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ABSTRACT: In recent years, the synthesis of materials in lower
dimensions, like two-dimensional (2D) or ultrathin crystals, with
distinctive characteristics has attracted substantial scientific
attention. The mixed transition metal oxides (MTMOs) nanoma-
terials are the promising group of materials, which have been
extensively utilized for various potential applications. Most of the
MTMOs were explored as three-dimensional (3D) nanospheres,
nanoparticles, one-dimensional (1D) nanorods, and nanotubes.
However, these materials are not well explored in 2D morphology
because of the difficulties in removing tightly woven thin oxide
layers or exfoliations of 2D oxide layers, which hinder the
exfoliation of beneficial features of MTMO. Here, through the
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exfoliation via Li* ion intercalation and subsequent oxidation of CeVS; under hydrothermal condition, we have demonstrated a
novel synthetic route for the fabrication of 2D ultrathin CeVO, NS. The as-synthesized CeVO, NS exhibit adequate stability and
activity in a harsh reaction environment, which gives excellent peroxidase-mimicking activity with a Ky; value of 0.04 mM, noticeably
better than natural peroxidase and previously reported CeVO, nanoparticles. We have also used this enzyme mimic activity for the
efficient detection of biomolecules like glutathione with a LOD of 53 nM.

Bl INTRODUCTION

In recent years, significant strides have been made in the
synthesis of a variety of 2D nanomaterials such as graphene,' ™
metal chalcogenides,s‘6 metal oxides,”® metal hyd1'oxides,9’IO
and halide perovskites.'"'* Such materials possess unique
chemical and physical properties which are not present in their
bulk analogues, as well as in higher dimensional nanostruc-
tures.">~"> Notably, mixed transition metal oxides (MTMOs)
nanomaterial exhibits higher catalytic activity than their single-
element counterparts (monometallic oxides), owing to the
additive and synergistic effects of the different metal
components.'® The presence of multi-metallic active sites
enhances the catalytic characteristics and selectivity of such
materials for a wide range of chemical transformations. In
addition, the small activation energy for the electron transfer
between the cations enable these MTMOs to exhibit better
electrical conductivity than simple TMOs. Therefore, MTMO
nanostructures have been extensively explored as gotential
possibilities for photo-catalysis,'” " electro-catalysis,””*" and
power storage,22 due to their mixed oxidation state and
abundant redox reactions.”®> As of now, MTMOs are most
commonly investigated in the form of 0D nanoparticle*** or
1D nanowires or nanotubes’®”’ and 3D nanoclusters or
microspheres.”® On the contrary, the 2D or ultrathin crystal
(particularly a few layers thick) nanostructured MTMOs are
less investigated.””*° The fabrication of 2D nanostructures
from MTMO materials offers great potential for improving
© 2023 The Authors. Published by
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various energy-related aspects, including alkali ion storage,
electrode materials for alkali-ion batteries, effective oxygen
reduction reaction electrocatalysts for metal—air batteries and
fuel cells, as well as electrochemical capacitors, and so forth."”
Similar to other conventional 2D materials, MTMOs are
expected to exhibit unique properties that will allow the
construction of multifunctional electronic devices. However,
the difficulty of controlling the exfoliation of three-dimensional
oxide crystals or removing strongly bonded thin oxide layers
from the substrate prevents this possibility.”'

Among the lanthanide-based orthovanadate, cerium vana-
date (CeVO,) is a well-known semiconducting material that
has been widely explored due to its magnetic, catalytic, optical,
large specific surface area, and exceptional electrochemical
behavior.>* > Owing to its 4f electronic structure and various
electronic transition modes, CeVO, has shown redox as well as
optical properties. CeVO, nanoparticles have been employed
in a variety of applications, including gas sensors,”®’’
photocatalysts,38’39 luminescence,*® lubricant additives,* elec-
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Figure 1. (a) PXRD spectra of bulk CeVS;; (b) SEM image; inset showing high resolution SEM image, and (c) TEM image of as obtained CeVS,

under CS,/H, atmosphere at 900 °C.
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Figure 2. (a) PXRD spectra of ultrathin CeVO, NS, (b) CeVO, crystal structure, (c) SEM image, (d) TEM image, (¢) HRTEM image, (f) SAED
pattern of corresponding TEM image, (g) elemental mapping, (h) EDX spectrum, (i) Raman spectrum, and high-resolution XPS spectrum of as-
prepared ultrathin CeVO, NS: (j) Ce 3d, (k) V 2p, and (i) O 1s (binding energy is calculated with respect to C 1s, 284.6 eV).

trochromic materials,”” and batteries.”> Consequently, there
has been a lot of focus on developing methods for efficiently
generating CeVO, nanomaterials with a desired morphology.**
All previously reported methods require layered oxide
materials for the synthesis of 2D morphology; however, there
is another way to produce oxide products from non-oxidic
materials. Interestingly, recent studies suggest that the
fabrication of non-oxide NS and subsequent oxidation are
plausible. For example, recently, Rh NS was converted to
Rh,0; NS by chemical oxidation using HCIO.* Other efforts
have demonstrated the oxidation of large surfaces to leverage
the features of two-dimensional sheets, as demonstrated for
CuO/Cu,0 on a Cu surface (electrochemically via anodiza-
tion).*
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In recent years, metal oxide-based micro-/nano-structures
have gained immense attention because of their simple
synthesis and natural enzyme-like activity. Typically, natural
enzyme-catalyzed reactions are very sensitive to reaction
conditions and varying from the optimal condition often
tends to reduce their activity.47 Also, degradation under harsh
reaction conditions and difficulties in recycling, preparation,
and purification severely restrict the practical application of
natural enzymes.”*” Whereas, metal oxide-based nanostruc-
tured materials with potential enzyme mimetic activity are
often recyclable, offer high activity, and also retain their activity
in harsh reaction conditions.””>" On the contrary, morpho-
logically controlled metal oxide-based nanomaterials offer a
viable alternative for natural enzymes in a wide range of
applications.””>” Due to the important catalytic activity and

https://doi.org/10.1021/acsomega.2c07732
ACS Omega 2023, 8, 6931-6939


https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07732?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

potential applications of peroxidase, several metal oxide
nanomaterials mimicking peroxidase-like activity have been
reported. Various transition metal oxides, such as CeO,
nanostructures,”* CeVO, nanorods,”® and Cu,;V,0,(OH),*
were reported to exhibit peroxidase-like catalytic activity.
Although these materials exhibit efficient peroxidase mimetic
activity, the surfactants involved during synthesis, multi-step
procedure, and limited number of active sites severely impede
us to take their full benefits for different applications.

Previously, liquid exfoliation emphasized on layered
materials such as metal sulfides (MoS,), GO, and metallates,
which can be easily exfoliated into two-dimensional thin layers
due to weak van der Waals forces between stacking layers and
linkage of all in-plan atoms via strong chemical bonding.**”
However, exfoliation of non-layered material especially metal
oxide with the general formula ABO; (perovskite type) and
ABO, (monoclinic or tetragonal type) is an extremely
challenging task due to strong chemical bonding between all
the atoms, resulting in dangling bonds along the edges or on
the surface, thereby tempting high energy surfaces, which
facilitate uniform growth in all directions. Therefore, it is
imperative and highly beneficial to create an effective and
simple method for the large-scale production of 2D oxides.
Here, we have synthesized ultrathin CeVO, nanosheets (NS)
through facile two-step synthesis, via non-oxidic materials. We
initially synthesized CeVS; bulk sheets by a solid-state
synthesis at 900 °C under CS,/H, condition, which was
further oxidized and exfoliated hydrothermally in the presence
of LiOH at an elevated temperature. Due to the presence of
multivalent catalytic sites of Ce and V, the ultrathin 2D
bimetallic oxide NS displayed improved redox activities, which
resulted in enormously effective peroxidase activity. The
enzyme mimicking activity of the CeVO, NS was implied to
develop a sensitive colorimetric glutathione detection system.
The findings show that the CeVO, NS could have potential
and diverse applications in biotechnology, catalysis, and clinical
diagnostics. Also, the oxidation and subsequent exfoliation of
CeVS; bulk sheets into ultrathin CeVO, NS are expected to
introduce a new dimension with excellent control of the
interfacial features for multifunctional applications.

B RESULTS AND DISCUSSION

In this work, we employed a straightforward two-step method
for the synthesis of ultrathin-2D CeVO, nanosheets (NS) from
non-oxidic material (sulfide). First, we fabricated CeVS; bulk
sheets by a solid-state synthesis at 900 °C under CS,/H,
atmosphere and then oxidized and exfoliated these CeVS; bulk
sheets hydrothermally in the presence of LiOH. The obtained
materials were characterized by means of various spectroscopic
and microscopic techniques. The powder X-ray diffraction
(PXRD) pattern of as-synthesized CeVS; (Figure la)
illustrated the pure CeVS; phase of material (ICDD 047-
1039). The intense Bragg’s peaks in XRD patterns infer the
crystalline nature of the material. The scanning electron
microscopy (SEM) image of CeVS, (Figure 1b) depicted bulk
sheets or stacked sheet-like morphology of CeVS; with an
average size of 1 um, which was further confirmed by
transmission electron microscopy (TEM) analysis (Figure Ic).
Energy dispersive X-ray (EDX) and elemental mapping were
utilized to study chemical composition and elemental
distribution of the CeVS; matrix (Figure S1), revealing a
homogeneous distribution of Ce, V, and S.
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The pure-phased CeVS; was then subjected to exfoliation
oxidation for CeVO, synthesis under hydrothermal condition.
The phase purity and structural composition of CeVO, NS
were analyzed using PXRD analysis (Figure 2a). The PXRD
pattern of the obtained material displayed various diffraction
patterns which are perfectly aligned to the tetragonal (Figure
2b) CeVO, crystal structure (zircon type, ICSD no. 259802).
The PXRD spectra showed no other anomalous peaks,
indicating the complete oxidation of CeVS; to CeVO,. The
SEM study (Figure 2c) revealed the formation of nanosheet-
like structure having an average size and thickness of 500 and
20 nm, respectively. It can be seen that the homogeneous
distribution of sheet-like structures was observed without any
additional nanostructures in the matrix of the CeVO, The
TEM images of the as-prepared material (Figure 2d) depicts
sheet-like structures with an average length of ~300 nm and a
thickness of ~15 nm, which is in good agreement with the
results of SEM.

High resolution transmission electronic microscopy
(HRTEM) images of the CeVO, NS (Figure 2e) demonstrate
distinct lattice fringes parallel to one another with the same
lattice spacing (d value) of 3.68 A, resembling the inter-planar
spacing of the (200) lattice plane of the tetragonal (zircon
type) CeVO, crystal structure. The selected area electron
diffraction (SAED) pattern displays (Figure 2f) discrete spots
that correspond to the tetragonal CeVO, structure. TEM—
EDX spectrum analysis validated the presence of Ce, V, and O
elements in the obtained material, whereas elemental mapping
analysis confirmed the uniform distribution of Ce, V, and O
elements (Figure 2g—h). Raman spectroscopy was employed
to analyze the CeVO, NS’s structural details (Figure 2i). The
symmetric (Alg) and anti-symmetric (Blg) stretching of VO,*~
tetrahedrons are represented by peaks at 840.9 and 771 cm™,
respectively, whereas B;; and A, bending modes are
represented by peaks at 455.5 and 366 cm™’, respectively.
The external mode of Ce-VO, vibration occurs below the peak
at 259 cm™', which is associated with the B, bending mode of
VO,>~ tetrahedrons.”® To understand more about the
oxidation state of the elements in as-prepared ultrathin
CeVO, crystals, X-ray photoelectron spectroscopy (XPS)
analysis was performed. Peaks corresponding to the elements
Ce 3d, V 2p, and O 1s in the full range survey spectrum
(Figure S2) reveal the chemical purity of the as-prepared
ultrathin CeVO,. The high-resolution XPS spectra (Figure 2j)
revealed two distinctive peaks at 904.2 and 900.3 eV, which are
associated with the Ce 3dj/,. Furthermore, two peaks
correspond to Ce 3d;;, peaks appearing at around 885.9 and
881.8 eV. In other words, the appearance of these four peaks
demonstrates that Ce®* center is indeed present.”” Also, the
core spectrum of V 2p deconvolutes into two peaks at 524.4
and 517.1 eV, which designates the V 2p,,, and V 2p;, states,
respectively (Figure 2k).°” High-resolution O 1s signal
deconvolution suggests the presence of two peaks at 531.7
and 529.6 eV (Figure 21). The peak at 530.7 €V corresponds to
the existence of surface lattice oxygen; in contrast, the presence
of OH groups on the surface of CeVO, is indicated by the peak
at 528.6 eV.>

The formation of ultrathin CeVO, NS was carried out
through a solid-state synthesis of CeVS; followed by the liquid
exfoliation of as-prepared CeVS; and subsequent in situ
oxidation under the hydrothermal condition at 180 °C in the
presence of LiOH. The previously published procedures
necessitate the use of layered oxide materials; however, there
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Scheme 1. Schematic Representation of Fabrication of CeVO, NS.

’ =

%, A
G
NH,OH lons intercalation Water wash
CS,900 C No & phase change
Ce (NOy), Exfoliation o % ;‘ 2 ap \
& % ni“; 3 —
o0
NH, VO, %! "% 2
1 *&i’ e &¢ o
o e CeVO, nanosheets
(a) = TMB+H02+Catalyst, (b) (C)
0.4 == TMB+H202 £ E 0.0060
£ 0.008 £
—_ =
3 = s
& £ T 0.0045;
4 > = ~ 280
2 02] £ 0.006 H 2 %
o E 8 0.0030 1 H
q, zﬂ T’ EZDD
> - > " 160
0.004 2 16 20 24 0.0015+ 2 16 20 24
00 E 1/ [H,0;] (mM-1) . r 1/ rI'MB.] (mM-1)
500 550 600 650 700 750 0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.03 0.06 0.09 0.12
Wavelength (nm) [H20.] (mM) [TMB] (mM)
(d) COOH COOH (e) LOD =53 nm
OH 0.1004 0.9
—_ . Cevo,NZ P
5 + "OH —) Q0
pr 0.075- g
hd . COOH COOH 7))
b 120 min 2 ﬁ 0.6 g
B 5 0.050 = 2 o
S g 3 £
8 E 2 %
= 0.025 503 2 5
0 min P4 (8] o
0.0004 0.000 0.005 0.010
T T T T T T T L T 0.0
350 400 450 500 550 0.00 0.02 0.04 0.06 0.08 0.10 Interfering agents

Wavelength (nm)

[GSH] mM

Figure 3. (a) UV—visible spectra ultrathin CeVO, NS catalyzed TMB oxidation in the presence or absence of H,0,; (b) UV—visible steady-state
kinetic investigation of ultrathin CeVO, NS at a fixed TMB concentration (0.1 mM) and varying H,0, concentration; (c) UV—visible steady-state
kinetic investigation of ultrathin CeVO, NS at a constant concentration of H,0, (1 mM), as well as different concentrations of TMB; (insets of
b,c) double-reciprocal graphs of CeVO, activity at changing concentrations of the other substrate vs a constant concentration of the first substrate
(TMB and H,0,); (d) schematic showing hydroxyl radical-catalyzed terephthalic acid oxidation and time-dependent fluorescence spectrum; (e)
effect of glutathione concentration on the CeVO, nanozyme activity. The inset figure shows the linear dependence of absorbance change with a
lower range of glutathione concentration. (f) Effect of different interfering agents on the peroxidase mimicking activity of CeVO, nanozyme.

is another approach for producing oxide products from non-
oxidic materials. The transformation of metal sulfides into
metal oxides is carried out by oxidation leaching in alkaline
solution relied on the change of thermodynamic parameters
such as Gibbs free energy and the equilibrium constant.’’ It
also has mentioned that intercalation and exfoliation are two
processes that may involve structural shifts, phase transitions,
and chemical reactions.”®* Therefore, we assume that, during
the process, Li* ions are intercalated inside CeVS; layers. As a
result, the bonding link between the CeVS; layers was
weakened, which caused the layers to exfoliate. It is feasible
for sulfur to leach out from CeVS; and transform it into a
thermodynamically stable tetragonal zircon type phase of
CeVO, in an aqueous medium under hydrothermal conditions
(Scheme 1).°* In addition, sheet-like structures were unable to
be produced when Li" was absent from the reaction media.

6934

These findings lend credence to the hypothesis that Li* is
indispensable to the formation of sheet-like structures. To
validate the role of lithium ions, similar reactions were
performed using NaOH and KOH, while retaining other
parameters constant. Based on the obtained results, it may be
argued that the formation of ultrathin CeVO, NS did not take
place in the presence of K* and Na* (Figure S3). The disparity
in the radii of these ions as compared to one another might be
a potential cause of that phenomenon. The ionic radii of Na*
and K" are both bigger (0.102 and 0.138 nm, respectively)
than those of Li* (0.076 nm).*

Peroxidase Mimicking Activity of CeVO, NS. In recent
years, metal oxide-based nanomaterials with enzyme-mimetic
capabilities have gained immense attention because of their
simple synthesis and capacity to withstand strong reaction
conditions. Nanomaterials based on 2D metal oxides have the
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potential to be utilized in a wide variety of applications as a
viable substitute for natural enzymes.’’">*°%%°7%° The
peroxidase mimicking activity of ultrathin CeVO, NS is
investigated by using 3,3,5,5'-tetramethylbenzidine (TMB) as
a substrate where the oxidized product of TMB showed an
intense absorbance peak at 652 nm (Figures $4,S5). We have
investigated the peroxidase mimicking activity of the as-
synthesized CeVO, NS by performing the CeVO, NS
catalyzed oxidation of TMB in the presence of hydrogen
peroxide (H,0,), and the reaction progress was monitored
using UV—visible spectroscopy. It was observed that the H,O,
+ TMB systems showed no absorption peak. However, the
H,0, + TMB + CeVO, NS system showed a strong absorption
peak at around 652 nm (Figure 3a), signifying the effective
peroxidase-like behavior of CeVO, NS. To achieve an
optimum activity, influence of pH on CeVO, NS catalytic
activities was studied at room temperature in sodium acetate
buffer (100 mM) over a pH range of 2 to 10. The response
curves (Figure S6) indicate that pH 4.0 was found to be an
ideal condition where maximum activity was observed, which
resembles (HRP) operating conditions. The impact of catalyst
concentration on nanozyme activity was also studied using a
concentration-dependent study. It was found that the catalytic
activity linearly increased with the concentration of CeVO, NS
(Figure S7). To comprehend the kinetic performance of the
system, the reaction rate of CeVO, NS was determined using
variable concentrations of TMB and H,O, in this system,
respectively. From Figure 3b,c, it can be easily seen that, at the
lower substrate concentration range, the rate of the CeVO, NS
catalyzed reaction increased linearly. Nonetheless, a lesser shift
in the reaction rate is seen at higher substrate concentration.
This suggests that the CeVO, NS catalyzed reaction follows
typical Michaelis—Menten model curves for H,0, and TMB as
substrates in a given range of concentrations.

The Michaelis—Menten kinetics of CeVO, nanozyme
catalyzed reactions are also further supported by the linear
Lineweaver—Burk plot (inset Figure 3b,c). Using the
Michaelis—Menten equation or Lineweaver—Burk plot, the
Michaelis constant (Ky,), an indication of enzyme affinity for
its substrate, was determined. We found Ky, values of 0.04 and
0.05 mM for H,0, and TMB as substrates, respectively, which
is considerably lower compared to the natural peroxidase
enzyme, and earlier reported CeVO, nanomaterials.”” The
lower Ky; value associated with CeVO, NS suggests the
stronger affinity of the substrate to the CeVO, compared to
natural horseradish peroxidase (HRP). Additionally, we found
that the CeVO, NS developed in this study had a substantially
lower Ky, value than earlier published nanozymes exhibiting
intrinsic peroxidase activity. The V., value of our nanozyme
was better than other reported works and three times higher
than HRP, indicating the superior peroxidase activity of
CeVO, NS (Table S1). The high peroxidase activity of the
CeVO, NS can be ascribed to the presence of the bimetallic
nature of the catalyst along with more exposed sites on its
surface.”’ The as-prepared material has a zeta potential of
—29.5 mV (Figure S8), indicating a negatively charged surface
of the catalyst with a higher interaction with positively charged
TMB, facilitating the quick catalytic process. The positively
charged TMB molecules easily adsorb on the negatively
charged surface of CeVO, NS and act as chromogenic e~
donors. The amino groups of TMB molecules would donate
electrons a lone pair to the ultrathin CeVO, NS surface,
increasing the mobility and density of electrons there. As a
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result, faster electron transfer occurs from CeVO, NS to H,0,
thereby accelerating the production of *OH radical in the
reaction medium. Furthermore, fluorescent probes were
utilized to monitor CeVO, NS catalyzed formation of *OH
radicals, which has been proven as the source of peroxidase
mimic catalytic activity through H,O, breakdown. As a probe,
a faintly fluorescent terephthalic acid was used in the
experiment, which yields a highly fluorescent adduct (ie.,
hydroxyl terephthalic acid) when coupled with *OH radicals.
As the reaction progresses in the presence of CeVO, NS and
H,0,, there is a significant increase in the fluorescence
intensity of terephthalic acid (at 440 nm), indicating the
production of free radicals (Figure 3d). These results
demonstrate the efficiency of CeVO, NS to produce *OH
radicals during the catalytic process, which is }grimarily
responsible for their peroxidase-mimicking activity.”® Addi-
tionally, in order to probe catalytic reaction center, the detailed
HR-XPS study of CeVO, NS has been carried out before and
after the catalytic reaction (Figure S9). After the reaction, a
prominent peak for Ce™ is observed at 916 eV in the HR-XPS
spectrum of Ce, which validates the involvement of the cerium
as an active center toward peroxidase mimicking activity.

To investigate the influence of temperature on the
nanozyme activity, we also performed the reaction at different
reaction temperatures ranging from 20 to 50 °C. The obtained
results suggest that the activity of the CeVO, nanozyme is
strongly influenced by the reaction temperature. HRP activity
began to decrease with rising temperatures and was completely
lost once the temperature reached 60 °C (Figure S10). At
higher temperatures (>80 °C), however, CeVO, NS
maintained its activity at a steady 70%. This finding suggests
the robustness of the CeVO, NS at high temperatures.
Reusability and stability are important properties for
continuous application with reduced costs. The recyclability
of the catalyst was also evaluated, and results suggest that the
activity of the catalyst is retained even after the 10th cycle
(Figure S11).

The peroxidase mimicking activity of CeVO, nanozyme is
also used for the sensitive detection of glutathione. Glutathione
(GSH) is an important biomolecule and plays a vital role in
mammalian and eukaryotic cells by protecting cells from
reactive oxygen species (ROS) and toxins. The imbalance
between GSH to GSSH (oxidized glutathione) suggests that
the cells suffer from oxidative stress, and deviation of the ratio
of GSH to GSSG from its standard range is associated with
various clinical diseases.®®”>~”° Therefore, GSH can be used as
clinical biomarkers and sensitive detection of GSH would
provide us with point-of-care (PoC) diagnostics for numerous
diseases. Because of the presence of free thiol groups in
reduced glutathione, it exhibits important reducing properties.
Here, a blue-colored oxidized TMB was used as an indicator
for glutathione sensing. The addition of glutathione facilitates
the reduction of blue-colored ox-TMB to colorless TMB. To
investigate the effect of glutathione, we have performed CeVO,
catalyzed oxidation of TMB (0.1 mM) in the presence of H,0,
(1 mM) and different concentrations of glutathione ranging
from 0 to 100 M. The result suggests that with an increase in
glutathione concentration, the absorbance value decreases. We
have recorded the absorbance value of the reaction system at
652 nm, and the change in decreasing absorbance value from
the control (AA) was plotted against the concentration of
glutathione. From Figure 3e, it is observed that at the lower
concentration range, the AA value increases linearly with

https://doi.org/10.1021/acsomega.2c07732
ACS Omega 2023, 8, 6931-6939


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07732/suppl_file/ao2c07732_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

increasing glutathione concentration. After that, the AA value
tends to saturate, which suggests that the effect of glutathione
is more prominent at lower concentration ranges and the
system becomes less sensitive at higher concentrations of
glutathione. The inset Figure 3e (inset) shows a linear relation
between GSH concentration and AA in a concentration range
of 0 to 10 uM, and from the linearly fitted graph, we have
calculated the limit of detection (LOD) by using the 36/s
formula (where o is the standard deviation and s is the slope).
The LOD is found to be 53 nM, which suggests the potential
of the nanozyme for sensitive GSH detection. Nevertheless, the
sensitive colorimetric detection of GSH using the nanozyme
system provides an important route for biomedical research.
Furthermore, we also investigated the CeVO, nanozyme
activity in the presence of different interfering agents like
cysteine, uric acid, NaCl, KCl, and so forth. The results (Figure
3f) suggest inhibited catalytic activity of CeVO, nanozyme in
the presence of biomolecules containing free thiol groups (i.e.,
cysteine and glutathione). In all, our synthesized CeVO,
nanozyme demonstrates robust catalytic activity and notable
reusability for on-field practical application. Further, the
structural and compositional stability of the catalyst was also
evaluated even after the catalytic experiment using XPS, SEM,
and XRD analyses (Figures $9,512). Results revealed sheet-like
morphology with phase retention, inferring no structural and
compositional change even after the 10 consecutive catalytic
cycles.

B CONCLUSIONS

In conclusion, we demonstrate a novel method for the
synthesis of 2D ultrathin CeVO, NS from the exfoliation
and subsequent oxidation of CeVS; Unlike typical 2D layered
structure materials such as MoS,, metalates, and graphene, we
established a unique synthesis technique for the fabrication of
2D ultrathin sheets of non-layered CeVO, with a 3D tetragonal
crystal system in this study. Another important feature of this
synthesis is that it involves one step in-situ oxidation of metal
sulfides to metal oxides under hydrothermal exfoliation
process. The obtained product has excellent phase purity
(tetragonal zircon-type) with flat and smooth surfaces, and its
migration onto substrates for further analysis is simple and
flexible. The as-prepared material was explored for peroxidase-
like activity. Multiple valence sites, synergistic effects amongst
metal elements, and easy access to reactant molecules on the
NS surface make these materials especially useful for enzyme
reactions requiring electron transfer, such as peroxidase.
Furthermore, the peroxidase-like property of the CeVO, NS
was exploited in the effective colorimetric detection of GSH
with good sensitivity. The observed Ky value for CeVO, NS
(0.04 mM) is considerably lower than the previously reported
CeVO, nanoparticles (3.52 mM)*° and natural HRP. The low-
temperature transition of the metal sulfides into the
corresponding oxides provides a pathway for generating a
wide variety of low-dimension structures. Overall, the method
provides an entirely new synthetic strategy for the efficient and
uniform synthesis of ultrathin CeVO, NS from non oxidic
material, which can be used as a platform for nanozyme and
sensor for biomolecule detection. The current synthesis
process indicates new potential avenues of investigation for
more fundamental research in this domain.
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B EXPERIMENTAL METHODS

Chemicals. Cerium (III) nitrate hexahydrate (Ce (NO;);:
6H,0), ammonium metavanadate (NH,VO;), ammonium
hydroxide (NH,OH), lithium hydroxide (LiOH), sodium
chloride, sodium acetate, acetic acid, potassium chloride, uric
acid, glutathione reduced (GSH), and lysine were purchased
from SRL chemicals, India, and used without further
purification. Native enzyme peroxidase from horseradish,
hydrogen peroxide (30%), 3,3,5,5'-tetramethylbenzidine
(TMB), sodium acetate, L-cysteine, ascorbic acid, urea,
glucose, 4-nitrophenol, and phosphate-buffered saline (PBS)
tablets were obtained from Sigma-Aldrich. Ultrapure Milli-Q_
water was used for all the experiments and preparation of
buffers.

Instrumentation. UV—vis absorption spectra were re-
corded on a Varian UV—visible spectrophotometer at room
temperature. Rigaku powder diffractometer (Cu Ka radiation,
A = 1.514 A) was used to perform PXRD spectra. Raman
spectroscopy measurement was performed using a Jobin Yvon
Horiba LABRAM-HR system equipped with a 632.8 He—Ne
laser beam. TEM and HRTEM images were recorded using
Thermo Scientific, Themis 300 G3. JEOL JSM-7600F FEG-
SEM with EDS attachment was used to collect SEM images.
XPS (Axis Supra Model, SHIMADZU group) used to record
XPS data.

Synthesis of CeVS3. We synthesized CeVS; bulk sheets by
solid-state synthesis. In a typical synthesis procedure, equal
mmol of NH,VO; and Ce(NO;);-6H,0 were dissolved in 10
mL of Milli-Q water; then, 2 mL of NH,OH solution was
added dropwise while stirring constantly for 15 min. After
centrifuging the solution, the precipitate was collected in an
alumina boat, which was then maintained in a tube furnace at
900 °C for 3 h. Ar and H, gases flowed through CS, at a rate of
40 and 10 sccm, respectively.

Synthesis of CeVO, Nanosheets. CeVO, nanosheets
were chemically produced from CeVS; by the ion-intercalation
exfoliation process in the presence of LiOH. In a typical
experiment, 1 mmol of synthesized CeVS; was dissolved in 20
mL Milli-Q water, and 5 mmol of LiOH powder was added
with constant stirring. The solution was stirred for 15 min
before being placed in a Teflon-lined stainless steel autoclave
with a 25 mL capacity and heated at 180 °C for 12 h. The
product obtained from the reaction was sonicated in a bath
sonicator for 30 min. It was then repeatedly rinsed with Milli-
Q water before being washed with ethanol. The final product
was dried in an oven at 80 °C for 8 h before being used for
further characterization.

Peroxidase-Mimicking Activity. The enzyme mimicking
activity of CeVO, NZ was investigated by performing the
oxidation of TMB in the presence of H,O,. First, a CeVO, NZ
stock solution of 2 mg/mL was prepared in Milli-Q water. In a
typical experiment, TMB (0.1 mM) and H,0, (2 mM) were
added to sodium acetate buffer (100 mM, pH 4). Then, the
aqueous suspension of CeVO, (25 pg/mL) was added, and the
reaction mixture (total volume 1 mL) was kept at room
temperature for 30 min.

To investigate the pH and temperature-dependent study, all
the experiments were performed using CeVO, NZ (25 ug/
mL), TMB (0.1 mM), and H,0, (2 mM) in sodium acetate
buffer (100 mM, pH 4). For the recyclability test, CeVO, NZ
(1 mg/mL), TMB (0.1 mM), and H,O, (2 mM) were taken in
a 1 mL Eppendorf tube, and after 60 min, the centrifugation of
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the reaction mixture was done at 6000 rpm for 15 min. Then,
the UV—vis spectrum was recorded for the supernatant
solution. Then the CeVO, NZ was washed with Milli-Q
water, and again a catalytic reaction was performed. For
glutathione detection, the catalytic reaction is performed by
taking TMB (0.1 mM), H,0, (2 mM), CeVO, (25 pug/mL),
and GSH (varying concentration) in an acetate buffer (pH 4,
100 mM). The UV—vis spectra were recorded after 30 min
incubation at 25 °C.

Investigation of Enzyme Kinetic Parameters. The
catalytic efficiency of CeVO, was measured by taking UV—
visible spectra at different time points. For the kinetic study, we
performed the oxidation of varying concentrations of TMB
(from 0.01 to 0.1 mM) in the presence of a fixed concentration
of H,0, (2 mM). We have also studied the CeVO, catalyzed
oxidation of TMB (0.1 mM) in the presence of varying
concentrations of H,O, (from 0.02 to 0.1 mM) in an acetate
buffer (100 mM, pH 4) at room temperature. The reaction
kinetics were monitored by recording the absorbance at 652
nm for 30 min. To evaluate the kinetic parameters, the
obtained data were fitted and plotted using the Michaelis—
Menten and Lineweaver—Burk model (eq 1), where Ky, is the
Michaelis—Menten constant, V,,, is the maximum velocity, [S]
is the substrate concentration, and V is the velocity.

o [k
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