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Introduction

Enhanced peroxidase-like activity of palladium-—
iron bimetallic nanoparticles supported on
N-doped mesoporous carbon for colorimetric
detection of ascorbic acid and dopamine

Zahra Bahreini,? Siyavash Kazemi Movahed, (2 ** Keun Hwa Chae (2 ** and

Cheol-Hwee Shim (2 °

Nanozymes, despite their promising stability and cost-effectiveness, often suffer from lower catalytic
activity compared to natural enzymes, limiting their practical applications. Herein, we report the rational
design, synthesis, and comprehensive characterization of novel bimetallic palladium—iron nanoparticles
supported on nitrogen-doped mesoporous carbon (Fe—Pd@N-MC) as a highly efficient peroxidase-
mimicking nanozyme. Structural and morphological analyses using XRD, HR-TEM, XPS, and N, physisorp-
tion confirmed the successful formation of uniformly dispersed, superparamagnetic bimetallic nano-
particles composed of Pd® and FesO,. Benefiting from the synergistic effect between Pd and Fe species,
Fe-Pd@N-MC exhibited markedly enhanced peroxidase-like activity compared to its monometallic
counterparts (Fe@N-MC and Pd@N-MC) toward both 3,3°,55-tetramethylbenzidine (TMB)
o-phenylenediamine (OPD). Kinetic studies revealed excellent catalytic efficiency and high substrate
affinity, with K, values of 0.156 mM for TMB and 0.088 mM for OPD. Mechanistic investigations identified
hydroxyl radicals ("OH) as the dominant reactive species driving the oxidation processes. Exploiting its

and

robust and rapid catalytic performance, Fe—Pd@N-MC was further employed to construct a sensitive and
selective colorimetric platform for the detection of dopamine and ascorbic acid, achieving limits of
detection of 3.44 pM and 2.87 pM, respectively. The practical applicability of this nanozyme-based sensor
was demonstrated through the accurate quantification of ascorbic acid in fresh fruit juice samples, high-
lighting its potential for application in biosensing, food analysis and clinical diagnostics.

function. These artificial alternatives, known as nanozymes,
overcome many of the limitations of their biological counter-

Natural enzymes are remarkable biocatalysts that catalyze a
wide range of biological processes with high selectivity and
efficiency. Their highly selective and efficient catalytic activity
has made them essential in diverse applications, such as bio-
sensors, the food industry, medical diagnostics, and biofuel
production.” However, their use is limited by several inherent
challenges, including poor operational stability, high pro-
duction costs, storage difficulties, and complex purification
requirements.’”
have extensively studied nanomaterials that mimic enzymatic

To address these limitations, researchers
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parts while maintaining comparable catalytic functions.
Nanozymes can be classified based on their enzyme-like
activities, which resemble those of natural enzymes such as
superoxide dismutase, peroxidase, oxidase, and catalase.®’
Among these enzyme-mimetic activities, peroxidase-like
activity has shown considerable promise in applications
ranging from pollutant detection and degradation to bioreme-
diation, biosensors, disease diagnosis and treatment, and
industrial catalysis.®*"> Redox-active nanozymes have been
intensively investigated for their ability to regulate reactive
oxygen species (ROS), including superoxide (O,7), hydrogen
peroxide (H,0,), hydroxyl radical ("OH), and peroxide (0,>7),
in both catalytic and biological redox reactions. Due to
their intrinsic peroxidase-like activity, iron-based nanozymes
have been widely used to mimic the catalytic function of
horseradish peroxidase (HRP)."* Similarly, palladium nano-
particles have demonstrated significant peroxidase-mimicking
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properties and have been used in sensitive colorimetric detec-
tion assays.'*"®

Within the expanding repertoire of nanozyme materials, bi-
metallic nanoparticles have emerged as exceptionally effective
catalysts.'® Their superior performance arises from unique
structural and electronic properties, which result from the
synergistic interactions between their constituent metals. This
synergy enhances their electronic properties and optimizes
the binding energies of catalytic intermediates, thereby
improving catalytic efficiency.'” Palladium, a noble metal, is
known for its excellent catalytic properties, particularly in oxi-
dation reactions such as methane oxidation, hydrocarbon oxi-
dation, CO oxidation, and alcohol oxidation.’®*>? The combi-
nation of palladium with iron oxides enhances catalytic per-
formance through several mechanisms, including strong
metal-support interactions,>® improved dispersion,®* bi-
metallic synergy,” morphological effects,® and increased
stability and reusability.’” Palladium/iron oxide systems
demonstrate superior performance in peroxidase-like reac-
tions and other catalytic processes due to several factors,
including enhanced electron transfer between Pd and Fe
species,”®?® generation of active sites at the metal-metal
oxide interface,”®*® promotion of ROS formation (crucial for
peroxidase activity),>**' and facilitated magnetic separation,
which enables catalyst reuse.***?

The catalytic performance of bimetallic nanoparticles can
be further enhanced by carefully selecting support materials.
Nitrogen-doped mesoporous carbon serves as an excellent
support material, offering several advantages for catalytic
applications. Its high surface area provides an abundance of
active sites for catalytic reactions, while the presence of nitro-
gen functionalities introduces additional active sites within
the carbon framework. These nitrogen functional groups inter-
act with the metal nanoparticles to improve their dispersion,
stability, and catalytic performance through multiple mecha-
nisms, such as facilitating electron transfer between the
support and the metal nanoparticles, creating defect sites that
act as anchors to prevent particle aggregation, and maintain-
ing high dispersion of the catalytic species. The mesoporous
structure ensures the efficient mass transport of reactants and
products, while the material’s high electrical conductivity also
facilitates electron transfer processes that are critical for per-
oxidase-like activity. Palladium-iron bimetallic nanoparticles
supported on nitrogen-doped carbon exhibit enhanced cata-
lytic activity due to their increased surface area, improved dis-
persion of active sites, and more efficient electron
transfer.?77

Based on the above introduction and as part of our ongoing
studies on carbon-based catalysts, the present study reports
the synthesis and characterization of novel Pd-Fe bimetallic
nanoparticles supported on nitrogen-doped mesoporous
carbon (N-MC), as well as their evaluation for peroxidase-like
activity. These hybrid systems could offer increased catalytic
efficiency due to interactions between the metals and the
support. The materials were thoroughly characterized, and
their peroxidase-like activity was evaluated using chromogenic

This journal is © The Royal Society of Chemistry 2026

Paper

substrates, such as 3,3',5,5-tetramethylbenzidine (TMB) and
o-phenylenediamine (OPD).

Results and discussion

X-ray diffraction (XRD) analysis was performed to study the
phases and crystallinity of the synthesized structures (Fig. 1a).
The N-MC structure exhibited a broad diffraction peak at 26 =
26°, which corresponds to the (002) carbon diffraction plane.
The absence of discernible diffraction peaks related to iron
and iron species in the XRD pattern of the Fe@N-MC structure
is probably due to the small size of the nanoparticles and their
low content in the catalyst. The XRD pattern of the PA@N-MC
structure showed three main peaks at 26 = 40°, 47°, and 68°.
These peaks were indexed to the (111), (200), and (220) crystal
planes of palladium (JCPDS reference code: 01-087-0643). The
bimetallic FePd@N-MC structure showed the characteristic
palladium peaks, as well as three additional small diffraction
peaks at 20 = 36°, 57°, and 63°, which correspond to the (311),
(511), and (440) crystal planes of Fe;0, (JCPDS reference code:
00-002-1035). The presence of magnetite peaks in the bi-
metallic structure suggested an increase in nanoparticle size.
The pore characteristics of the synthesized structures were
evaluated using nitrogen physisorption analysis (Fig. 1b). The
N, isotherm of the N-MC structure exhibited two distinctive
features. First, it showed a steep uptake at relative pressures p/
Po < 0.1, which indicates the presence of microporosity.
Second, it exhibited an H2(a)-type hysteresis loop behavior,
which is characteristic of ordered mesoporous structures.*®
Additionally, the adsorption and desorption branches did not
close, which is a phenomenon commonly observed in some
porous carbon materials.*® Additionally, the sharp increase in
N, adsorption at high relative pressure (p/p, > 0.95) indicated
multilayer adsorption on the outer surfaces of the support.*
After metal incorporation, the surface area decreased from
390.7 m® g~ for N-MC to 7.5 m® g~ for Fe@N-MC, 14.9 m>
¢~! for PA@N-MC, and 15.4 m” g~! for FePd@N-MC, respect-
ively. This reduction in surface area corresponded to partial
pore filling and blockage by metal nanoparticles, thereby redu-
cing pore accessibility. The absence of strong nitrogen uptake
at low relative pressure (p/p, < 0.1) after metal immobilization
indicates a significant reduction in microporosity. This
suggests that the metal nanoparticles have preferentially de-
posited in or blocked access to the micropores (pores < 2 nm).
These results are probably due to more substantial confine-
ment effects; metal precursors tend to occupy the smallest
pores first.""*> From a catalytic perspective, pore confinement
has dual consequences. First, it restricts the diffusion of reac-
tant molecules toward the active metal sites, which can result
in mass transfer limitations and affect the overall reaction rate.
Second, confining FePd nanoparticles within a mesoporous
carbon framework creates a localized microenvironment
around active sites, thereby enriching the substrate. This
increases the concentration of local reactants and intermedi-
ates, stabilizes the nanoparticles against aggregation, and pro-
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Fig. 1 (a) XRD patterns and (b) nitrogen physisorption analysis of N-MC, Fe@N-MC, Pd@N-MC, and FePd@aN-MC.

motes electronic interactions between the metal and the nitro- carbon support (Fig. 2a). The high-resolution spectrum of the
gen-doped carbon support. Thus, despite the significant N 1s core level of the synthesized materials was deconvoluted
reduction in surface area, the geometric confinement of nano- into four peaks at 398.3 eV, 399.8 eV, 400.7 eV, and 402.8 eV,
particles within the porous structure is expected to play a criti- which correspond to N-pyridinic, N-pyrrolic, N-graphitic, and
cal role in modulating the accessibility of active sites and the ~N-oxide species, respectively (Fig. 2b).*® The Fe 2p core level
rate of mass transfer, and ultimately, the catalytic kinetics.**™*>  exhibited two multiplet sets corresponding to the two elec-

X-ray photoelectron spectroscopy (XPS) was used to analyze tronic states of Fe>" and Fe®*, which are attributed to the two
the surface composition of the synthesized samples and deter- different oxidation states of iron in the FezO, structure
mine their chemical and electronic states. The XPS survey (Fig. 2c).”” The Pd 3ds, core level of the Pd-based synthesized
spectra of the synthesized materials showed the characteristic —materials showed two different oxidation states of Pd (Fig. 2d).
C 1s, N 1s and O 1s core levels for the N-doped mesoporous The peaks at 335.2 eV (93%) and 338.0 eV (7%), which are
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Fig. 2 XPS (a) survey, (b) N 1s core level, (c) Fe 2p core level, and (d) Pd 3d core level spectra of N-MC, Fe@N-MC, Pd@N-MC, and FePd@N-MC.
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attributed to Pd° and Pd**, respectively, indicate that the
reduction of palladium was successful. The presence of Pd**
species is probably due to surface oxidation of the Pd nano-
particles. The peak at 346.4 eV is most likely a plasmon loss
band related to the peak at 335.2 €V, and the plasmon energy
of 11.2 eV may be due to the small particle size.*®

The magnetic properties of the synthesized materials were
evaluated using a vibrating sample magnetometer (VSM)
(Fig. S1). The Fe@N-MC sample showed distinct superpara-
magnetic behavior, with a saturation magnetization of 1.04
emu g, characterized by the absence of a hysteresis loop and
a coercivity value close to zero.*® This behavior arises from the
small size of the Fe;O, nanoparticles, where each particle
essentially behaves as a single magnetic domain.*>*! The
observed magnetization is significantly lower than that of bulk
Fe;0, (92 emu g '), probably due to nanoparticle confinement
within the mesochannels, small particle size, and the relatively
low iron content of the composite structure.’>* The
Pd@N-MC sample exhibited very weak paramagnetic behavior,
consistent with the expected magnetic properties of palla-
dium-based materials. The bimetallic FePd@N-MC sample dis-
played superparamagnetic behavior but with a slightly lower
saturation magnetization (0.95 emu g~ '). The saturation mag-
netization of the bimetallic sample was expected to be approxi-

Paper

mately half that of the monometallic sample, corresponding to
half the weight percentage of iron in the bimetallic sample
compared to the monometallic iron sample. However, this
value is higher than expected, which probably corresponds to
synergistic electronic interactions between the two metals and
electronic structure modification.”®

The surface morphology of the synthesized structures was
studied using field emission scanning electron microscopy
(FE-SEM) (Fig. 3 and Fig. S2). The 3-aminophenol-formal-
dehyde polymer (AFP) precursors showed a spherical mor-
phology with dimensions of approximately 500 nm (Fig. S2).
After the pyrolysis process, the dimensions of the structures
decreased to 350 nm due to the loss of volatile components
and the carbonization process (Fig. 3a). The introduction of
metal species did not significantly alter the surface mor-
phology of the structures. Energy-dispersive X-ray spectroscopy
(EDS) was utilized to analyze the elemental distribution of the
structures shown in the FE-SEM images. EDS analysis con-
firmed the presence of nitrogen as a dopant in the carbon
structure of all samples, as well as the successful dispersion of
iron and palladium in both monometallic and bimetallic
structures (Fig. S3-S5). Transmission electron microscopy
(TEM) was used to study the structural features and the size
distribution of the metal species. The TEM images revealed

Fig. 3 FESEM images of (a) N-MC, (b) Fe@N-MC, (c) Pd@N-MC, and (d) FePd@N-MC; TEM images of (e) N-MC, (f) Fe@N-MC, (g) Pd@N-MC, and (h)
FePd@N-MC; HRTEM images of (i and j) Pd@N-MC and (k and |) FePd@N-MC.
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distinct mesoporous channels within the nanostructures
(Fig. 3 and Fig. S6). These mesoporous channels enhance cata-
lytic performance by providing an increased surface area,
improved mass transfer of reactants and products, and facili-
tated accessibility to active sites.>®>” Metal nanoparticles were
clearly visible as dark spots in the TEM images. Fe;0, showed
larger nanoparticles (30-40 nm) compared to Pd nanoparticles
(9-10 nm). In the bimetallic system, the size of the nano-
particles (45-55 nm) was larger than that in the monometallic
systems. This increase in nanoparticle size was consistent with
the XRD results. The larger particle size of the bimetallic struc-
ture compared to its monometallic counterparts can be attrib-
uted to the altered nucleation and growth kinetics during syn-
thesis, resulting from the introduction of a second metal

Nanoscale

species. The high-resolution TEM (HR-TEM) images of
Pd@N-MC demonstrated a lattice spacing of 2.25 A for the Pd
nanoparticles, corresponding to the (111) plane (Fig. 3i and j).
The HR-TEM image of the FePd@N-MC structure showed
lattice spacing of 2.54 A and 2.25 A for the Fe;04 and Pd nano-
particles, respectively. These spacings correspond to the (311)
crystalline plane of Fe;O, and the (111) crystalline plane of Pd,
respectively (Fig. 3k and 1).

The peroxidase-like activity of FePd@N-MC was investigated
in the oxidation of TMB over a pH range of 3 to 7 using a
citrate buffer solution (Fig. 4a). The formation of the charge-
transfer diamine-diimine complex (0x-TMB) was monitored by
measuring the absorbance at the characteristic wavelength
(Amax: 652 nm) after 10 minutes. The appearance of a blue
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Fig. 4

(a) pH optimization, (b) study of the catalytic activity of the synthesized structures in the peroxidation of TMB and control experiments, (c)

peroxidase activity of different amounts of the FePd@N-MC nanozyme suspension, and steady-state kinetic analysis of the peroxidase-like activity of
the FePd@N-MC nanozyme. (d—f) Substrate dependence studies with varying TMB concentrations (0.030-0.120 mM): (d) Time-dependent absor-
bance profiles, (e) Michaelis—Menten plot, and (f) Lineweaver—Burk (double reciprocal) plot at a fixed concentration of H,O, (1.10 mM) and
FePd@N-MC (100 pg mL™2). (g—i) Oxidant dependence studies with varying H,O, concentrations (0.26—-1.80 mM): (g) time-dependent absorbance
profiles, (h) Michaelis—Menten plot, and (i) Lineweaver—Burk (double reciprocal) plot at a fixed concentration of TMB (0.09 mM) and FePd@N-MC

(100 pg mL™Y).
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color in the solution indicated nanozyme activity, with
maximum absorbance and catalytic activity observed at pH 5,
which was subsequently selected as the optimum pH.

Despite the historical significance of iron oxide (Fe;0,4) as
the first reported nanozyme,>® the monometallic iron-contain-
ing structure (Fe@N-MC) exhibited unexpectedly low activity,
as evidenced by the low conversion of TMB to ox-TMB and low
absorbance at 652 nm (Fig. 4b). This low activity is probably
due to the low iron loading. In contrast, the palladium-based
nanozyme (Pd@N-MC) showed superior performance with sig-
nificantly higher absorbance, indicating high catalytic activity.
The bimetallic iron-palladium structure (FePd@N-MC) slightly
outperformed the monometallic palladium-based nanozyme
(Pd@N-MC). While the Fe@N-MC structure showed low peroxi-
dase-like activity, the incorporation of iron into the bimetallic
system allowed for comparable or higher activity at a lower pal-
ladium content (2.5 wt% Pd in PA@N-MC vs. 5 wt% Pd in
Pd@N-MC). To elucidate the synergistic role of iron, a mono-
metallic Pd, 5o,@N-MC nanozyme with 2.5 wt% palladium was
synthesized, which exhibited significantly lower activity than
its bimetallic counterpart with equivalent palladium content.
This observation supports the synergistic effect between palla-
dium and iron and confirms the economic advantage of com-
bining noble metals with first-row transition metals. Based on
these results, the bimetallic structure was selected for further
investigation.

Three control experiments were carried out to examine the
role of each reaction component (Fig. 4b). In the absence of
hydrogen peroxide, no peak was detected at 652 nm, confirm-
ing that H,O, is essential for TMB oxidation and demonstrat-
ing that the structure lacks oxidase activity under aerobic con-
ditions. The nanozyme-free and metal-free support showed no
evidence of the formation of ox-TMB, which confirmed both
the necessity of the catalytic nanozyme and the critical role of
the metallic species in the structure.

The relationship between nanozyme concentration and per-
oxidase activity was investigated (Fig. 4c). A direct correlation
was observed, where a reduction in the nanozyme amount was
accompanied by a proportional decrease in peak intensity at
652 nm. This decrease in peak intensity with decreasing nano-
zyme amount is explained by a corresponding reduction in the
number of active sites, resulting in a slower reaction rate. This
behavior is consistent with enzyme kinetics, where the reac-
tion rate depends on the concentration of active sites. The sus-
pension concentration of 100 pg mL™' was selected as the
optimal catalyst concentration for subsequent experiments,
providing an ideal balance between catalytic efficiency and
efficient nanozyme usage. This concentration showed robust
activity while ensuring cost-effective catalyst utilization.

The kinetic behavior of the nanozyme in TMB oxidation in
the presence of hydrogen peroxide was systematically investi-
gated at 652 nm. Two sets of experiments were performed to
study the effect of TMB and H,0O, concentrations on steady-
state kinetic parameters (Fig. 4d and g). Based on Michaelis-
Menten and Lineweaver-Burk plots, the K, and Vi,,x constants
for TMB were calculated to be 0.156 mM and 0.113 pM min™,

This journal is © The Royal Society of Chemistry 2026
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respectively (Fig. 4f). Additionally, for H,O,, the Ky, and Viax
constants were determined to be 3.323 mM and 0.178 pM
min~", respectively (Fig. 4i). The lower K, value for TMB com-
pared to that of H,O, suggests stronger affinity of the nano-
zyme for TMB, indicating more efficient catalysis of the peroxi-
dation reaction.

The peroxidase activity of the nanozyme was also investi-
gated using OPD as a substrate in the presence of hydrogen
peroxide. First, to determine the optimal pH, citrate buffer
solutions with different pH were used, and the change in
absorbance at 450 nm was measured (Fig. 5a). This wavelength
corresponds to the An. of 2,3-diaminophenazine (the oxi-
dative condensation product formed by peroxidase from two
OPD molecules), which was monitored after 10 minutes. The
color change of the solution to yellow indicated the activity of
the synthesized nanozyme and the oxidation of OPD, leading
to the formation of 2,3-diaminophenazine. The results
revealed that the highest absorbance, and consequently the
highest conversion of the substrate and peroxidase activity,
occurred at pH 5. Therefore, pH 5 was selected as the optimal
PH.

The peroxidase activity of the synthesized catalysts was eval-
uated, and it was found that the iron-based nanozyme
(Fe@N-MC) did not exhibit a characteristic peak for peroxidase
activity at 450 nm, which is similar to TMB peroxidation
(Fig. 5b). In contrast, the palladium-based nanozyme
(Pd@N-MC) displayed a significant absorbance peak, which
indicated that palladium possesses nanozyme activity and can
catalyze the peroxidation process more effectively than the
iron-based nanozyme. The bimetallic nanozyme (FePd@N-MC)
showed the highest absorbance, which can be attributed to the
synergistic effect of the two metals in this nanozyme. In this
combination, the two metals act cooperatively and comple-
mentarily to enhance the efficiency of the peroxidation reac-
tion. The Pd, 5,@N-MC nanozyme exhibited lower peroxidase
activity than its bimetallic counterpart containing the same
weight percentage of palladium.

Control tests were conducted to examine the role of each
component of the peroxidation reaction (Fig. 5b). No absor-
bance peak was observed at 450 nm in the test without hydro-
gen peroxide, which indicated that it is essential for peroxi-
dation. Additionally, no absorbance peak was observed in the
test performed without the nanozyme and with a metal-free
support, demonstrating that the nanozyme and metal species
are necessary for the peroxidation reaction to occur.

The effect of nanozyme concentration on peroxidase activity
and the intensity of the absorbance peak in the UV-Vis spec-
trum was investigated using suspensions of different concen-
trations (Fig. 5c). Similar to the TMB peroxidation, the results
showed that decreasing nanozyme concentration caused a
decrease in nanozyme activity. Therefore, a concentration of
nanozyme of 100 pg mL™ ' was selected for subsequent
experiments.

Two sets of experiments were conducted to study the effect
of OPD and H,O, concentrations on steady-state kinetic para-
meters (Fig. 5d and g). The K, and V., constants for OPD
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(a) pH optimization, (b) study of the catalytic activity of the synthesized structures in the peroxidation of OPD and control experiments, (c)

peroxidase activity of different amounts of the FePd@N-MC nanozyme suspension, and steady-state kinetic analysis of the peroxidase-like activity of
the FePd@N-MC nanozyme. (d—f) Substrate dependence studies with varying OPD concentrations (0.010-0.122 mM): (d) time-dependent absor-
bance profiles, (e) Michaelis—Menten plot, and (f) Lineweaver—Burk (double reciprocal) plot at a fixed concentration of H,O, (9.0 mM) and
FePd@N-MC (100 pg mL™Y). (g—i) Oxidant dependence studies with varying H,O, concentrations (0.6-9.0 mM): (g) time-dependent absorbance
profiles, (h) Michaelis—Menten plot, and (i) Lineweaver—Burk (double reciprocal) plot at a fixed concentration of OPD (0.122 mM) and FePd@N-MC

(100 pg mL™Y).

were calculated to be 0.088 mM and 0.163 uM min~", respect-
ively (Fig. 5f). Additionally, for H,0,, the K, and V. con-
stants were determined to be 7.370 mM and 0.163 pM min™,
respectively (Fig. 5i). The lower K, value for OPD than for
H,0, suggests that the nanozyme has stronger affinity for OPD
and can therefore catalyze the peroxidation reaction more
efficiently.

Experiments were conducted over four consecutive cycles to
evaluate the reusability of the synthesized nanozyme. The cata-
lyst was isolated from the reaction mixture by employing an
external magnetic field. Then it was washed with an ethanol-
water mixture, followed by drying at ambient temperature. The
results showed that while the nanozyme is reusable, its activity
did not decrease significantly with each run (Fig. S8). The mor-
phology of the reused nanozyme showed no obvious changes
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after four consecutive runs, although some agglomeration of
nanoparticles was observed (Fig. S9a). Additionally, the XRD
pattern of the reused structures showed the characteristic diffr-
action peaks for palladium (26 = 40° and 68°) and Fe;0, (20 =
36°) nanoparticles (Fig. S9b).

To investigate the mechanism of this novel nanozyme,
various radical scavengers were used, including thiourea (TU),
p-benzoquinone (p-BQ), and sodium azide (NaNj;) as scaven-
gers for "OH, O, and '0O,, respectively (Fig. 6a).>° The results
demonstrated that TU severely inhibited peroxidase activity
even at the lowest scavenger concentration. In contrast, NaN;
showed moderate inhibition, while the addition of p-BQ had
only a minimal effect at the same concentration. Therefore,
‘OH is the primary reactive intermediate generated during
the catalytic process, which is consistent with the established

This journal is © The Royal Society of Chemistry 2026
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different points of time, and (c) CV curves of Fe@N-MC, Pd@N-MC, and FePd@N-MC with (full lines) and without (dotted lines) H,O,.

peroxidase mechanism.”®®°

The minimal inhibition by the
0, scavenger suggests that it is not a primary species. The
moderate inhibition by the 'O, scavenger suggests that singlet
oxygen may also be involved in the reaction mechanism.

The FT-IR spectrum of pristine FePd@N-MC initially
showed a signal at 1382 cm™", corresponding to the phenolic
hydroxyl group of the 3-aminophenol precursor (Fig. 6b).
Following the addition of hydrogen peroxide, a distinct peak
appeared at 1634 cm™', attributed to the H-O-H bending
mode of water. Subsequently, the intensity at 1382 cm™"
increased; this change is associated with the O-H bending
vibration of surface-adsorbed species, indicating homolytic
cleavage of H,0,. The growing peak at 1058 cm ™", assigned to
the O-O stretching vibration of H,0,, confirms the continuous
adsorption of H,0, onto the catalyst surface.®"*> Collectively,
these spectroscopic observations confirm that FePd@N-MC
exhibits catalytic activity by effectively adsorbing and activating
H,0, through a surface-mediated radical generation pathway.

Electrochemical measurements were conducted to evaluate
the catalytic activity toward H,O, reduction. As illustrated in
Fig. 6¢, FePd@N-MC showed a significantly higher reduction
current than the monometallic Fe@N-MC and Pd@N-MC
samples. This indicates that FePd@N-MC shows excellent
H,0, reduction activity.®"** FePd@N-MC displayed a sharp
cathodic peak, reaching a current response of approximately
—200 pA. This magnitude is nearly eighteen and seven times
higher than that observed for the monometallic Fe@N-MC
and Pd@N-MC, respectively. These results demonstrate a
strong synergistic effect between the iron and palladium
species in the bimetallic catalyst.

Table 1 shows the kinetic parameters of FePd@N-MC, HRP,
and other similar nanozymes, which were examined to
compare their affinity for TMB and H,O,. The results showed
that FePd@N-MC had the lowest K, for TMB and the highest
Vmax, Which could be attributed to the synergistic effect of the
simultaneous presence of iron and palladium in these meso-
porous structures. Palladium accelerates electron transfer®*°>
and iron improves redox reactions.®® Additionally, nitrogen
doping enhances the catalyst interaction with the substrate,

This journal is © The Royal Society of Chemistry 2026

Table 1 Comparison of the efficiency of various palladium- and iron-
based nanozymes

Km Vmax

Nanozyme Substrate (mM) (x10"®*M min™') Ref.

FePd@N-MC T™MB 0.156 11.27 This study
H,0, 3.23  17.8

ITO-SiO,- T™B 0.47 6.10 69

prS-PdNPs H,0, 0.68  3.79

Pd nanoclusters TMB 0.063  0.046 70
H,0, 80.8  0.056

Pd NPs/CeO, NTs TMB 0.39 5.94 71
H,0, 943  1.91

Pd NPs T™B 0.74 4.42 71
H,0, 450  0.84

Pd-carbon dots TMB 0.74 4.6 72
H,0, 10.12  0.72

N,Fe-carbon dots TMB 0.40 1.19 73
H,0, 0.35  1.61

Fe;O4 NPs T™B 0.098 3.44 58
H,0, 154  9.78

HRP T™MB 0.434 10 58
H,0, 3.70  8.71

because nitrogen acts as a hydrogen bond acceptor and creates
stronger interactions with the substrate.®””°® These combined
effects result in lower K, and higher V., for FePd@N-MC due
to its optimized structure, ultimately leading to improved cata-
Iytic efficiency.

Due to its excellent peroxidase-like activity, the nanozyme
was used to detect dopamine (DA) and ascorbic acid (AsA)
(Fig. 7).

The introduction of DA caused the reduction of oxidized
TMB (0x-TMB), as evidenced by the disappearance of the blue
color and a significant decrease in its characteristic absor-
bance at 652 nm (Fig. S10a). The DA-induced reduction in
absorbance can be attributed to two mechanisms: (1) DA
directly scavenges "OH radicals, reducing the amount available
to oxidize TMB and suppressing ox-TMB formation, and (2) DA
directly pre-formed ox-TMB back to
TMB, decreasing the absorbance signal. The DA concentration

reduces colorless

was quantified by measuring the decrease in absorbance and
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Fig. 7 Schematic illustration of the sensing platform for the analysis of
AsA and DA activities.

correlating it with a standard calibration curve. A strong linear
relationship was obtained between the decrease in absorbance
and DA concentration in the range of 0-10 pM, with a corre-
lation coefficient (R*) of 0.9658 (Fig. S10b). The limit of detec-
tion (LOD), calculated using the 3o/slope method, was deter-
mined to be 3.44 pM.

Similarly, the nanozyme was used to detect AsA. The
addition of AsA also resulted in a gradual decrease in the
absorbance of ox-TMB at 652 nm and fading of the blue color
(Fig. 8a). This effect is mainly due to the strong reducing

Nanoscale

ability of AsA, which directly converts ox-TMB back to TMB.
The absorbance change exhibited a linear relationship with
AsA concentration within the 0-12 pM range, with a correlation
coefficient (R*) of 0.9831 (Fig. 8b). The LOD was calculated to
be 2.87 pM.

A comparative analysis was conducted to evaluate the
sensing performance of the FePd@N-MC nanozyme toward
both DA and AsA. As summarized in Table 2, the achieved
LODs are competitive with, and in many cases superior to,
those reported in previous studies.

As shown in Fig. 8¢, the presence of AsA together with other
reaction components (catalyst, TMB, and H,0,) only delayed
TMB oxidation instead of completely suppressing it. This
makes precise AsA quantification more challenging. This
observation can be explained by the competitive oxidation
between AsA and TMB,**** due to the strong electron transfer
between AsA and the catalyst, in which AsA is preferentially
oxidized. Control experiments confirmed this hypothesis.
While AsA remained stable against oxidation by H,O,, its
characteristic absorption at 265 nm gradually decreased in the
presence of FePd@N-MC (Fig. 8d). This demonstrates an
effective electron transfer interaction between AsA and the
nanozyme. These results suggest that AsA does not act as a
conventional radical scavenger, but rather participates directly
in electron transfer with the catalyst. Accordingly, AsA was
added only after complete TMB oxidation. As expected, it
rapidly reduced blue ox-TMB to colorless TMB, decreasing the
absorbance at 652 nm. The blue color and absorbance partially
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Fig. 8 (a) Absorption spectra of ox-TMB in the presence of various concentrations of AsA, (b) linear calibration curve for AsA detection, and (c) con-

centration-dependent inhibition effect of AsA on the peroxidase-like activity of FePd@N-MC; (d) absorbance evaluation of AsA over time in the
absence and presence of H,O, and FePd@N-MC; (e) continuous oxidation and reduction of TMB in the presence of the FePd@N-MC + H,0O, system
and upon the addition of AsA. (f) Selectivity investigation of FePd@N-MC nanozymes in the presence of interfering ions and amino acids.
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Table 2 Comparison of the performances of colorimetric sensors for
the determination of dopamine and ascorbic acid

Linear range LOD

Catalysts Analyte (nM) (mM) Ref.
GDY QDs DA 20-100 8.65 74
SiW,Cos DA 5-100 5.38 75
Cu-MOFs DA 10-100 10 76
h-CuS NCs DA 2-150 1.67 77
CuS-rGO DA 2-100 480 78
Fe-CuO AsA 5-50 4.66 79
Cu-Ag/rGO AsA 5-30 3.6 80
CPsoo-6 AsA 0.8-80 35 81
AgFKZSiW12@PPy  AsA 1-80 2.7 82
FePd@N-MCS DA 0-10 3.44 This work

AA 0-10 2.87 This work

recovered over time, and this cycle was repeated with succes-
sive AsA additions (Fig. 8e). This is likely due to the catalyst re-
oxidizing the reduced TMB via its peroxidase-like activity.

The selectivity of the colorimetric assay was evaluated by
measuring the absorbance at 652 nm in the presence of poten-
tial interfering substances. These substances included amino
acids such as histidine (His), lysine (Lys), valine (Val), alanine
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Fig. 9 (a) UV-vis absorption spectra for the detection of ascorbic acid
in juice samples from various fruits; (b) a comparison of the relative
absorbance change in the presence of different fruit juices.
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Table 3 Determination of AsA in fresh orange juice

Added (pM) Found (pM) Recovery (%) RSD% (n=3)
0 0.17 — 1.04
1.5 1.61 96 1.86
2.5 2.80 105 2.05
4 4.07 97.5 1.93

(Ala), proline (Pro), glycine (Gly), aspartic acid (Asp), phenyl-
alanine (Phe), methionine (Met), and phenylglycine (Phg), as
well as various metal ions such as Na*, Ca®>*, Mg?*, Cu®*, Fe*",
Ni**, AI’*, and Ba**, as shown in Fig. 8f. Among all the tested
substances, both AsA and DA induced a significant response,
reflected by their significantly lower absorbance signals com-
pared to those of the interfering compounds. The notably
weak responses from potential interferents validate the assay’s
minimal cross-reactivity and high specificity toward AsA and
DA. Therefore, AsA and DA were identified as the most suitable
analytes for this detection platform.

The practical effectiveness of the AsA sensing method was
assessed by analyzing fresh juice samples from apple, orange,
and lime. In these experiments, FePd@N-MC, TMB, H,0,, and
the fruit samples were mixed, and the absorbance of the solu-
tions was measured after 15 minutes. As shown in Fig. 9,
adding each fruit sample led to a noticeable decrease in the
absorbance of ox-TMB. Among the tested fruits, apple juice
caused the smallest decrease in absorbance, while lime juice
induced a more significant decrease, indicating a higher AsA
content. Orange juice exhibited an intermediate response.
These results demonstrate a simple and effective strategy for
the comparative analysis of AsA content in fruit samples.

The concentration of AsA in fresh orange juice was deter-
mined using the developed colorimetric system, and the recov-
ery results are presented in Table 3. The initial AsA concen-
tration in the unspiked sample was 6.25 pM, confirming the
natural presence of ascorbic acid in fresh orange juice. For
samples spiked with 1.5, 2.5, and 4 pM AsA standard, the
measured concentrations were 1.61, 2.80, and 4.07 uM,
respectively. The corresponding recovery rates were calculated
to be 96%, 105%, and 97.5%, respectively. These results
demonstrate the colorimetric system’s applicability for detect-
ing ascorbic acid in real samples. They also suggest that the
developed colorimetric assay can effectively detect and quan-
tify ascorbic acid even in complex natural matrices such as
fresh orange juice.

Conclusions

In summary, this study successfully designed and synthesized
the novel bimetallic FePd@N-MC nanozyme. A comprehensive
analysis confirmed the formation of superparamagnetic Fe;0,/
Pd® nanoparticles dispersed on the nitrogen-doped meso-
porous carbon support. The FePd@N-MC nanozyme demon-
strated significantly enhanced peroxidase-like activity in the

Nanoscale, 2026, 18, 9846-9858 | 9855
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oxidation of both TMB and OPD substrates, substantially out-
performing its monometallic counterparts (Fe@N-MC and
Pd@N-MC). This superior activity is attributed to the strong
synergistic effect between the iron and palladium species,
which facilitates electron transfer and substrate interaction.
Kinetic studies confirmed that the nanozyme follows
Michaelis-Menten behavior. Mechanistic investigations identi-
fied the hydroxyl radical ("OH) as the primary reactive species.
Due to the nanozyme’s high activity, a simple, sensitive, and
selective colorimetric sensing platform was developed. The
assay achieved low detection limits for both dopamine
(3.44 pM) and ascorbic acid (2.87 pM). The practical utility of
the nanozyme was validated by its successful application in
quantifying ascorbic acid in real fruit juice samples, yielding
excellent recovery rates. This work highlights the rational
design of cost-effective and highly efficient bimetallic nano-
zymes and opens a promising approach for their use in biosen-
sing, environmental monitoring, and medical diagnostics.
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