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ARTICLE INFO ABSTRACT

Handling editor: Derek Muir Due to the widespread usage of hydrogen peroxide (H2O2) in various consumer and industrial products (Ex-
amples: fuel cells and antibacterial agents), it became important to accurately detect HyO5 concentration in
environmental, medical and food samples. Herein, titanium carbide Ti3C,Tx (MXene) was synthesized by using
Ti, Al and C powders at high-temperature. Then, nanocrystalline iron oxide (a-Fe;O3) was obtained from a single
solid-phase method. Using Ti3CyTx and FepoO3 powders, TisCoTx-FeaO3 nanocomposite was prepared by ultra-
sonication. As-synthesized, Ti3CoTx-FeaO3 composite had been characterized by UV-Visible (UV-Vis), Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and Raman spectroscopy. The Fe;O3 nano-
particles (NPs) were decorated on the surface of TigCyTx as observed by high resolution scanning electron mi-
croscopy (HR-SEM) and high resolution transmission electron microscopy (HR-TEM). The Ti3CyTx nanosheets
were formed with the average size of 400-500 nm. HR-SEM images of a-Fe;O3 showed that the coral-like par-
ticles with the average length ~5 pm were obtained, The electrochemical properties of the individual (Ti3CeTx
and a-Fep03) and composite materials (Ti3CoTyx-FeaO3) were investigated by cyclic voltammetry (CV). TizCaTx-
Fe,03 nanocomposite modified electrode had exhibited potent electro-catalytic activity for HoO2 reduction by
reducing the overpotential about 320 mV and a linear response was recorded from 10 nM to 1 pM H203. The
optimization of various parameters such as material composition ratio, amount of catalyst, effects of pH, scan
rate and interference effects with other biomolecules were carried out. In addition, the kinetic parameters such as
rate constant, diffusion coefficient and the active surface area of the electrodes were calculated. Moreover, the
Ti3CoTy-FeaO3 composite modified electrode was used successfully to detect HyO» in food and urine samples. We
believe that Ti3CoTx-FeaO3 composite based materials could be used for the fabrication of non-enzymatic HyOy
sensors for medical diagnosis, food safety and environmental monitoring applications.
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1. Introduction

Recently, there have been significant efforts on the innovation and
development of high performance hybrid materials for the fabrication of
various kinds of (bio-) chemical sensors such as electrochemical (Ruiyi
et al., 2020), colorimetric (Liu et al., 2020), thermal (Yan et al., 2015),
surface enhanced Raman spectroscopy (Gillibert et al., 2018), micro-
fluidic (Park et al., 2017), fluorescent (Wang et al., 2018), paper
(Mohanraj et al., 2020), disposable sensors (Tehrani and Bavarian,
2016) etc., For this purpose, the unusual properties of 2D layered ma-
terials (graphene and non-graphene layered materials) have been uti-
lized for the diverse applications due to the their unique physical and
chemical properties (Gogotsi and Anasori, 2019), (Chaudhari et al.,
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2017). Specifically, more efforts have been dedicated to synthesize
various 2D layered materials with single atomic layer (for examples:
silicene, germanene, phosphorene) and multiple atomic layers (exam-
ples: transition metal dichalcogenides and oxides) (Anasori et al., 2017).
In recent years, MXenes (M 1X,Tx), transition metal carbides and ni-
trides based layered materials have been reported (Naguib et al., 2011).
In the MXene structure, ‘M’ represents a transition metal, ‘X’ is number
of carbon or nitrogen and “T” is the surface functional groups (such as F~,
07, OH™ and Cl) (Chaudhari et al., 2017). MXene could be obtained
after the removal of an element from the MAX phase which was similar
to graphene layers (Khazaei et al., 2017). As-prepared MXene showed
metallic conductivity and hydrophilic nature due to the presence of
surface terminal functional groups (Naguib et al., 2011). MXenes have
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been used in energy storage (Naguib et al., 2012), oxygen evolution
reaction and hydrogen evolution reactions (Seh et al., 2016). Recently,
Pdso—Rusg/MXene (TigCyTx) nanocatalyst was effectively used for the
hydrogenation process of carbon dioxide (CO3) to methanol with high
conversion efficiency of 78%, the total turnover number was 2932 in
mild condition (Bharath et al., 2021a). The Ni/MAX/porous graphene
composite was also used as adsorbent for the toxic metals (fluorine, lead
and arsenic) in waste water. It was found that Ni/MAX/porous graphene
composite was showed the maximum adsorption efficiency for Pb?* (76
mg/g) ion in the contaminated ground water and industrial waste
(Bharath et al., 2021b). Similarly, a pseudocapacitive deionization
electrode was assembled using date seed-derived activated carbon as the
anode and MAX phase (Ti3AlCy) as the cathode for the effective removal
of chromium ions from the industrial effluents. The removal efficiency of
Cr (vi) ion was 38.6 mg/g. The MXene/graphene oxide film was used in
the water purification process. It had removed the negatively charged
heavy metal ions (HCrO*~, AuCl*~ and PdCI%™) and positively charged
Ag+ ion (Xie et al., 2019). In addition, three dimensional
MXene-graphene oxide hydrogel was effectively used in photo-catalysis
(Chen et al., 2019a). For example, 2D MXene decorated with 1D cad-
mium sulphide was used for the photocatalytic coupling reaction of Hy
generation and selective conversion of bioethanol into 1,1-diethoxy-
ethane (Li et al., 2020). These new studies were supported that MXe-
ne/MAX phase could be used as the catalyst for the hydrogenation,
photocatalysis and desalination process (Bharath et al., 2020).

On the other hand, detection of H2O5 is very important in the envi-
ronmental, textile, clinical, pharmaceutical and food samples (Chen
etal., 2013). Because, HyO, had been used as a preserving agent for milk
and also used to produce cheese. Normally, the concentration of HyO9 in
raw milk sample was 1-2 mg/mL, when the concentration was ten times
higher, it destroys the pathogens (Ivanova et al., 2019). However, if the
excess HoOy present in the milk which may degrade the nutritional
compounds (folic acid) which is essential for the human body (Silva
et al., 2012). The common beverages (green tea, black tea and instant
coffee) contains more than 100 pM H0. If the H>O5 directly enters into
our gastrointestinal tract and it can cause the digestion related prob-
lems. The levels of HyO, concentration can be easily detected by ana-
lysing a freshly voided human urine (Halliwell et al., 2000). Apart from
these, H,05 is also formed as a by-product of enzyme catalysed reactions
(for example: glucose oxidase reaction, lactate and cholesterol oxidase
reactions). In the biological reaction, H,O2 was used as a mediator for
measuring the level of product conversion of glucose, lactose and
cholesterol (Shamkhalichenar and Choi, 2020). The elevated level of
Hy0, could cause carcinogenesis and became the vital indicator of
cancer and heart attack in humans (Maji et al., 2014). For a normal
person, the intracellular concentration of HyO, should be less than 10
nM, and in plasma, the HyO, concentration might be 100-5000 times
greater than the intracellular HyO, levels (Forman et al., 2016)
Generally, conventional methods such as titrimetric (V Klassen et al.,
1994), fluorescence (Yu et al., 2019) and colorimetric (Teodoro et al.,
2019) methods had been used for the detection of HyO5. However, these
methods had shown low sensitivity and also oxidize the other com-
pounds present in the sample and lead to poor accuracy (Gimeno et al.,
2013). So, analysis of HyO, in plasma sample is became very
challenging.

In a recent study, horse radish peroxidase (HRP) was immobilized on
MXene and used it for the detection of HyO, from 5 to 1650 pM and the
limit of detection (LOD) was 0.74 pM (Bao-Kai et al., 2019). MXene/-
haemoglobin (Hb) based biosensor was also reported for the detection of
H30; due to the enhanced bio-electrocatalytic activity of heme (Wang
et al., 2015a). However, these enzyme based electrodes had shown some
drawbacks such as tedious electrode preparation, instability of the en-
zymes under various temperatures, pre-treatment requirements (He
et al., 2014), need of perm-selective ion-exchange membrane (Nafion)
(Lv et al., 2016), glutaraldehyde cross-linker (Akyilmaz et al., 2017) and
bovine serum albumin (Tripathi et al., 2006) for the successful
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immobilization process. To avoid these problems, Lorencova et al. re-
ported MXene (Ti3CyTx) based electrochemical sensor for the analysis of
H,0,. They had also investigated the effectiveness of Ti3CyTx as an
electro-catalyst for HpO, before and after oxidation of MXene
(0Ti3CyTy). They found that pristine TisCoTy showed better
electro-catalytic performance than the oxidized Ti3CyTy for the analysis
of HyO5 at —0.5 V (Lorencova et al., 2017). Also, to further enhance the
electrocatalytic activity and reduce the over potential, nanocomposite of
MXene/platinum nanoparticles (Ti3C,Tx-Pt NPs) was also prepared. The
electro-reduction of HyO, was observed at 0.25 V on TizCoTy-Pt NPs
modified glassy carbon electrode (GCE) and the linear response was
observed from 490 pM to 53.6 mM with the LOD of 448 nM. Similarly,
Ti3CoTx-Pt/Nafion (Nf) modified GCE was also used for the detection of
small biomolecules (Dopamine, ascorbic acid, uric acid and acetamin-
ophen) (Lorencova et al., 2018). MXene-Pt/polyaniline sensor was also
developed for the determination of HyO2 (from 1 pM to 7 mM) and lactic
acid (from 0.005 to 5 mM) (Neampet et al., 2019). In these methods,
precious and expensive metal (Pt) catalysts were used and also these
sensors had shown poor stability.

In this work, for the first time, Ti3CyTx-FeoO3 nanocomposite was
prepared and used to detect HyO in nanomolar levels. The MAX phase
was prepared by ball-milling of titanium, aluminium and graphite
powders for 12 h. Then the obtained product was heated at 1100 °C for
2 h and followed by HF etching resulted in the formation of TizCyT. For
the a-FeoO3 preparation, a single step synthesis method was developed
by using p-cyclodextrin (B-CD; supramolecule), urea and iron acetate as
precursors. Finally, Ti3CyTx-FeoO3 nanocomposite was obtained by
mixing MXene and FepO3 (10:1) via ultra-probe sonicator and used to
modify the electrode surface. Ti3CpTyx-FeoOs modified electrode was
showed an enhanced electro-catalytic activity for HyO4 reduction due to
synergistic effects between Ti3CyTx and a-FezOs. For comparison, HyO9
reduction was also carried out with the Ti3CyTy, a-FezO3 and Ti3CoTx-
Feg0s. It was found that the composite (TigCyTx-FeoO3) modified elec-
trode showed high stability, electro-catalytic activity, wide linear range
of detection (from 10 nM to 1 pM H305) and lower limit of detection
(LOD) (7.46 nM). Furthermore, the nanocomposite modified electrode
was used for the analysis of HyO» in milk and urine samples with high
selectivity.

2. Experimental
2.1. Materials and methods

Iron acetate [Fe(CH3COO),], B-cyclodextrin (B-CD) and dopamine
hydrochloride (DA) were purchased from Sigma-Aldrich (USA). H20o,
ascorbic acid (AA), uric acid (UA), para-acetaminophen (PA), oxalic acid
(0A), glucose, lactose, monosodium hydrogen phosphate (NaH3PO4)
and disodium hydrogen phosphate (NaoHPO4) were obtained from SRL,
India. The phosphate buffer solution (PBS) (0.1 M) was prepared using
NaHPO4 and NaHPO4 (pH = 7.2) for the sensing of HyO,. All the ex-
periments were performed with the milli-Q-water (18.2 MQ cm @ 25 +
2°C).

The electronic transitions of the catalyst Ti3CoTy-FexO3 and a-FeoO3
were studied by using the UV-Visible spectrophotometer (UV 3600 plus,
Shimadzu). The functional groups of the materials were analysed by
attenuated total reflection (ATR) - FT-IR spectrophotometer (Shimadzu,
IRTracer 100). The composite formation was confirmed by X-ray
diffraction spectrometer (XRD-PAN analytical XpertPro), Netherlands.
The Raman spectrum of TizCyTx-Fe2O3 and Ti3CoTy were recorded using
a Micro Raman spectrometer-Labram HR evolution (Horiba, Japan). The
surface morphologies of the samples were analysed with the HR-SEM
and the elemental compositions were identified by using Energy
dispersive X-ray spectroscopy (EDX-FEI Quanta 200). The selected area
electron diffraction (SAED) pattern and the surface morphology of the
Ti3CyTx-FeoO3 composite were recorded by HR-TEM, 2100 plus Electron
microscope (JEOL, Japan). The electrochemical activities of TizCyTx-
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Fig. 1. The schematic representation for the preparation of TizC,Ty-Fe,O3 composite (10:1) by using TizC,Ty and a-Fe,O3 powders.

Fey03, TizCyTy and a-FeoO3 were investigated by using a three electrode
system with an electrochemical workstation (CH Instruments Model:
CHI-760 E, USA). All the experiments were carried out at the room
temperature (25 + 2 °C).

2.2. Synthesis of a-Fez03

The solid phase synthesis of a-Fe3O3 was carried out by using the
precursors of Fe(CH3COO),, f-CD and urea. Fe(CH3COO) (0.125 g) was
grinded well with the $-CD (0.5 g) and urea (0.5 g) by pestle and mortar.
The weight ratio of the compounds was 1:4:4. After grinding, a pale
orange colour powder was obtained and the mixture was transferred to a
quartz boat and annealed at the temperature of 300 °C in a tubular
furnace (the temperature increment was 5 'C/min). The sample was kept
at 300 °C for 6 h under air. After that, the heating was stopped and
furnace temperature was decreased to the room temperature. The final
product of a-Fe;O3 (red brick powder) was obtained and used for the
characterization and sensing application of HoOy. The a-Fe;O3 disper-
sion was prepared by dissolving 10 mg of a-Fe3O3 in 20 mL 1:1 ethanol:
water mixture with 20 pL Nafion (5%) followed by probe-sonication for
1 h at controlled temperature with ice-bath.

2.3. Preparation of TigCoTy-Fe203 composite

The Ti3CoTx powder was synthesized as reported elsewhere (Mur-
ugan et al., 2021). TigCyTx powder (100 mg) and a-FepO3 (10 mg) were
mixed by ultrasonication in 1:1 ethanol:water mixture (20 mL) to obtain
TigCyTx-FeoO3 co-dispersion (Fig. 1). To find out the best composition
ratio of the materials for the electro-analysis of HyoOy, TisCoTx-a-FeaO3
containing dispersions were prepared with different weight ratios
(Ti3CTx-Fez03; 10:1, 1:1 and 1:10 ratio) in 1:1 ethanol:water mixture
(20 mL). In order to obtain a homogenous dispersion, Ti3gCyTx and
a-FeyO3 powders were ultra-sonicated for 60 min with 55% amplitude
for 3 s ON and 2 s OFF. The visual images of 1:10, 1:1 and10:1 ratio
nanocomposite dispersions were shown in Fig. S1. Similarly, (100 mg)
Ti3CeTyx and (10 mg) a-FeyO3 dispersions were also individually pre-
pared for control experiments.

2.4. Electrode preparation

For the analysis of Hy0g, the Ti3CyTy-Fe;Os modified GCE (¢ = 3
mm) and rotating disk electrode (RDE) (¢ = 5 mm) were prepared. Prior
to the modification, the GCE was polished with alumina slurry (0.05 pm)
on a polishing cloth until the mirror like surface appeared. After GCE
was cleaned, the TizCyTx-FeoO3 dispersion (6 pL) was drop casted on the

electrode surface and dried in hot air oven at 50 °C for 5 min. The control
experiments were carried out separately with TizCyTx and a-FepOs
modified electrodes. Before the electrochemical measurements, the 0.1
M PBS was purged with nitrogen gas for 10 min to remove the dissolved
oxygen. The oxygen reduction reaction (ORR) was carried out in
different electrolytes (0.1 M H5SO4, 0.1 M NaOH and 0.1 M PBS).

2.5. Detecting H20; in real samples

Three kinds of milk samples were analysed: (i) concentrated milk
sample, (ii) the diluted milk sample with PBS, and (iii) milk extract
obtained after centrifugation at 15000 rpm which removed the milk
proteins/fats (Hira et al., 2020). For the (i) concentrated milk sample
analysis: milk sample (50 pL) was taken without any dilution and added
into the 0.1 M PBS. Followed by, the known concentrations of H,O, were
added into the 0.1 M PBS and the recovery percentages were calculated
(Li et al., 2014). (ii) For the diluted milk sample analysis: 50 pL milk
sample was diluted with 0.1 M PBS (50 mL) containing 10 pyM H305. The
diluted milk sample with HyO, was analysed and the recovery per-
centage was calculated (Li et al., 2018). (iii) For the milk extract anal-
ysis; the collected supernatant milk extract was added in to the
electrolyte solution and sensing of HyO2 was carried out before and after
the standard additions of Hy0, and recovery percentages were calcu-
lated. H20O2 analysis in urine sample was carried out as follows: urine
sample was collected from a normal person and the sample (100 pL) was
diluted with 50 mL PBS and spiked with 10 pM H20,. After that, HoO5 in
the diluted sample was detected and the recovery percentage was
calculated (Palanisamy et al., 2015).

3. Results and discussion
3.1. UV—vis, FT-IR, XRD and Raman characterizations

UV-visible absorption (UV-vis) spectrum of a-Fe;O3 was showed
three absorption peaks (Fig. S2A, curve i). The first transition band
observed around 322 nm corresponds to the charge transfer from ligand
to metal (LMCT). The another transition observed at 543 nm for the
double excitons process from 6A1 (65)+6A1 ®s) to 4T1 (4G)+4T1 (4G), it
was the overlapped contribution of 6A1 ©s) to 4E, 4A1 (*G) which was
related to the ligand transition at 433 nm and the charge transfer tail
(Mallick and Dash, 2013). The inter-band transition at 543 nm was
responsible for the red brick powder of a-Fe;O3. The above mentioned
absorption bands were clearly indicated the formation of a-Fe,O3 (Rufus
et al., 2016), However, for the Ti3CyTx-FeoO3 composite sample, the
electronic transitions bands of a-Fe;Os were red shifted due to the
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Fig. 2. (A) FT-IR spectrum of Ti3C,Tx-Fe;O3 composite. (B) Raman spectrum (using 532 laser excitation) of (i) TizC,Tx and (ii) TizCoTx-FeoO3 composite. (C and D)
HR-SEM images and (E and F) EDX spectrum of a-Fe;O3 (C & E) and TizCoTx-FeoO3 (D & F) samples.

interaction between Ti3CyTy and a-Fe;0O3 (Uma et al., 2020). These re-
sults were in agreement with the earlier reports of TizCy-Fe;O3 com-
posite (Zhang et al., 2018).

FT-IR spectra of a-FepO3, TigCoTx and TisCyTx-FeoO3 samples were
recorded. Fig. S2B shows multiple IR bands at 3174 (O-H stretching),
1417 (O-H bending), 1523 (C-O stretching) and 1067 cm! (C-F vi-
bration) which revealed the presence of various functional groups such
as —OH, C-0, and C-F on Ti3C,Ty surface. The IR band at 667 cm~! was
indicated the deformation of Ti-O bond (Chen et al., 2019b; Dong et al.,
2019). For the a-FeyOs sample, Fe-O (metal oxide) vibration bands
observed at 545 and 590 cm ™! (Fig. S2C). Next, the IR spectrum of the
TizCaTx-FeoO3 composite was recorded (Fig. 2A), which showed the IR
peaks responsible for the both TigCyTx and FepOs. The new IR bands
were appeared at 540 and 584 cm ™! correspond to the Fe-O (metal--
oxygen) vibrations (Rufus et al., 2016). In addition, IR bands observed
for the composite were down shifted to (17 cm’l) 652 cm™! (Ti-0), (5
em™) 540 em™! and 584 em™! (Fe-0), which may be due to the syn-
ergetic effect between the negatively charged Ti3C,Tx and the positively
charged a-FeyO3. From the FT-IR spectra, the presence of surface func-
tional groups on Ti3gCyTy and the metal-oxygen vibration of

TigCyTx-FeoO3 composite were confirmed (Zou et al., 2018). Fig. S3
displays the XRD spectra of a-FepO3, TizCoTx, and TizCoTx-FeoO3 com-
posite materials. The TizCyTyx (Fig. S3, curve-ii) was showed the major
diffraction peaks appeared at 36.02, 41.9 and 60.88° correspond for the
TiC (111), (200) and (220) planes. These planes were matched with the
standard values of TiCq g7y [JCPDS No 00-032-1383]. Some additional
oxide peaks of Ti and Al were also appeared. The diffraction peaks of
TiO4 were observed at 25.2, 37.7, 48.1, 54.9° and the Al,O3 peaks were
appeared at 52.7 and 57.2°. The presence of both Al;03 and TiO, peaks
were indicated the formation of mixed phase MXene (Parse et al., 2019).
Next, the a-Fe,O3 formation was also confirmed by XRD. Fig. S3 (curve
i) showed major diffraction peaks appeared at 33 and 35.5° correspond
to the (104) and (110) plane of a-FeyO3 (Townsend et al., 2011). The
other XRD peaks of a-Fe;O3 were located at 24.17, 40.8, 49.58, 53.8,
57.65, 62.6, 63.8 and 71.78°. These observed XRD peaks confirmed the
formation o-Fe;O3 rather than the other forms of iron oxides and iron
hydroxides which matched with the JCPDS card no (89-8103) (Town-
send et al., 2011). Finally, the XRD spectrum of the Ti3CyTx-FexO3
composite was recorded (Fig. S3, curves iii). The Ti3CyTx-FexO3 was
showed the presence of both diffraction peaks of TiO, and the Fe;Os.
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Fig. 3. (A) CVs were recorded in 0.1 M KCl containing 5 mM [Fe(CN)g] 3-/4- using (i) a-Fe,03, (ii) TizCyTy, (iii) bare-GCE, and (iv) TizC,Tx-Fe,O3 modified GCE at a
scan rate of 50 mV/s (B) CVs were recorded with different scan rates from 10 to 100 mV/s in 0.1 M KCI containing 5 mM [Fe(CN)] 3-/4- using TizCoTy-Fe,O3 modified
GCE. (C) The linear plot was made between the square root of scan rates and I, (each measurement was taken three times and the mean values were given, N = 3).

The XRD peaks at 25.2 and 37.7° correspond to the TiO vibrations and
57.5° for the Al,O3 peak. The other major diffraction peaks were
observed at 24.3, 33.16, 35.68, 49.8, 54 and 64° correspond to the
Fes03. These XRD peaks of TiO5 and the FeyO3 were confirmed the
formation of TigCyTx-FeoO3 composite (Li et al., 2019).

Fig. 2B represents the Raman spectra of TizCyTyx and Ti3CoTy-FeoO3
composite. The different vibration bands of (Ti-C, Ti-Al and Fe-O)
TizCyTx and composite were recorded using 532 nm laser excitation. The
Raman band located at 157 cm™* was due to the vibrational mode of
anatase phase of TiO,. For the Ti3CyTy, the major Raman bands were
observed at 215 (Ti-Al vibrations), 352 (vibration atoms in Ti3CyTy),
620 and 688 cm~! (Ti—C bond vibrations) (Cao et al., 2017), which
confirmed the existence of TizCyTyx (Melchior et al., 2018). Graphitic
carbon peaks were also appeared at 1342 (D band due to defects in
carbon material) and 1569 cm™! (G band corresponds to the sp® hy-
bridized carbon vibration) of 2D hexagonal lattice (Parse et al., 2019). In
the case of TizgCoTx-FexO3 composite, the Fe-O vibrational peaks were
appeared at 304, 412 and 827 em~! (Testa-Anta et al., 2019). Further-
more, D band (at 1326 ecm ™) and the G band (1583 cm’l) were down
shifted compared to Ti3CyTx (alone). In addition, the D band intensity
was increased for the composite and the G band position was upshifted
to higher wavenumber (1569-1583 cm ™). The calculated Ip/Ig ratio
was 2.3 which indicated the less defects on the composite surface
compared to the pristine TigCyTx. The reason for the G band shift on
TigCyTx-FeoO3 composite might be due to the isolated presence of dou-
ble bonds (Dubale et al., 2014).

3.2. Surface morphology analysis

The thin-films of Ti3CoTy, a-FesO3 and TizCoTyx-FeoO3 were prepared
on silica substrates and the surface morphologies were analysed by HR-
SEM. As-synthesized Ti3CyTx nanosheets were showed few sheets like
structures (Fig. S4A-B). It clearly indicated that sheets-like morphology
with the average sizes of 400-500 nm were present. The thickness of the

TigCyTx film was ~180 nm and the lateral spacing was about 0.354 nm.
Next, synthesized o-Fe;O3 was showed the coral-like microstructure
which was helpful to enhance the catalytic activity (Fig. 2C) (Wang
et al., 2015b). From the HR-SEM images of TizCyTyx-Fe20s, it was found
that Fe;O3 nanoparticles (NPs) were strongly attached on the TizCoTx
sheets and the NPs sizes were found to be ~100 nm (Fig. 2D) (Zou et al.,
2018). As indicated, the MXene sheets were decorated with Fe,O3 NPs
during ultasonication process. The EDX analysis was also performed on
a-Fey03 and Ti3CyTx-FeyO3 composite samples. TigCoTy was showed the
presence of Ti, Al, fluorine, oxygen and carbon. Interestingly, in addition
to the above elements, Fe was present in the composite (Fig. 2E and F).
These elemental analysis were again confirmed that TizCyTx-FeoO3
composite was successfully formed. Furthermore, Ti3CoTx-Fe2O3 nano-
composite was also investigated by the HR-TEM. The surface
morphology image of the nanocomposite showed that the Fe;O3 parti-
cles were decorated on the surface of the Ti3CyTy sheets (Fig. S5A). The
Ti3CyTx sheets were strongly attached with Fe;Os nanoparticles and
enhanced the catalytic activity of Fe,O3 by synergistic effect (Zou et al.,
2018). The selected area electron diffraction (SAED) pattern of the
composite was recorded which indicated that a polycrystalline structure
was obtained (Fig. S5B). The set of concentric rings were indexed to the
major planes (104), (116) and (214). Those planes were corresponded to
the diffraction patterns of a-Fe;Os (Li et al., 2019). These planes and the
d-spacing values were matched with the XRD analysis. This further
corroborated that the a-Fe;Os nanoparticles were decorated on the
surface of the Ti3C,Ty sheet by electrostatic attraction.

3.3. Kinetic studies of TigC2Ty and TizCoTy-Fe203 modified electrodes

In order to understand the electron transfer behaviour and calculate
the surface areas of the modified electrodes, cyclic voltammograms
(CVs) were recorded in 0.1 M KCl containing 5 mM Kj [Fe(CN)g]/K3 [Fe
(CN)g] using bare GCE (curve-iii) and modified GCEs with a-FeyO3
(curve i), TigCoTyx (curve-ii) and Ti3CyTx-FeyOs (curve-iv) films which
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Table 1

CVs were recorded in 0.1 M KCI containing 5 mM K, [Fe(CN)g]/K3 [Fe(CN)g]
using different modified electrodes and their electrode potentials and the current
values were compared.

S. Types of Epa Epc E” AE, Ia (BA)  Tpe

No. electrodes (%] ) ) (mV) (pA)

1 bare-GCE 0.256  0.162  0.21 94 -39.66  39.13

2 TizCaTx/ 0.287  0.15 0.22 137 -30.21  29.022
GCE

3 Fe,03/GCE 0.367  0.08 0.224 287 -22.2  19.35

4 TisCaTx- 0.26 0.17 0.215 90 —-43.19  40.19
Fe;03/GCE

showed the well-defined redox peaks (Fig. 3A). The calculated formal
potential’s (E°’), peak to peak separation (AEp) and redox peak currents
of [Fe(CN)g] 3-/4 were listed in Table 1. The lowest peak separation and
higher redox peak (I, and Ipc) currents were observed for Ti3CoTx-Fe203
composite modified GCE compared to bare-GCE, Ti3CyTyx/GCE, Fe,03/
GCE (Table 1). For the Ti3C>Tx modified electrode, the AE, was about
137 mV due to the surface functional groups of F~, OH™ and O~ which
are negatively charged (Lorencova et al., 2020). The density of free
electrons on Ti3CyTy and the surface functional groups were the reasons
for higher peak separation (Nayak et al, 2018). The higher
electro-catalytic activity of Ti3CoTx-FeaOs modified electrode might
have resulted from the synergistic effect between positively charged
a-FexO3 and negatively charged MXene (Zou et al., 2018) (Fig. 3A).
Compared to the individual materials, Ti3CoTx-FeoO3 modified GCE had
showed high current enhancement about 10%.

CVs were also recorded using Ti3CyTx-Fe2O3/GCE at different scan
rates from 10 to 100 mV/s (Fig. 3B). A linear plot was established be-
tween the square roots of scan rate vs. the cathodic peak currents (Ip),
the linear curve was obtained with the regression coefficient (R?) of
0.9984 (Fig. 3C). Next, the active surface area of TizCyTx-FeoO3/GCE
was calculated using the Randles-Sevcik equation (1)(Bard et al., 1980)

Ly = (2.69 X 105)n3/2D1/2C0y1/2A W

4] L,
224

0

0

Current (uA)

4l (i) i
6-

(iii) (A)

0.4 0.0 0.4

Potential (V)

-0.8
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where, ‘n’ is number of electrons (n = 1), C is the concentration of [Fe
(CN)6]3'/ 4 (5 mM), D is the diffusion coefficient (7.6 x 107 cmz/s) and
A is surface area of the electrode. Using the above equation, the elec-
trochemically active surface area of each modified electrodes were
calculated. The active surface areas of bare GCE, Ti3CyTy/GCE and
Ti3CoTx-Fe203/GCE were found to be 0.113, 0.10 and 0.18 crnz,
respectively. Due to the electrostatic attraction between TizCyTy and
a-FepOs3, the composite modified electrode was showed higher surface
active area. The surface roughness factor (Rf) was calculated using the
equation Rf = Areal/Ageo (real surface area/geometric surface area) as
0.18/0.07 = 2.5 (Tavakkoli et al., 2020), which indicated the enhanced
surface area of the composite modified GCE.

3.4. Electrochemical properties of TisCoTy and TigCoTy-Fe2O3

After modification of GCE with 6 pL of TizgCyTx or TizCyTx-FeyOs
dispersion by drop casting method and the electrode was dried at 50 °C
for 5 min. After that, the modified electrode was washed with distilled
water to remove any unbounded materials from the surface. Fig. 4A
shows CVs recorded using bare GCE (curve-i), TizC2Tyx/GCE (curve-ii)
and Ti3CyTx-FeoO3/GCE (curve-iii). Interestingly, a-Fe;O3 incorporated
TisCyTx film had exhibited redox peak of Fe?*/Fe3* at —0.195 V, and
Ti3CyTy redox peak was centred at —0.45 V in 0.1 M PBS (curve-iii).
Normally, the formal redox potential (E°) of Fe?*/Fe>" should be 0.4 V
(Amreen and Senthil Kumar, 2018). If the iron present in the heme
protein, the formal potential was located at —0.34 V (Zheng et al.,
2008). Similarly, after incorporation of a-FeoOg3 in to TizCyTx, the E° of
Fe was found at —0.195 V which was negatively shifted about 595 mV
compared to the normal redox potential of Fe>*/Fe3* (0.4 V). The E® for
the redox peak of a-FepO3 was found at 0.15 V, however, the redox peak
of Fe was negatively shifted about +250 mV for TigCyTx-FeoO3/GCE
(Amreen and Senthil Kumar, 2018). The presence of both redox peaks of
Ti3CyTy and a-FeyO3 were demonstrated that the composite had higher
catalytic activity compared to Ti3CoTx and a-FepO3. The redox peak of
the Ti3CoTx was observed at (E°) —0.45 V vs. Ag/AgCl. This redox peak
was assigned to the intercalation of H cations from the electrolyte so-
lution (electrosorption) and pseudocapacitance behaviour of TizCyTy at

Current (uA)

-0.282V

(B)

0.4

0.4 0.0
Potential (V)

Fig. 4. (A) CVs of different modified electrodes were recorded in 0.1 M PBS using (i) bare-GCE, (ii) Ti3CoTx/GCE and (iii) Ti3CoTx-Fe;O3/GCE. (B) CVs were recorded
by using Ti3C,Tx-Fex03/GCE in the (i) absence and (ii) presence of 400 nM H,0, at the scan rate of 50 mV/s.

Table 2
CVs were recorded using different modified electrodes in 0.1 M PBS and their electrode potentials and current values were compared.
S. Types of Epa (V) Epe (V) E° (V) AE, (mV) Ipa (HA) Ipe (HA)
No. electrode
1 Bare-GCE - - - - - -
2 TizC,Tx/GCE —0.38 —0.516 —0.45 136 -2.19 2.93
3 a-Feo,03/GCE 0 -0.3 0.15 300 -0.3 0.32
4 TizCoTyx- Fe;03 (—0.10) and Fe,053 (-0.29) and Fe503 (-0.195) and Fe;053 (190) and Fe;03 (—3.63) and Fe503 (3.34) and
Fe,03/GCE TizCoTx(-0.368) TizCoTx(-0.54) TizCyTx (-0.454) TizCoTx (172) TizCyTy(-3.52) TizCyTx (4.70)
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Table 3
The analysis of 400 nM H,0, was carried out using different modified electrodes
in 0.1 M PBS and their reduction potentials were compared.

S. Types of electrode Onset reduction potential
No. of HyO, (V)

1 Bare-GCE -0.6

2 TizCyTx/GCE —0.585

3 Fey03/GCE -0.3

4 TizCyTx-Fe,03/GCE (10:1) -0.28

5 Ti3CoTx-Fex03/GCE different composition -0.6

ratios (1:10) and (1:1)

the surface. The intercalation/deintercalation of Ti3CoTy exhibited that
reversible redox peak (Yang et al., 2018). The ratio of the obtained
anodic and cathodic peak currents values were nearly unity which
indicated the highly reversible nature of the redox peak. The calculated
redox potential’s and the corresponding peak currents were shown in
Table 2.

3.5. Electroanalysis of H202 on TisCoTy-Fes03/GCE

To test the electro-catalytic activity against HpO,, the different
modified electrodes were prepared (see Experimental section 2.4). The
electro-reduction of 400 nM H;0, was tested on bare, Ti3CyTx and
Ti3CoTx-FeoO3 modified GCEs. The TisCyTyx-Fe;03/GCE was showed
H20; reduction at —0.282 V (Fig. 4B, curve ii). HoO2 was reduced on
bare GCE at around —0.60 V (Fig. S6A), it was found that after modi-
fication with TizCoTy (Fig. S6B), HyO2 reduction peak was enhanced and
observed at —0.585 V due to the presence of functional groups on the
surface (Lorencova et al., 2017). We also modified the electrode with
a-FepO3 which showed Hy05 reduction at —0.3 V (Fig. S7A). Table 3
illustrates the onset potential for the reduction of HoOy on different
modified electrodes. From the obtained results, Ti3CoTx-FeoO3/GCE had
showed high sensitivity and catalytic current for HoO2 reduction at

Current (nA)

100 mV/s

Current (uA)
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lower potential which may be due to the synergetic effect between
a-FepO3 and TigCyTy. The synergetic effect might have come from the
strong interaction between a-FepO3 and TizCyTyx which acted as an
electrocatalyst for the reduction process. We had also prepared
Ti3CyTx-FeoO3 film with the different compositions ratios of (1:1 and
1:10) and used them for the reduction of HyO5. The Hy05 reduction
peaks were appeared at —0.6 V (Fig. S7B and C). The composites pre-
pared with 1:1 and 1:10 (Ti3CyTx:Fe203) ratio had shown poor stability
due to the excessive presence of a-Fe;O3 and the less active sites on
TizCoTy for functionalization.

3.6. Effect of catalyst loading

To optimize the suitable catalyst loading for electro-reduction of
H30,, the different volume of Ti3CyTx-FeoO3 (10:1) dispersion was used
to modify GCE’s for the electrochemical analysis. The amounts of
catalyst loading were varied from 10 to 50 pg of TizCyTx-FeyO3 (by
increasing the volumes) on the GCE surface from the stock concentration
of 5 mg/mL (Karthik et al., 2018). Each modified electrodes were used to
record CVs in 0.1 M PBS in the absence and presence of 400 nM H50.
Fig. S8A shows the CVs of various TizCyTx-FeoO3 modified electrodes
with different amount of catalyst loaded in 0.1 M PBS containing 400 nM
H0,. The catalytic currents were increased with the amount of catalyst.
This experiment was also repeated three times. As shown in Fig. S8B, a
non-linear plot was prepared between the catalyst loadings and I,,. of
H30,. As shown in Fig. S8B, when the amount of catalyst was increased
from (10-50 pg), the reduction current was also increased and started to
decrease after (30 pg) reaching the maximum catalyst loading. The
possible reason may be due to the poor diffusion of Hy02 in to the
electrode surface because of the dense film formation, so 50 pg of
catalyst resulted the catalytic current of 0.54 pA (Wang et al., 2019).
From this study, (30 pg) was selected as the optimum amount of elec-
trocatalyst for the reduction of HyO» (the net reduction current was 1.36
pA at the potential 0.282 V). The 30 pg of TizCyTx-FeyOz (10:1)

100 mV/s
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Fig. 5. (A) CVs of Ti3C,Tx-Fe;03/GCE @ different scan rates from 10 to 100 mV/s in 0.1 M PBS. (B) CVs of Ti3C,Ty-Fe,03/GCE @ different scan rates from 10 to 100
mV/s in 0.1 M PBS containing 400 nM H,0,. (C) The linear plot was made between square root of scan rates and reduction currents of HyO,.



R.D. Nagarajan et al.

Chemosphere 286 (2022) 131478

Current (uA)

1uM

0.8 0.4 0.0 0.4
Potential (V)

(B)

Y=0.0058 X +0.182
R?=0.9934

0 250 500 750 1000

H,0, (nM)

Fig. 6. (A) CVs were recorded in PBS with different concentrations of HyO5 from 10 nM-1 pM at a scan rate of 50 mV/s. (B) The calibration plot was made between
the concentration of H,O5 and net reduction current of H,O, (This experiment was repeated three times, N = 3).

dispersion was used to modify the GCE for further electrochemical
experiments.

3.7. Effect of pH

The influence of pH on the electro-catalytic activity of TizCoTx-
Fey03/GCE was studied by CV. The redox peak of Fe was found to be pH
dependent and the redox potential was positively shifted with the in-
crease of pH from 4 to 8. Fig. SOA shows that the cathodic peak potential
was systematically shifted with the pH of the solution. The relationship
between the pH and the cathodic peak potential was 35 mV/pH, which
was nearly equal to 30 mV/pH, indicated the non-Nernstian response
(transfer of unequal number of protons/electrons) of the electrode
process (Amreen and Senthil Kumar, 2018). The effect of pH on HyOy
decomposition could be explained; HoO, was more stable in acidic pH
and started to decompose above pH 6. It was found that when the pH of
the buffer solution was increased from 4 to 8, the reduction current
response for the 400 nM H,0, was also increased (Torres et al., 2014;
Jung et al., 2009). The obtained net current value for HyO5 reduction at
the TizCaTx-Fex03 (in pH~7.2) was 1.47 pA (Fig. S9B) which was higher
than other pH. From this study, pH 7.2 was found to be the optimum pH
for electro-analysis of HyO,. The electro-catalytic reduction of HyO5 can
be explained on Ti3CyTx-FezO3 by using the following equations (2) and
(3) (Zhang et al., 2010; Liu et al., 2013)

TisCo T, — Fe'™ + ¢~ >TiyCoT, — Fe ™ 2

Ti;CoT, — Fe') + 2H,0, - Tis G, T, — Fe'™ + 2H,0 + 0, 3)

3.8. Effect of scan rate

CVs were recorded using Ti3CoTx-FeaO3 modified electrode at
different scan rates from 10 to 100 mV/s (Fig. 5A). The anodic (Ip,) and
cathodic peak (Ip.) currents were increased linearly with the increasing
of scan rates. The linear relationship between logarithmic of scan rate vs.
(Epa) and (Ep) resulted with the slope values of 66 mV dec ' and 74 mv
dec™!. The electron transfer coefficient (x) and electron transfer rate
constant (k) were calculated using the Laviron equation. The anodic
and cathodic charge transfer coefficient values were obtained using the
following equation and (Bard et al., 1980). The average electron transfer
coefficient («) was estimated as 0.6 which indicated that TigCyTx-FeoO3
modified electrode favours the HyO5 reduction reaction. Based on the
above parameters, the heterogeneous rate constant (ks) was calculated
by using the following equation (4) (Li et al., 2015)

RT) _a(l-apFABp

log k, = alog(l —a) + (1 — a)log — log (m SART

The calculated kg value was 0.04 s™! which was comparatively

smaller than the reported values. It indicated that the electron transfer
reaction was relatively sluggish (Bard et al., 1980). Fig. 5B shows CVs
recorded for the electro-reduction of 400 nM HO05 on TizCoTx--
Feo03/GCE at different scan rates. It showed that cathodic peak current
increases linearly with the square root of scan rate (Fig. 5C) and the
correlation coefficient (R2) value was 0.977. The linear plot of log v vs.
I,c gave a slope value of 0.519 (Y = 0.519 X - 0.207). It was close to the
theoretical value of 0.5 for a diffusion controlled electrochemical
reduction process of HyOo (Amreen and Kumar, 2018).

3.9. Electro-catalytic reduction of H202 on Ti3CoT,-Fe203

Fig. 6A shows CVs of TizCyTx-FesO3/GCE in 0.1 M PBS with the
increasing concentration of HyO5 from 10 to 1000 nM at a scan rate of
50 mV/s. The electro-reduction peak of HoO5 on TizCyTx-FeoO3/GCE
showed the linear range of signals from 10 to 1000 nM Hz05 (Amreen
and Kumar, 2018). The H02 reduction peak current (Ic) vs. H2Oo
concentration established a linear calibration plot (Fig. 6B) with the
slope value of Y = 0.0058 X + 0.182. The LOD was calculated to be 7.46
nM using the following equation: LOD = 3.3 x standard deviation of the
blank/slope of the calibration curve (Olsen, 1986). The sensitivity of the
Ti3CyTx-FeoO3 modified electrode for the analysis of HyO, was 0.32
pA/nM cm?. The LOD of our proposed method was comparable with the
myoglobin immobilized on manganese doped molybdenum diselenide
electrode (Ramaraj et al., 2019). For comparison, the performance of
a-Fey03 modified electrode was also tested, it showed a linear range of
detection from 5 to 30 pM (Fig. S10). It was confirmed that TigCoTy--
FepO3 modified electrode was more promising than a-FepO3 modified
electrode.

Linear sweep voltammetry (LSV) measurements were also carried
out using the Ti3CyTx-Fe303/GCE for detection of HyO, in the range
from 100 to 1000 nM. Fig.S11 shows voltammograms of changes in
reduction peak currents vs. H,O, concentrations at the onset potential of
—0.28 V. The LSV was also confirmed that a linear response of the
electrode was observed up to 1000 nM H3O-. Using LSVs, a Tafel plot
was drawn from the saturation point of current-voltage curves which
was related to the rate determining step. The linear plot of log (current)
vs. potential (E) gave a slope value of 293 mV dec .. The rate deter-
mining step was calculated using equation (5) (Amreen and Senthil
Kumar, 2018).

b.=2.303 RT/naF 5)

Finally, the charge transfer coefficient () was obtained from the
cathodic Tafel plot slope, a value was found to be 0.7, which favoured
the reduction process (Bard et al., 1980).
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3.9.1. Chronoamperometry

The stability and electrochemical activity of the Ti3CoTx-FeoOs
catalyst was examined by using chronoamperometry (CA). Chro-
noamperograms were recorded in the potential window of 0.8 to —0.6 V
in de-aerated 0.1 M PBS under the constant stirring at 400 rpm with
different HoO, concentrations. For this experiment, RDE — 5 mm (0.2
cm?) was modified with 6 pL of TigCoTyx-FepOs. Fig. S12A shows the
current responses recorded with the time in the absence and presence of
Hy0, by standard addition method from 0.1 to 1 pM. The chro-
noamperogram curves were showed the steady state approximation for
the each addition of HoO; within ~3.3 s (response). This value was
higher than (t > 1.5 s), so it was indicated that electro-reduction rate of
H20; was lower than the rate of HpO5 diffusion (Majidi et al., 2015). A
linear plot was established between the ‘I’ vs. t "'/ which gave a straight
line. The diffusion coefficient ‘D’ value was calculated using the Cottrell
equation (6).

I =nFAD'*C/\/nt (6)

The obtained slope values was used for the calculation of diffusion
coefficient of HyO». To calculate the ‘D’ value, the slope of each line was
plotted to obtain the average D value of 7.37 x 10~* cm?/s (Fig. S12B)
(Majidi et al., 2015) (Fatahi et al., 2017). Next, a calibration plot was
established between the concentrations of HyO, vs. the reduction cur-
rent from chronoamperometry (Fig. S12C). The linear regression equa-
tion was obtained as Y = 1.36 x 10~7+ 8.87 x 10> and the R? value
was 0.9954.

3.9.2. Selectivity of Ti3CaTy -Fe203 modified electrode

Selectivity is the most important aspects of sensor. The Selectivity of
TigCyTx-FeoO3 electrode towards HyO, was verified in the presence of
various biochemicals by using CV. The selectivity of Ti3CyTx-Fe;03 was
studied under optimized condition with the different biomolecules (in-
terferences) such as 100 pM of AA, UA, PA, OA, glucose, lactose and DA
which were added in to the solution in the presence of 500 nM Hy0»
(Fig. 7A). Interestingly, there were no changes observed in the Hy02
reduction potential at —0.28 V upon addition of the above mentioned
biochemicals. From this study, the tolerance limit was obtained as 200
times greater than the concentration of each interfering molecules that
makes the error percentage around +10% with the 500 nM Hy0,
(Fig. 7B). This result was indicated that the effect of interfering com-
pounds was negligible. The mechanism for the high selectivity was due
to the selective reduction of HyO4 by Fe, which was not possible with the
other interfering molecules (DA, AA, UA, OA, PA and glucose). The
reduction of HyO5 was followed the transfer of electron to the Fe3* ion
and converted to HO. This electron transfer process was unfavourable
with the electrochemical oxidation process of these studied bio-
molecules. For instance, the DA gets oxidized at +0.2 V which may not
interfere at negative potential. This study confirmed that HyO, was
selectively reduced on TigCyTx-FeoO3 modified electrode.

(B) tested in 0.1 M PBS with interfering biomolecules: (i)
0 nM H;0,, (ii) 500 nM H,0,, and (iii) 500 nM H50,
plus 100 pM of each interfering molecules (AA, UA,
OA, PA, glucose, lactose and DA) at a scan rate of 50
mV/s. (B) The bar diagram represents the current
percentages calculated from the CV curves from the
analysis of (a) H,O, with interfering molecules, (b)
AA, (c) UA, (d) OA, (e) PA, (f) glucose, (g) lactose and
(h) DA. This experiment was repeated three times and
the mean values were provided.

Interferents

3.9.3. Oxygen reduction reaction (ORR)

The Ti3CyTx-FeoO3/GCE was studied in the cathodic potential win-
dow and suitable for the reduction of oxygen and hydrogen peroxide.
We had already explained about the Ti3CyTx-Fe3O3 modified electrode
towards the reduction of HyOy in PBS. To test the efficiency of the
Ti3CoTx-FeoO3 modified electrode for ORR applications, CVs were
recorded using the Ti3CyTx-FeoO3/GCE in O, and N» saturated electro-
lyte solutions (0.1 M HySO4, 0.1 M NaOH and 0.1 M PBS). In 0.1 M
H2S04, the TizCyTx-FexO3 showed an oxygen reduction peak at —0.335
V with the current of 3.89 pA (Fig. S13A, curve iii), in the case of 0.1 M
NaOH, reduction peak was at —0.420 V (Fig. S13B). In 0.1 M PBS, ORR
was observed at -0.6 V with the peak current of 3.76 pA (Fig. S13C).
When we compared with the previous reports, MXene based electrodes
were showed ORR at -590 and -500 mV in acidic and alkali environ-
ments (Lorencova et al., 2017). As shown in our study, when Fe;O3 was
incorporated with MXene, the reduction potential was further reduced
about 255 mV compared to the pristine TizgCyTy in acidic electrolyte. It
was due to the presence of Fe;03 which helped to enhance the electro-
catalytic reaction towards the reduction of O,. It was confirmed that
TigCyTx-FeoO3 acted as a good electro-catalyst for the ORR in both
alkaline and acidic environments.

Using the double potential-step technique, the coulometric behav-
iours of Ti3CeTx-FeaO3/GCE and bare electrode were analysed in the
presence and absence of oxygen. Using Ti3CyTx-FesO3/GCE, chro-
nocoulometry curves were recorded in Oz and N saturated solutions.
The Ti3CoTx-Fez03/GCE was showed more couloumetric charge than the
bare GCE in oxygen saturated electrolyte (Fig. S14). It confirmed that
the Ti3CyTx-Fe;O3 had shown more capacitive charge behaviour than
the unmodified electrode with enhanced electro-catalytic activities to-
wards Hy04 and oxygen reduction.

3.9.4. Repeatability, reproducibility and long-term stability of the sensor

For the sensing applications, the repeatability, reproducibility and
stability of the sensors are more important factors. To check the repro-
ducibility of the sensor, the Ti3CyTx-FeoOs modified electrodes were
independently prepared for ten times and their RSD value was obtained
as 0.079% for blank measurements and 0.4% for the analysis of HyO5.
The repeatability of the sensor was tested by repeating the analysis of
400 nM H309 @ TizCyTx-FeoOj3 electrode after different storage periods
of 0, 24, 48 and 72 h. The sensors were retained their responses about
93.8%. Next, the stability of Ti3CyTx-Fe;O3/GCE was tested by recording
continuous CVs for 50 cycles in 0.1 M PBS, the electrode response was
decreased only about 13%. This showed that the Ti3CyTx-FeoO3/GCE
had exhibited good stability after repeated analysis and storage time
(Fig. S15A). The long-term stability of the TigCyTyx-FeoO3 modified RDE
was tested by analysing 400 nM H»05 at constant rotating speed of 500
rpm up to 2000 s in 0.1 M PBS. In this study, 200 and 400 nM H,0, were
spiked at the time interval of 50 s, the stability of the electrode was
calculated. It showed that the sensor retained 79% of its efficiency after
the whole experiments (Fig. S15B).
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Table 4

Analysis of HyO, in milk and urine samples using Ti3C,Tx-Fe,O3 modified
electrode. This experiment was repeated three times and the RSD values were
provided.

S. Real samples Added Found Recovery RSD
No. (nM) (nM) (%) (%)
1. Centrifuged milk 100 97.7 97.7 1.744
samples 200 196.8 98.4 1.522
300 293.2 97.7 2.37
2 Diluted milk sample 100 96.4 96.4 1.85
200 195.4 97.7 2.488
300 294.5 98.16 1.93
3 Concentrated milk 100 93.8 93.8 1.22
sample 200 192.1 96.05 1.414
300 288.8 96.26 2.56
4 Urine sample 100 96.9 96.9 0.57
200 194.2 97.1 1.13
300 291.7 97.2 1.56

The procedure for the real sample analysis was described in the
experimental section. The practical applications of the sensor was tested
by detecting Hy0O in milk and urine samples. The CVs were recorded
with the milk samples using Ti3CyTx-FeoO3 modified electrode. Fig.S16
represents the CVs recorded for the Ti3CyTyx-Fe;03 modified electrode in
the absence (curve-i) and presence of 50 pL concentrated milk sample
(curve-ii) in 0.1 M PBS, Using CV, H,0, concentration in various milk
samples were analysed after spiking various known concentrations of
H0; from 100 to 300 nM. The recovery percentages of HyO, were ob-
tained from 94 to 97%. These results clearly indicated that TizCyTx-
Fe;0O3 modified electrode may be used for the analysis of HoO5 in real
samples with satisfactory results. The same experiment was repeated
three more times to calculate the RSD and the recovery percentages as
shown in Table 4.

4. Conclusions

For the first time, the Ti3CyTy-FeoO3 modified electrode had been
reported for electro-catalytic reduction of HyO2 and oxygen. It was
demonstrated that Ti3CoTy-FeoO3 can be used as an effective electro-
catalyst instead of the noble metals (Pt, Au and Ag) and the enzyme
based sensors reported for the electro-reduction of HyO3 and O. The
TigCaoTx, a-FepOs and the Ti3CoTy-FexO3 nanocomposite had been
comprehensively characterized by using Raman, XRD, FT-IR, UV-Vis,
HR-SEM, EDX and HR-TEM. From the overall characterization and
analysis of TizCoTx-Fe30s, it was found that the electrostatic interactions
and surface functional groups of Ti3CyTy helped for strong adherence of
FesO3 NPs. The selective applications of TigCaTx-FeoO3 modified elec-
trode towards the electro-reduction of HoO2 was demonstrated by using
CV, CA and LSV techniques. The important kinetic parameters such as
effective surface area, D value, «, and the rate constant (k;) were
calculated for the Ti3CoTx-FeoO3 modified electrode. For the reduction
of HyOs, the optimization studies were carried out. The analytical data
of the modified electrode showed that Ti3CyTx-Fe2O3 can be used for the
detection of HyO5 from 10 to 1000 nM with the LOD of 7.46 nM. The
TizCyTx-FeoO3 modified electrode was also exhibited a long term sta-
bility as it confirmed by RDE. The Ti3C3Tx-Fe2O3 sensor was also showed
good reproducibility for continuous usage for up to 72 h. The TigCyTx-
Fey0O3 modified electrode was finally applied for the practical applica-
tion in the detection of Hy0, in food and biological samples with
acceptable accuracy.
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