahedral sites (CN = 4) with a significantly smaller ionic radius of 0.041 nm. Given the large-size
mismatch and the unfavourable coordination environment, substitution of Bi** at the Mo°®* site is
crystallographically improbable. Rietveld refinement of the PXRD patterns for MMO and BMMO
(Figure 2b) demonstrates excellent agreement between the observed and calculated profiles, with
minimal difference curves, confirming the reliability of the monoclinic C2/m structural model. The
refined lattice parameters exhibit only minor variations upon Bi3* doping, indicating that the overall
lattice symmetry and long-range structural order of MMO are preserved. A schematic representa-
tion of the crystal structure of BMMO is shown in Figure 2c. The monoclinic MMO structure consists
of corner-sharing MoO, tetrahedra interconnected with Mn/BiO¢ octahedra, forming a robust
three-dimensional framework. The substitution of Bi** ions at Mn?* sites maintains the connectivity
of the polyhedral network, thereby preserving the overall structural stability of the lattice. The
average crystallite size of the NPs was estimated using the Scherrer equation [29], as given in
Equation (2):

kA
b= pcosb @)

where D is the crystallite size, k is the shape factor (k = 0.9), A is the X-ray wavelength, fis the full
width at half maximum (FWHM) of the diffraction peak (in radians), and @ is the Bragg angle. Both
MMO and BMMO NPs exhibited comparable crystallite sizes of approximately ~34 nm.

The surface morphology and microstructural features of MMO and BMMO NPs were examined
by SEM, and the corresponding images are shown in Figure 2d and 2e, respectively. Both samples
exhibit a densely packed rod-like morphology with relatively uniform size distribution and well-
defined grain boundaries. The observed agglomeration can be attributed to the high-temperature
combustion process and subsequent calcination, which promote particle coalescence. The
elemental composition and successful incorporation of Bi** ions in BMMO were confirmed by
energy-dispersive X-ray spectroscopy (EDS), as shown in Figure 2f. The EDS spectrum shows Mn,
Mo, O, and Bi, with no extraneous impurity signals. The elemental distribution supports the effective
doping of Bi3* into the MMO lattice and validates the synthesis strategy employed.
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Figure 2. (a) XRD patterns and (b) Rietveld refinement profiles of MMO and BMMO NPs, (c) refined crystal
structure of BMMO NPs, (d and e) SEM micrographs of MMO and BMMO NPs, (f) EDS spectrum of BMMO

Optimization and electrochemical characterization of MnMoO4 and Bi**-doped MnMoO4 modified

electrodes

To optimize the active-material loading, MMO-ME and BMMO-ME electrodes containing 2, 4, 6, 8
and 10 mg of active material were evaluated by CV in 1 M KCl containing 25 mM K4[Fe(CN)e] at a scan
rate of 0.1 V s (Figure 3a and 3b). The anodic and cathodic peak currents increased with active-
material loading up to 4 mg, then decreased at higher loadings. The decrease at higher loading may
be associated with nanoparticle agglomeration and partial blockage of conductive pathways, reducing
the number of electrochemically accessible sites [30]. Therefore, 4 mg was selected as the optimum
active-material loading for both electrodes. Figure 3c compares the CV responses of the BE, MMO-

ME, and BMMO-ME electrodes prepared using the optimized 4 mg loading.
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Figure 3. Effect of active material loading (2 to 10 mg) on the current response of the (a) MMO-ME and
(b) BMMO-ME, (c) comparative CVs of the BE, MMO-ME, and BMMO-ME recorded using the 4 mg active
material loading in 1 M KCl containing 25 mM Ka[Fe(CN)s] at a scan rate of 0.1 V s™'

The Ipa increased from 231.6 pA for BE to 918.33 pA for MMO-ME and 1348 pA for BMMO-ME,
while the cathodic peak current (/yc) increased in magnitude from -197 to -770 pA and -1167 pA,
respectively. The corresponding AE, values decreased from 471 mV for BE to 458 mV for MMO-ME
and 447 mV for BMMO-ME, indicating improved charge-transfer behaviour following electrode
modification. The electroactive surface areas determined using the Randles-Sev¢ik equation were
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0.09, 0.23 and 0.53 cm? for BE, MMO-ME and BMMO-ME, respectively. Although the relatively large
AE, values indicate a quasi-reversible redox process, BMMO-ME exhibited the highest redox current,
the lowest AE,, and the largest electroactive surface area, demonstrating its improved electro-
chemical response [31-33]. The enhanced response of BMMO-ME is consistent with its increased
electroactive surface area and the contribution of Biincorporation to the electrode's charge-transfer
characteristics.

Electrochemical response of UA at MnMoO, and Bi?*-doped MnMoO, modified electrodes
depending on pH

The electrochemical oxidation of UA at MMO-ME and BMMO-ME is highly sensitive to the electro-
lyte pH, providing evidence that the reaction is proton-coupled. The CV was conducted in 0.2 M
phosphate-buffered saline (PBS) at pH 6.2 to 7.8 and a scan rate of 0.1 V s using 1 mM UA. The CV
responses of MMO-ME and BMMO-ME are depicted in Figure 4a and 4b, respectively, at various pH.
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anodic peak current with pH, (e) pH-dependent anodic peak current response identifying pH 7.0 as the optimum,
(f) comparative CV responses of MMO-ME and BMMO-ME at pH 7.0 and 100 mV s
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The I,5 of the two electrodes increased with increasing pH towards 7.0, where physiological pH is
located. This observation demonstrates that electron transfer between UA and the modified
electrode surface is most favourable under near-neutral conditions, in which optimal proton
availability and UA ionization at the electroactive sites promote effective adsorption and oxidation
of UA [34]. After pH 7.0, the peak current decreased slightly, indicating that lower proton
concentration reduces oxidation efficiency and underscoring the pivotal role of pH in controlling the
electrochemical response. The anodic peak potential (Epa) shifted to more negative values as pH
increased, indicating a linear relationship for both MMO-ME and BMMO-ME. Figure 4c shows the
Epa comparison graph, with slopes of about 0.050 and 0.051 V pH for MMO-ME and BMMO-ME,
respectively, closer to the theoretical Nernstian slope of 0.059 V pH? and suggesting an
approximately equal proton-to-electron stoichiometric contribution to the electrode reaction [35].
Figure 4d compares the l,a of MMO-ME and BMMO-ME across the pH range, showing that BMMO-
ME exhibits a greater electrochemical response, likely due to enhanced process kinetics or a
stronger catalytic effect of Bi doping. Figure 4e indicates that the anodic peak is maximal at the
highest response, measured at pH 7.0, underscoring the need to maintain physiological pH to
achieve the best sensor response. Lastly, Figure 4f is a bar graph comparing the peak currents of
MMO-ME and BMMO-ME at pH 7.0, and the electrochemical activity of the BMMO-ME electrode is
superior to that of the pure MMO-ME electrode. These electrochemical responses indicate that
MMO-ME and BMMO-ME can provide an effective platform for detecting UA under physically
relevant conditions. The homogenous dispersion of NPs increases the electroactive surface area,
leads to faster electron transfer, and is more sensitive [36]. However, pH must be strictly controlled
to ensure reproducible values and maximize analytical performance, especially for BMMO-ME,
which exhibits a higher current response owing to the catalytic contribution of Bi dopant atoms.

Electrochemical kinetics

Figure 5a represents the CV profiles of 1 mM UA at the MMO-ME at increasing scan rates from
50 to 500 mV sl. As the scan rate increases, /pa also increases proportionately, suggesting that a
higher flux of electroactive UA molecules is delivered to the electrode surface within a shorter time
window. This reaction shows that the MMO-ME nanostructure has sufficient electroactive surface
area and catalytic sites that are accessible to facilitate rapid charge transfer. In addition to this
improvement, the anodic peak potential gradually shifts positively at high scan rates. This change
can be explained by higher ohmic drop and polarization due to faster potential sweeping, which
prevents sufficient time to fully compensate the charges at the electrode-electrolyte interface [37].
The summation of the current and potential shift indicates that although UA oxidation is kinetically
favourable at MMO-ME, diffusion-controlled bulk solution mass transport affects it. Figure 5b shows
the scan-rate-dependent CV curves recorded at the BMMO-ME. BMMO-ME has a much larger Iy, at
all scan rates, thus indicating its better electrocatalytic response to UA oxidation than MMO-ME.
This is due to the synergistic effect of the two metal components, which enhances electronic
conductivity, the density of active sites, and the rate of electron transfer. The positive shift of the
anodic peak potential with increasing scan rate is also smaller than that of MMO-ME, indicating
reduced charge-transfer resistance and enhanced interfacial kinetics. The enhanced current
response and reduced polarization effects confirm that BMMO-ME can readily promote UA
oxidation even under high-potential scanning conditions, making it more suitable for high-sensitivity
electrochemical sensing systems.

http://doi.org/10.5599/jese.3475
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In Figure 5c, the electrochemical responses of MMO-ME and BMMO-ME were directly compared

at a constant scan rate of 100 mV sX. BMMO-ME has a considerably higher I, and a sharper, well-
defined oxidation peak than MMO-ME at this optimized scan rate. The enhanced peak definition
indicates rapid electron-transfer kinetics and reduced heterogeneity on the bimetallic electrode
surface. The improved performance of BMMO-ME could be attributed to the cooperative catalytic
effect of the bimetallic system, which enhances effective adsorption of UA molecules and speeds up
their electro-oxidation. This comparison is supported by the fact that BMMO-ME is more effective
and reliable as a sensing platform for detecting UA under physiologically relevant conditions.
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Figure 5d shows the correlation of the /5 and the square root of the scan rate of MMO-ME. The
plot shows very good linearity, suggesting that UA oxidation at MMO-ME occurs via a diffusion-
controlled mechanism, with a coefficient of determination (R?) of 0.99, indicating a strong linear
correlation. This linear relationship suggests that UA oxidation at MMO-ME is predominantly
diffusion-controlled and is consistent with the Randles-Sevéik equation [38]. This indicates that the
movement of UA molecules between the bulk solution and the electrode surface is the rate-limiting
step. The linear relationship between the /.2 and the square root of the scan rate (v'/?) indicates that
the electrochemical oxidation of UA at the BMMO-ME is predominantly diffusion-controlled. Figure 5e
shows the dependence of /pa on v/2for the BMMO-ME, together with a comparative plot of scan rate
versus peak current for both the MMO-ME and BMMO-ME, exhibiting excellent linearity (R? = 0.99).
The linear behaviour suggests rapid mass transport of UA molecules to the electrode surface with
negligible adsorption effects, confirming stable electrochemical performance and efficient electron-
transfer kinetics during repeated scanning. The high linearity of BMMO-ME corroborates that UA
oxidation at this electrode is also largely diffusion-controlled. Interestingly, the slope of the linear
region of BMMO-ME is greater than that of MMO-ME, suggesting a more diffusion-limited current
response and faster electron-transfer kinetics. This gain is associated with the increased catalytic
performance and mass-transport properties provided by the bimetallic structure. The comparative
study highlights the significance of bimetallic modification in optimizing diffusion-assisted electro-
catalysis, ultimately resulting in excellent sensing performance.

Electrode sensitivity

Differential pulse voltammetry was used to examine the concentration-dependent electro-
chemical behaviour of MMO-ME and BMMO-ME towards UA detection because it is highly sensitive,
provides high peak resolution, and can distinguish two closely spaced oxidation events [39]. The DPV
results shown in Figure 6 indicate that as UA concentration increases, the /,a of both electrodes
increases in the same proportion, whereas the anodic peak potential shows no significant variation,
indicating efficient electron transfer and limited overpotential current at the modified electrode
surfaces [40]. MMO-ME shows a definite and predictable current response, reflecting the increased
electroactive surface area and catalytic activity provided by the metal oxide modification. However,
BMMO-ME shows even higher peak currents under the same conditions, indicating that the
bimetallic modification introduces new active sites, promotes faster electron transport, and further
accelerates UA oxidation. The linearity of the concentration-peak current relationships, which is
verified by calibration curves with regression coefficients close to 0.999, shows high reproducibility
and reliability of both electrodes in quantitative analysis of UA. These findings underscore the
importance of the electrode change in enhancing sensitivity, enabling fast electrocatalytic reactions,
and providing a solid platform that can detect UA at physiologically relevant concentrations.

Figure 6a shows the DPV responses of MMO-ME toward different concentrations of UA (10 to
60 nM). With increasing concentration of UA, the current flowing through the anode increases in
the same direction, and it is evident that there is a concentration-dependent electrochemical
response. The anodic peak potential is almost independent of concentration, indicating an efficient
electron transfer rate at the MMO-ME interface. This stability in peak potential also indicates low
overpotential changes, suggesting that the electrode surface has a high concentration of active sites
where UA oxidation occurs. The linear response means MMO-ME can provide predictable and
reproducible UA concentrations; thus, it is applicable to the analysis of biological samples [41]. Also,
the continuous rise in current shows that electrode modification increases the electroactive surface
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area and the kinetics of charge transfer, which are better than those of unmodified electrodes.
Figure 6b indicates that the DPV response of BMMO-ME under varied concentrations of UA was the
same. BMMO-ME has a higher lps at the same UA concentration, suggesting greater electron-

transfer efficiency and increased effective electroactive surface area.
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Figure 6. DPV responses of (a) MMO-ME and (b) BMMO-ME toward increasing concentrations of UA
(10 to 60 nM) in 0.2 M PBS (pH 7.0), (c) comparison of anodic peak currents of MMO-ME and BMMO-ME at
different UA concentrations. Stability performance of (d) MMO-ME and (e) BMMO-ME evaluated over 5 to 30
consecutive CV cycles in 1 mM UA in 0.2 M PBS (pH 7.0) at a scan rate of 100 mV s, (f) comparison of current
retention of MMO-ME and BMMO-ME during the stability test

The anodic peak potential remains constant, showing that the electrode surface is stabilized by
the bimetallic modification and that energy barriers to UA oxidation are reduced. This enhancement
may be explained by the multi-effect of the two metal oxides in BMMO-ME, which provide more
catalytic sites, enable faster electron transfer, and reduce charge-transfer resistance [42]. The
findings indicate that BMMO-ME is more sensitive than MMO-ME and thus may be used to detect
low-concentration UA with high specificity. Figure 6¢c shows a comparative bar graph of peak
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currents for MMO-ME and BMMO-ME at varying UA concentrations. As shown in the Figure 6,
BMMO-ME consistently generates higher currents than MMO-ME, reflecting the better
electrocatalytic activity of the bimetallic electrode. This difference highlights the importance of
electrode modification in enhancing electron transfer, increasing the number of active sites, and
accelerating UA oxidation. The bar graph further emphasizes that the response improvement at
higher UA concentrations is greater, indicating that BMMO-ME is particularly effective when higher
analytical sensitivity is required.

Figure 6d shows the CV stability of MMO-ME over 5 to 30 consecutive cyclesin 1 mM UAin 0.2 M
PBS (pH 7.0) at a scan rate of 100 mV s. The I,a shows a slight decrease with increasing cycle
number, while the overall response remains relatively stable, indicating good repeatability. The
decrease in current may be associated with gradual surface fouling or partial blocking of
electroactive sites during repeated UA oxidation. Figure 6e shows the corresponding CV stability of
BMMO-ME under the same conditions. BMMO-ME retains a higher proportion of its initial current
response over successive cycles, indicating improved operational stability compared with MMO-ME.
The higher current retention suggests that BMMO-ME provides a relatively stable electrode
interface during repeated UA oxidation. Overall, these results demonstrate that both modified
electrodes exhibit good short-term operational stability, with BMMO-ME showing better current
retention than MMO-ME. Figure 6f provides a summarized graphic display of the stability
performance of MMO-ME and BMMO-ME at 5 to 30 cycles. The plot shows that the electrochemical
activity of both electrodes remains largely intact during the protracted measurements, with
BMMO-ME retaining current better than MMO-ME. This comparison shows that the bimetallic
change not only improves sensitivity but also makes the sensor much more stable under repeated
use. The figure shows that both MMO-ME and BMMO-ME can serve as powerful platforms for
detecting UA, with BMMO-ME offering additional benefits in catalytic efficiency, permanence, and
feasibility for practical application in biosensing devices. The calibration plots obtained for MMO-
ME and BMMO-ME electrodes exhibited excellent linearity over the concentration range of 10 to
60 nM, with a correlation coefficient of 0.99. Based on the 30/m and 100/m criteria, the limits of
detection (LOD) and quantification (LOQ) were estimated to be 5.0 and 16.7 nM for the MMO-ME
electrode, respectively, where o represents the standard deviation of the blank measurements and
m denotes the slope of the calibration curve. Notably, the BMMO-ME electrode demonstrated
improved analytical performance, with lower LOD and LOQ values of 4.5 and 15.0 nM, respectively,
highlighting the beneficial role of Bi doping in enhancing sensitivity by improving charge-transfer
kinetics and increasing the availability of electroactive sites.

Sensor robustness

Figure 7a shows the CV responses of MMO-ME toward 1.0 mM UA in 0.2 M PBS (pH 7.0) over five
successive measurements using the same electrode, demonstrating the repeatability of the
electrode response. The current amplitude at the anode peak is virtually constant throughout the
repeated scans, whereas there is an insignificant change in the potential of the anode peak. This
indicates that electron transfer at the MMO-ME interface is extremely stable, and active sites for
UA oxidation are not covered during repeated measurements [43]. The small current variation
observed could be attributed to temporary adsorption of reaction intermediates or to moderate
changes in experimental conditions, but these do not affect the electrode's overall sensitivity. These
results justify the conclusion that MMO-ME is a reliable method to detect UA on repeated measures,
which is why it can be used for real analytical purposes.
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Figure 7. Repeatability CV responses of 1.0 mM UA in 0.2 M PBS (pH 7.0) at (a) MMO-ME and (b) BMMO-ME
using the same electrode, (c) bar graph comparing the anodic peak currents obtained from five successive
measurements using the same electrode, reproducibility CV responses obtained from five independently
fabricated (d) MMO-ME and (e) BMMO-ME, (f) bar graph comparing the anodic peak currents obtained from
five independently fabricated electrodes

Figure 7b shows the responses of the CV under the identical repeatability test of the BMMO-ME.
As in MMO-ME, peak currents do not vary, and the peak potential does not vary among repeated
cycles. Notably, the maximum currents of BMMO-ME are always larger than those of MMO-ME,
which can be explained by the change in the metallic component. Because of the two synergistically
active metal oxides, catalytic site density increases and electron-transfer kinetics improve, enabling
greater catalytic oxidation of UA [44]. This is corroborated by the DPV signals, which show that
BMMO-ME is a reliable electrode for sensitive UA detection in repeated measurements.

Figure 7c provides a bar chart of the repeated data of MMO-ME and BMMO-ME. The graph
indicates that the two electrodes exhibit similar peak currents across repeated scans, with BMMO-ME
showing slightly higher and more stable currents. This comparison clearly shows a more catalytically
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active and reproducible bimetallic-modified electrode. The uniformity of the data underscores the
validity of the electrode design, demonstrating that both MMO-ME and BMMO-ME are viable
platforms for routine UA monitoring. Figure 7d indicates that MMO-ME can be reproduced by testing
independently fabricated electrodes under the same experimental conditions. The anodic peak
currents are generally similar between electrodes, and the peak potentials vary little; therefore, the
fabrication process yields electrodes with very uniform performance. Even small variations in current
can be caused by small changes in paste composition, electrode-surface shape, or NP dispersion,
which do not significantly affect the electrochemical response. These findings verify that MMO-ME
has good reproducibility, which is needed in applications that require multiple electrodes, e.g. large
biosensing or clinical diagnostics. The consistency of BMMO-ME across different electrode batches is
shown in Figure 7e. The findings indicate that peak currents are constant and high across
independently prepared electrodes, with little difference in anodic peak potentials [45]. The added
reproducibility and stability of BMMO-ME over MMO-ME can be explained by a bimetallic synergistic
effect, which, in turn, provides more homogeneously distributed active sites, reduced electron-
transfer resistance, and stabilization of the electrode surface against fouling. This shows that BMMO-
ME not only improves electrode sensitivity but also delivers strong performance.

A bar graph of the reproducibility findings for MMO-ME and BMMO-ME is presented in a
consolidated form in Figure 7f. This is evident in the graph, as the peak currents differed very little
across the different batches of electrodes, which validates the high level of reproducibility in both
electrodes. BMMO-ME consistently yields better current responses than MMO-ME, indicating that
it is a much better electrocatalyst and provides a more stable electrochemical interface. This value
demonstrates that BMMO-ME is not only the most sensitive but also the most reliable and
reproducible, making it the most suitable in practice when such UA sensing is in high demand, as
consistent performance is essential. The repeatability of the MMO-ME and BMMO-ME electrodes
was evaluated using successive measurements with the same electrode, yielding low RSD of 1.23
and 1.31 %, indicating excellent signal consistency. Reproducibility was assessed using independ-
ently prepared MMO-ME and BMMO-ME electrodes, showing RSDs of 1.33 and 1.41 %, respectively,
confirming reliable electrode fabrication. Overall, the low RSD (<2 %) demonstrates the robustness
and practical applicability of both MMO-ME and BMMO-ME sensing platforms.

Figures 8a to 8c present the Nyquist plots of the BE, MMO-ME, and BMMO-ME recorded in
1.0 mM UA in 0.2 M PBS (pH 7.0). The semicircle diameter in the high- to intermediate-frequency
region corresponds to the interfacial charge-transfer resistance (R.). The apparent R« values
estimated from the semicircle diameters are approximately 52 Q, 64 Q and 63 Q for BE, MMO-ME,
and BMMO-ME, respectively. The modified electrodes exhibit comparable interfacial impedance
responses, with BMMO-ME showing a slightly smaller apparent R.: than MMO-ME. The similar Rt
values of MMO-ME and BMMO-ME indicate comparable interfacial charge-transfer characteristics
under the investigated conditions.
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Figure 9 illustrates the DPV responses of the BE, MMO-ME, and BMMO-ME toward the
simultaneous detection of dopamine (DA) and UA. Two distinct anodic oxidation peaks appear at
approximately 0.15 and 0.26 V, corresponding to the oxidation of DA and UA, respectively,
demonstrating sufficient peak separation for simultaneous detection. Compared with the BE, the
MMO-ME and BMMO-ME electrodes exhibit enhanced anodic peak currents, with the UA oxidation
peak becoming more prominent after electrode modification. Among the investigated electrodes,
the BMMO-ME displays the highest UA oxidation current and the most well-defined oxidation peak,
indicating superior electrocatalytic activity toward UA oxidation. This enhanced performance is
attributed to the increased electroactive surface area, reduced charge-transfer resistance, and
improved electron-transfer kinetics resulting from Bi incorporation into the MMO lattice.
Furthermore, the clear separation of the DA and UA oxidation peaks indicates negligible mutual
interference between the two electroactive species, confirming that the BMMO-ME enables the
selective electrochemical determination of UA even in the presence of DA.
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Figure 9. Simultaneous electrochemical detection of 1.0 mM DA and 1.0 mM UA in 0.2 M PBS, (pH 7.0) at the
BE, MMO-ME and BMMO-ME

Real sample analysis of uric acid using tap water

The practical applicability of MMO-ME for UA detection was evaluated through real-sample
analysis using tap water. The collected tap water sample was filtered to remove suspended
particulates, then spiked with known concentrations of UA (Table 1). Electrochemical measure-
ments were then performed under optimized conditions. The MMO-ME exhibited well-defined
anodic oxidation peaks for UA in the spiked tap water samples, indicating effective electrocatalytic
activity even in a complex aqueous matrix. The measured UA concentrations closely matched the
added values, yielding satisfactory recovery percentages with low relative standard deviation (RSD).
These results confirm the good accuracy and reproducibility of the MMO-ME sensor [46]. The
satisfactory recoveries indicate that the tap-water matrix did not substantially compromise the
measured UA response under the tested conditions. The diffusion-controlled electron-transfer
process and a stable electrode-electrolyte interface contribute to reliable sensing performance,
demonstrating the feasibility of MMO-ME for real-sample analysis. The real sample applicability of the
bimetallic MMO-modified electrode (BMMO-ME) was further assessed using tap water samples
spiked with known concentrations of UA. After simple filtration pretreatment, electrochemical
detection was carried out under the same optimized conditions. The BMMO-ME showed significantly

16 (o) X



C. S. Chidan Kumar et al. J. Electrochem. Sci. Eng. 16 (2026) 3475

higher I,a and clearer signals than MMO-ME, resulting in improved recovery and lower RSD values.
The excellent agreement between the detected and spiked UA concentrations confirms the high
accuracy and precision of the BMMO-ME sensor [47]. This enhanced performance is attributed to the
synergistic bimetallic effect, which increases the density of electroactive sites and accelerates
electron-transfer kinetics. The negligible interference observed from tap water constituents highlights
the strong selectivity of BMMO-ME toward UA oxidation. These results clearly demonstrate the
robustness and reliability of the bimetallic electrode for real-world sample analysis, emphasizing its
potential for practical environmental and clinical UA monitoring.

Table 1. Recovery of UA in tap water samples using MMO-ME and BMMO-ME

Sample  Amount added, uM MMO-ME BMMO-ME
! Amount found, uM Recovery, % Amount found, uM Recovery, %
1 10 10.3 103 10.1 101
2 20 19.8 99 19.8 99
3 30 29.4 98 29.4 98

Electrochemical sensing mechanism

To better understand the enhanced electrochemical performance of the BMMO-ME electrode
toward UA detection, a plausible electrochemical sensing mechanism is proposed based on the expe-
rimental results and the established oxidation pathway of UA. The mechanism involves sequential
diffusion of UA from the electrolyte to the electrode surface, adsorption onto the electroactive Bi/Mn
active sites, proton-coupled electron transfer, and subsequent hydrolysis of the oxidation
intermediate to form the final product, allantoin. The proposed mechanism is illustrated in Figure 10.

The overall detection mechanism of UA at BMMO-ME involves three steps that can be described
as follows:

Step 1: Diffusion of uric acid

UA molecules diffuse from the bulk PBS solution toward the BMMO-ME electrode surface. This
diffusion process is represented by Equation (3):

UA(sqution) - UA(surface) (3)
& .
H & H
N N
HN | B HN | =
A - .
+ ~ e
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H H
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Figure 10. Proposed electrochemical oxidation mechanism of UA at the BMMO-ME
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Step 2: Adsorption

The diffused UA molecules are proposed to adsorb onto the electroactive Mn/Bi sites of the
BMMO nanostructure before undergoing electrochemical oxidation. The proposed adsorption
process is represented by Equation (4):

UA(surface) + BMMO - UAags (4)

Step 3: Electron transfer

The adsorbed UA subsequently undergoes electrochemical oxidation, releasing two protons and
two electrons. The proposed electron-transfer reaction is given in Equation (5):

UAags = Oxidized UA + 2H* + 2e° (5)

UA molecules first diffuse from the bulk PBS to the BMMO-ME surface, where they are adsorbed
onto the electroactive Bi/Mn active sites. The proposed mechanism is consistent with the commonly
reported two-electron/two-proton oxidation pathway of UA, which forms the highly unstable
intermediate 4,5-diiminohydantoin (DIH). DIH rapidly undergoes hydrolysis to produce 5-hydrox-
yisourate (5-HIU), which subsequently undergoes rearrangement and hydrolysis to form allantoin,
the final oxidation product. During oxidation, the released electrons are efficiently transported
through the conductive Bi-doped MnMoOa4 network to the graphite substrate, generating the anodic
current. The enhanced electrochemical response of the BMMO-ME electrode is attributed to its
larger electroactive surface area, abundant electroactive Bi/Mn active sites, and lower charge-
transfer resistance, which collectively facilitate UA adsorption and accelerate interfacial electron-
transfer kinetics.

Conclusions

In this work, MMO based electrodes were developed and systematically evaluated for the

electrochemical detection of UA. MMO-ME and BMMO-ME electrodes exhibited significantly
improved electrocatalytic activity compared to the BE, with the Bi-doped system showing a clear
performance advantage. Optimization of nanoparticle loading revealed that 4 mg provided the best
balance between conductivity, electroactive surface area, and reproducibility. Under optimized
conditions, UA oxidation followed a diffusion-controlled, proton-coupled mechanism and exhibited
maximum response at physiological pH (7.0). DPV demonstrated a wide linear detection range of 10
to 60 nM, with low detection limits of 5.0 nM for MMO-ME and 4.5 nM for BMMO-ME. The enhanced
sensitivity of BMMO-ME is attributed to the synergistic bimetallic effect, which increases active-site
density, reduces overpotential, and improves interfacial charge-transfer kinetics. Both electrodes
showed excellent stability, repeatability, and reproducibility, with relative standard deviation values
below 2 %, while the BMMO-ME electrode exhibited superior resistance to surface fouling during
repeated measurements. Reliable UA recovery values between 98 and 103 % in tap water samples
further confirmed the practical applicability of the sensing platform. Overall, this study demonstrates
that Bi-induced defect engineering is an effective strategy for activating manganese molybdate and
establishes BMMO-ME as a robust, sensitive, and reliable electrochemical platform for real-time UA
monitoring, with promising potential for clinical and physiological applications.
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