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Green synthesized CaO decorated
ternary CaO/g-C;N,/PVA
nanocomposite modified glassy
carbon electrode for enhanced
electrochemical detection of caffeic
acid

Annamalai Karthika?, C. Sudhakar?, Periyakaruppan Karuppasamy3"*,
Baluchamy Tamilselvi*, Subramaniam Meena3, Kurupalya Shivram Anantharaju3, K. B. Tan®**
& H. C. Ananda Murthy®7**

A highly selective, sensitive caffeic acid (CA) detection based on calcium oxide nanoparticles (CaO
NPs) derived from extract of Moringa oleifera leaves decorated graphitic carbon nitride covalently
grafted poly vinyl alcohol (CaO/g-C;N,/PVA) nanocomposite modified glassy carbon electrode (GCE)
was studied. A facile sonochemical method was adapted to synthesis nanomaterials and characterized
by HR-TEM (High resolution transmission electron microscopy), FT-IR (Fourier transform infrared
spectroscopy), XRD (X-ray diffraction), FE-SEM (Field emission scanning electron microscopy),

EDX (Energy dispersive X-ray analysis), Mapping and BET (Brunauer-Emmett-Teller) analysis, and
electrochemical techniques. The nanocomposite modified GCE exhibited an excellent catalytic
performance to the oxidation of CA under optimized conditions owing to better electron transfer
efficiency, conductivity and high surface area of the electrode material. The present electrochemical
sensor showed high selectivity towards the determination of 10 pM CA in the presence of 100-fold
higher concentrations of interferents. The modified CA sensor exhibited a wide sensing linear range
from 0.01 pM to 70 pM and the detection limit (LOD) was found to be 0.0024 uM (S/N=3)in 0.1 M
phosphate buffer saline (PBS) as a supporting electrolyte at pH 7.0. The fabricated CA sensor provides
an excellent stability, reproducibility and selectivity for the determination of CA. The modified CA
sensor was applied to real blood plasma samples and obtained good recovery (97.6-100.1%) results.

Keywords Caffeic acid (CA), Anticancer drug, Electrochemical Sensor, CaO/g-C,N,/PVA nanocomposite,
Plasma samples, Amperometric study

Caffeic acid (CA) possessed a phenylpropanoid assembly and 3,4-dihydroxylated aromatic rings fused with
carboxylic acid via trans ethylenic bond. CA is acting an ergogenic, antioxidant, diuresis, and stimulating
agent for the human central nerve systems. CA is the compound has various functionality which is used up
extensively beverages such as chocolate, coffee beans, energy boost drinks and tea leaves!. CA is also consumed
in pharmaceutical designs for the neurodegenerative disorders in human body. Caffeic acid (CA) existing in
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numerous food products and plants as an essential hydroxycinnamic acid and it provides an antibacterial, anti-
inflammatory, antineoplastic and antioxidant properties to the human body. Meanwhile, overconsumption
of CA leads negative impact to the human health. Hence, quantitative determination of CA in foods and
pharmaceuticals are much essential and needs to be estimated accurately using highly sensitive, low-cost
devices now a day’. Various analytical techniques such as capillary electrophoresis-mass spectrometry (CE-
MS)3, GC-MS (gas chromatography coupled mass spectrometry)?, high-performance liquid chromatography
(HPLC)>S, LC-MS (liquid chromatography coupled mass spectrometry)’, capillary gas chromatography
(CGC), electron-spray ionization mass spectroscopy (ESI-MS)?, electrophoresis-mass spectrophotometry®,
spectrophotometry'®!!, colorimetric!?, photoelectrochemical'’, and Electrochemical'*?! techniques were
utilized for the detection of CA at different ranges of concentrations. Among the aforementioned techniques,
electrochemical techniques are one of the accurate techniques and it has received more attention for the highly
selective and sensitive determination of biological, environmental and pharmaceutical real time analysis due to
their high selectivity, ease response, cost effective, facile maneuver, portability, good sensitivity and less chemical
wastage respectively??~2%. However, the detection of CA using conventional bare working electrode is not so
easy owing to its deprived electrochemical replies. Recently, electrochemical detection of CA using modified
working electrodes is receiving much attention due to their excellent catalytic properties towards CA?>26. From
a series of literatures, the use of graphene carbon nitride (g-C,N,) and its hybrids has been acclaimed in the
modification of electrodes for improving the detection limits as well as detection ranges of the analytes?’ 2.
Moreover, the structural insights of g-C,N, can be changed at any cost via doping the external materials on the
layered structure of g-C,N,*. Modification of working electrodes via non-enzymatic approach utilized various
NPs such as CNTs, metal-organic frameworks (MOFs), graphene/reduces graphene oxides (GO/rGO) and metal
oxides (MOs) are an important!431-34,

Among the aforementioned NPs, metal oxides NPs are one of the important potential nanomaterials used
as electrode material for the modification of working electrodes due to its non-toxic nature, higher surface to
volume ratio, good stability, better conductivity, and faster response, excellent catalytic property®®. As per the
reported literatures, calcium oxide (CaO) nanomaterial is not reported for CA sensing using electrochemical
techniques. Many chemical methods have been employed to synthesis CaO NPs such as microwave-assisted,
solution combustion, sol-gel, surfactant assisted and thermal decomposition methods®*%’. In addition, the
abovementioned synthesis methods, lots of chemicals are involving, and create pollution to the environment.
However, to synthesize of CaO NPs by greener way is receiving much attention now a day and minimal
reported literatures are available’. CaO nano metal oxides have been utilized for modification of electrode
material for CA sensing applications using electrochemical techniques due to its idiosyncratic electrical and
catalytic properties. A feasible way to enhance the sensing performance is doping the metal oxides over the
2D-layered g-C,N,-based materials which enhance the sensitivity and selectivity, catalytic property, reduces the
operating temperature, response and recovering time respectively. Recently, it is in vogue that the sensitivity and
selectivity of the electrode materials are boosted by doping metal oxides with conducting polymers. Among the
conducting polymers, polyvinyl alcohol (PVA) is an important and it has wide-spectrum of applications due to
its cost-effective nature, corrosion resistance, non-toxicity, good conductivity, ease blending nature with other
materials, and rapid redox behavior. Numerous materials were utilized for CA monitoring studies such as metal
nanoparticles (MNPs), Metal oxides (MOs), metal hydroxides (MOHs) used for CA detection have been studied
and improved, such as carbon nanomaterials, and conducting polymers (CPs). Recent studies are focusing the
combination of CPs (PE, PVA, & PEPOT), MNPs (Au, Pt, Pd, & V) and carbon materials (CNTs, MWCNTs,
rGO & graphene). The aforementioned material combinations allowed novel properties to the electrochemical
sensors owing to larger surface area, excellent functionality, hydrophobic property, biocompatibility and
synergistic effect®. Recently, ternary bio-metal oxides-based nanomaterials are receiving great attention in the
electrocatalysis field owing to their simple preparation, less toxicity, various oxidation states, cost-effectiveness,
eco-friendly nature, natural richness and wide range of applications. For instances, PVA grafted G-C,N, with
V,0, nanomaterial has used for the detection of folic acid by electrochemical sensing techniques®®. Erady and
co-workers investigated CA sensing based on carbon paste electrode (CPE) surface modified using bismuth (Bi),
multi-layered carbon nanotubes (MCNTs) and cetyltrimethylammonium bromide as a supporting electrolyte by
differential pulse voltammetry technique at various pH and scan rates. The electrochemical response was found
to be linear ranges between 6.0 x 10-8 M and 5.0 X 10~* M and LOD was estimated to be 0.157 nM (S/N=3). The
detection of CA in real samples (fruit juices, tea & coconut water) were provided excellent results*. Botelho et
al. studied the detection of CA based on a novel photoelectrochemical sensor developed using titanium dioxide
(TiO,) NPs, CNTs, and cadmium telluride quantum dots (CdTeQDs). The photochemical sensor exhibited a
wide linear response range between 0.5 uM and 360 uM with a LOD value of 0.15 uM. The developed sensor
utilized for the detection of CA in real samples such as Tea and coffee samples and the recovery result were found
to be 99.9 & 97.4 percentages®’. Nehru et al. synthesized f-MWCNTs/-NaFeO, nanocomposite by ultrasonication
method and used as sensing material for the detection of CA. The fabricated electrochemical sensor exhibited
ultra-sensitivity value of 44.685 pA.uM™~'cm2, excellent linearity and a LOD value of 0.002 uM while using
DPV technique®!. Sakthivel et al. prepared CoFeSe, functionalized carbon nanofibers (f-CNF) by hydrothermal
method and the composite material coated on the surface of glassy carbon (GC) electrode. The composite
modified GC electrode utilized for the detection of CA and the LOD value was found to be very low (0.002
pM) and the sensitivity was evaluated to be 2.04 pM~'cm~? using differential pulse voltammetry technique®2.
Thangavelu et al. reported the determination of CA using reduced Graphene Oxide (rGO)/Polydopamine (PDA)
composite modified electrode by differential pulse voltammetry method. The response range was observed to be
linear (5.0 nM —450.55 pM) and the LOD value was calculated to be 1.2 nM. The modified electrode exhibited
an acceptable selectivity in the presence of excess concentrations of other interferents and applied to the real
time wine samples and obtained good recovery results®.
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This work aims to synthesis CaO/g-C,N,/PVA nanocomposite material using sonochemical method and
fabricate CaO/g-C,N,/PVA nanocomposite modified glassy carbon electrode (CaO/g-C,N,/PVA/GCE). The
as-synthesized materials are well characterized by various spectral, analytical, electrochemical techniques.
The modified CA sensor was utilized for the accurate determination of CA in 0.1 M PBS at pH 7.0 using
electrochemical techniques such as CV and amperometric techniques. The practicability of the CA sensor was
tested using real time blood plasma samples. This work paves a way that the present modified sensor may be used
for an accurate determination of CA in food and health-care products.

Experimental section

Materials

Analytical grade (AR) chemicals such as Ascorbic Acid (AA), Caffeic acid (CA), Catechin (CT), Catechol
(CC), Chlorogenic acid (CGA), Dopamine (DA), Epinephrine (EP), Hydroquinone (HQ), Gallic acid (GC),
Epicatechin (EC), Poly vinyl alcohol (PVA), Potassium chloride (KCl), Thiourea, NaOH, and Uric Acid (UA)
were purchased from sigma-Aldrich with 99.9% purity, India and used as such. Phosphate buffer (PB) solution
was prepared by mixing molar volume ratios of monosodium dlhydrogen phosphate (NaH,PO, 0.5 M) and
disodium monohydrogen phosphate (Na,HPO, 0.5 M) solutions®. Moringa oleifera leaves were collected from
inside the campus of Thiagarajar College, Madural 625 009, Tamilnadu, India. Blood plasma samples were
collected from the Government Rajaji Hospital, Madurai, India. All the required solutions were prepared using
deionized water (DI) water. A mirror like polished glassy carbon electrode was used as a working electrode, Pt-
wire utilized as a counter electrode and Ag/AgCl _, ), utilized as a reference electrode for entire electrochemical
studies.

Synthesis of CaO NPs from Moringa oleifera leaves

The Moringa oleifera leaves cast-off stems and stalks were washed with DD water and dried at sunlight for 7
days. Dried leaves were powdered using mixer grinder and the powdered Moringa oleifera (5 g) dispersed in DI
water and boiled at 50 °C for 45 min. Colour of the Moringa oleifera extract was changed into brown then filtered
and cooled. The filtrate was stirred using bath ultrasonicator and 5 g of anhydrous calcium nitrate was added
for maintaining basic condition of the extract solution by adding little drops of 1 M NaOH solution and boiled
at 60 °C till it changed into yellow paste®’. Subsequently, the solution was filtered by Whatman filter paper with
funnel. The filtered precipitate was transferred into silica crucible and kept inside the muffle furnace for 1 h at
450 °C. Finally, a white coloured CaO NPs powder was obtained®’.

Synthesis of CaO/PVA and g-C3N4

To synthesis CaO/PVA nanomaterial, 0.3 g of PVA and 3 g of CaO (1:10 v/v ratio) were dispersed in 50 mL of
DI water followed by ultrasonication in 300 W for 2 h3%. Then the mixture was stirred and heated at 60 °C for
30 min and the obtained precipitate was eviscerated with ethanol and DI water for several times. The precipitate
was dried in hot-air oven at 80 °C for 8 h. Further, it was calcined in muffle furnace at 300 °C for 1 h and dried.

To synthesize g-C,N, 6 g of thiourea was calcinated ~450 °C by silica crucible in a programmable muffle furnace
for 2 h as per the fiterature2-%. The colour of the product was changed into pale yellow. The pale-yellow powder
g-C,N, (4 g) was dispersed into 100 mL of 0.1 M NaOH and ultrasonicated (3000 rpm) for 3 h. The obtained
reaction mixture was poured into Teflon bomb and closed by stainless steel and kept inside the hydrothermal
oven for 3 h at 150 °C. Finally, dried pale-yellow colour activated g-C,N, nano-layered material was obtained
and purified using DI water and dried in a hot air oven at 80 °C for 1 h.

Synthesis of ternary CaO/g-C3N4/PVA nanocomposite

CaO/PVA and g-C,N, with the propositions (1:10 v/v ratio) of 0.2 M (1.18 mg in 30.0 mL) and 2 M (~10.1 mg
in 30.0 mL) were dispersed in 50.0 mL beaker. The reaction mixture was ultrasonicated for 2 h and then the
resultant pale orange product collected by centrifugation. Centrifuged product was washed using deionized
water and dried at 90 °C for 8 h in a hot air oven is shown in Fig. 1.

Fabrication of ternary CaO/g-C3N4/PVA modified glassy carbon electrode

GCE was well polished with 0.3 and 0.05 um alumina slurries on velvet cloth following eight-shaped cleaning
technique and sonicated in deionized water for removing impurities. Mirror-like polished GCEs used for the
fabrication of electrochemical sensor. The as-synthesized CaO/g-C,N,/PVA (2.0 mg/mL) was ultrasonicated in
ethanol and drop-casted about 6.0 pL of mixtures on pre-treated GCE using micro-syringe and dried at room
temperature.

Characterization techniques

XRD (XPERT-3 diffractometer with Cu Ka radiation (K=1.54 A)) to analyze the crystalline properties. Fourier
Transform Infra-Red (FT-IR) spectrum was recorded in JASCO FT/IR-6600 instrument. HRTEM (JEOL 2100 F)
instrument was used to study the structural characteristics. Hitachi S-3000 H Scanning Electron Microscopy
(SEM) instrument was used to analyze surface morphology. Energy dispersive X-ray (EDX) spectrum was
recorded using HORIBA EMAX X-ACT with Hitachi S-3000 H scanning electron microscope. Quantachrome
instrument — 5.0 version with N, adsorption-desorption at 80 + 0.5 K for 10 h in vacuum condition used for BET
analysis. The electrochemical behavior (cyclic voltammetry (CV) & electrochemical impedance spectroscopy
(EIS)) of the nanomaterials modified GCE was examined using CHI-611 A and amperometry was run in CHI-
900 electrochemical analyzers.
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Fig. 1. Synthesis routes of CaO/g-C,N,/PVA nanocomposite.

Results and discussion

Powder XRD and FTIR analysis

The crystalline nature of (a) CaO, (b) CaO/PVA, (c) CaO/g-C,N, and CaO/g-C,N,/PVA was analyzed by PXRD
and the obtained results are shown in Fig. 2A. Figure 2A (a) exhibits the distinctive characteristic peaks at 23.18°,
29.54°, 36.14°, 39.14°,43.28°, 47.2°, 47.68°, 48.68°, 56.16°, 56.94°, 57.58°, 59.54°, 61.08°, 63.34° (JCPDS card
no. 00-004-0777) corresponding to CaO (hkl) planes®”. XRD peak for PVA reinforced CaO NPs were shifted
towards low 20 value side increasing the crystallinity of CaO/PVA nanocomposite as illustrated in Fig. 2A (b).
After the addition of g-C,N, with CaO NPs a new peak was obtained at 26 =28.3 owing to the amorphous nature
of pure g-C,N, as displayed in Fig. 2A (c) (JCPDS card no. 87-1526). Moreover, XRD peaks of Ca0, g-C,N,
and PVA appear in the XRD pattern of CaO/g-C,N,/PVA composites as exposed in Fig. 2A (d) (JCPDS card no.
00-037-1497), signifying that the three component peaks are hybridized successfully'. XRD result confirms that
the PVA and g-C,N, was assimilated with CaO NPs and the average particle size was calculated between 20 nm
and 30 nm. Ca0O/g-C,N,/PVA nanocomposite material was exhibited all the three components hybridized XRD
peaks with significant enhancement of intensity as compared to the XRD peak intensities of a) CaO, (b) CaO/
PVA, (c) CaO/g-C,N, materials®®.

Figure 2B displays that the FTIR spectra for a) CaO, (b) CaO/PVA, (c) CaO/ g-C,N, and CaO/g-C,N,/PVA.
For pure CaO, FTIR peak was detected at 1642 cm™! which corresponds to O-H bending/stretching vibrations.
FTIR peaks at 1459 cm™!, 713 cm™!, and at 877 cm™! were ascribed to asymmetric stretching, out-of-plane and
in-plane bending vibrations of CO,*~ ions*”. In addition, PVA described the peaks at 2927 cm™"' and 2854 cm™'
for the presence of symmetric and asymmetric -CH, stretching vibrations. Symmetric stretching of carboxylate
anion ~-COO~ provided the FTIR peak at 1641 cm~!. Figure 2B (c) and (d) (CaO/g-C,N, and CaO/g-C,N,/PVA)
the peaks between 3305 and 3000 cm™' were ascribed to stretching vibration modes of N-H bonds resulting
from the incomplete condensation of amino groups. Peaks appeared at 889 cm™! and 806 cm™! were attributed
to vibration mode of tri-s-triazine and the twist mode of N-H bonds respectively. The FTIR peaks were observed

the ranges between 1700 and 1200 cm™! indicating the characteristic stretching frequencies of C-N bonds.

Electrochemical and BET analysis

Figure 2C shows the CV response for bare GCE (a), CaO (b), CaO/PVA (c), CaO/g-C,N, (d) and CaO/g-C,)N,/
PVA modified GCE (e) in 0.1 M PBS in the absence of CA and Fig. 2D shows the CV response for bare GCE (a),
CaO (b), CaO/PVA (c), CaO/g-C,N, (d) and CaO/g-C,N,/PVA modified GCE (e) in 0.1 M PBS in the presence
of 10 uM CA containing at a scan rate of 50 mV/s. There was no redox peak for CA in bare GCE as shown in
Fig. 2C (a) & Fig. 2D (a). However, discreet redox peaks were obtained for CaO, CaO/PVA and CaO/g-C,N,
modified GCEs in the presence of CA as compared to CV responses of the modified electrodes in the absence
of CA in 0.1 M PBS at a scan rate of 50 mV/s owing to the lower electrochemical response of CA as given in
curves (b-d). In contrast, CaO/g-C,N,/PVA modified GCE (e) exhibited a distinct redox peak for 10 uM CA
owing to higher surface area and electron transfer (ET) nature of the electrode material compared to CaO/g-
C,N,/PVA modified GCE in the absence of CA is depicted in Fig. 2C (e) & Fig. 2D (e). In addition, ternary
CaO/g-C,N,/PVA nanocomposite showed a strong synergistic effect owing to an inter-component interaction
among Ca0, g-C,N,, and PVA which enhances the rate of ET and electrocatalytic process. EIS is an important
technique to examine the interface properties like electron transfer resistance (Ret) for bare GCE, CaO/PVA,
CaO/g-C,N, and CaO/g-C,N,/PVA modified GCEs in 0.1 M PBS at pH 7.0 is shown in Fig. 2E. EIS semicircle
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Fig. 2. (A) XRD spectra. (B) FT-IR spectra of (a) CaO, (b) CaO/PVA, (c) CaO/g-C,N, and (d) CaO/g-C,N,/
PVA nanomaterials. (C) CV responses of (a) Bare GCE (b) CaO/GCE (c) CaO/PVA/GCE (d) CaO/g-C,N,/
GCE and (e) CaO/g-C,N,/PVA/GCE in the absence of CA in 0.1 M PBS at scan rate of 50 mV/s. (D) CV
responses of (a) Bare GCE (b) CaO/GCE (c) CaO/PVA/GCE (d) CaO/g-C,N,/GCE and (e) CaO/g-C,N,/PVA/
GCE in the presence of 10 uM CA in 0.1 M PBS at scan rate of 50 mV/s. (E) EIS spectra of Bare GCE, CaO/
PVA/GCE, CaO/g-C,N,/GCE and CaO/g-C,N,/PVA/GCE modified electrodes. (F) BET (N, adsorption-
desorption) curves of (a) CaO, (b) CaO/PVA, (c) CaO/g-C,N, and (d) CaO/g-C,N,/PVA nanomaterials.

provides the information about electron transfer resistance of the electrode material. CaO/g-C,N,/PVA showed
the smaller semicircle compared to other nanomaterials owing to a fast electron transfer process at interface?!.
However, bare GCE exhibited larger semicircle as compared to CaO/PVA, CaO/g-C,N, to CaO/g-C,N,/PVA
modified GCEs due to inhibitive electron transfer process at the interface®*3!. The Ret values were decreased
while increasing the EIS semicircle diameters and the Ret values were evaluated between 3.72 Q1 cm? and 0.85
Qt cm? for bare GCE, CaO/PVA, Ca0/g-C,N, to CaO/g-C,N,/PVA modified GCEs.

The distribution of pore size and adsorption-desorption of N, for (a) CaO, (b) CaO/PVA, (c) CaO/g-C,N,
and (d) CaO/g-C,N,/PVA were analyzed by Brunauer-Emmett-Teller (BET) is depicted in Fig. 2F. The BET
results show that the adsorption-desorption isotherm was categorized into type IV indicating the disordered
meso-/microspores structure of CaO/g-C,N,/PVA and hysteresis loops were categorized as H3. It was observed
that the high adsorption capacity and relative pressure (P/P) about greater than 0.6 for all the nanomaterials**,
The pore volume of CaO/g-C,N,/PVA was found to be 0.165 cm?/g. The specific surface area of CaO/g-C,N,/
PVA was calculated to be 18.56 m?/g and the pore diameter assessed to be 30 nm using the Barret-Joyner-
Halenda (BJH) method which is higher value compared to CaO, CaO/PVA, and CaO/g-C,N, respectively. The
higher value of specific surface area indicates the agglomeration of CaO NPs which is good agreement with
the HR-TEM data. The increased surface area and pore volume distribution of CaO/g-C,N,/PVA enhances the
electrocatalytic redox process of CA*.

SEM and EDX analysis

The size and morphology of (a) CaO, (b) CaO/PVA, (c) CaO/g-C,N, and (d) CaO/g-C,N,/PVA is shown in Fig. 3.
FE-SEM image of CaO clearly shows the nanosheets (Fig. 3 (a)). Figure 3(b) and (c) exhibit the characteristic FE-
SEM images of CaO/PVA (agglomerated rice-rod shape), and CaO/g-C,N, (randomly distributed nanorods).
But Fig. 3(d) & (e) indicates the formation of agglomerated rods like nano-cone structure for CaO/g-C,N,/
PVA. Figure 3(f) shows the EDX spectrum of CaO/ g-C,N,/PVA, which confirms the presence of Ca, O, C, and
N elements. The percentage of composition of elements such as Ca, O, C, and N are tabulated and given in Table
S1. The colored elemental mapping images in Fig. 3(g-k) show the Ca (red), N (green), O (blue) and C (yellow)
elements. Bar diagram for SEM-EDX analysis of CaO/g-C,N,/PVA nanocomposite is given in Fig. 3(I).

HR-TEM and SAED analysis
HR-TEM is used to find the morphology, phase and crystallographic evidence for the materials. The meso-
porous hexagonal structure of CaO NPs was agglomerated to form larger size hexagonal shape particles and
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Fig. 3. FE-SEM image of (a) CaO, (b) CaO/PVA, (c) CaO/g-C,N,, (d, ) CaO/g-C,N,/PVA nanomaterials
and (f) EDX spectrum of CaO/g-C,N,/PVA nanocomposite. (g-k) Mapping of elements of CaO/g-C,N,/PVA
nanocomposite. (I) SEM-EDX analysis of percentage of elements present in CaO/g-C,N,/PVA nanocomposite.

Fig. 4. HR-TEM image of (a-e) CaO/g-C,N,/PVA and (f) SAED pattern of CaO/g-C,N,/PVA nanocomposite.

the particle size was found to be less than 30 nm. When the covalently grafted PVA on the exterior of g-C,N,
layered structure blend with CaO NPs, the thickness of the hexagonal shape was increased which attributes that
the homogenous distribution with CaO NPs. The hexagonal morphology of the CaO/g-C,N,/PVA material’s
particle size was found to be less than 30 nm which is inaccordence with the average crystallite size calculated by
XRD. HRTEM results were comparable with reported values of other ternary composite material®”#*¢. HR-TEM
images are depicted in Fig. 4(a-d) showed that the hexagonal shape owing to the linking of huge size particles
of CaO and nanosheets of g-C,N, on PVA surface. CaO/g-C,N,/PVA displays the hexagonal like structure and
an increased thickness was attributed to the covalently grafting of PVA on the exterior of g-C,N,. Figure 4(e)
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indicated the crystal-like structure of CaO/g-C,N,/PVA in the selected area of the electron diffraction (SAED
pattern as given in Fig. 4(f)).

Impact of concentration, pH, and sweep rate

CaO/g-C,N,/PVA modified GCE was utilized to analyze the electrochemical performance while changing CA
concentration between 10 uM and 150 uM in 0.1 M of PBS (pH 7.0) at scan rate of 50 mV/s is shown in Fig. 5.
It can be seen that the CA redox peak increased while increasing CA concentration from 10 uM to 150 uM and
the anodic peak current was increased with trivial anodic potential shift as shown in Fig. 5(a). The plot of CA
concentration against current is depicted in Fig. 5(b) and it exhibits a linear relationship (Ipa=0.0161x+0.82)
with correlation coefficient (R?) value of 0.9944 supports the catalytic efficiency of CaO/g-C,N,/PVA modified
GCE towards CA. Impact of pH on the CV response of CA was examined in PBS between pH 3.0 and pH 9.0
containing 10 uM of CA at a scan rate of 50 mV/s are shown in Fig. 5(c) which indicates that the anodic peak
current (Ipa) of CA at CaO/g-C,N,/PVA modified GCE is pH dependent. The anodic peak potential shifts to
more positive potential values with an increase in pH and the separation between the anodic and cathodic
peak potentials increased. The plot of pH against oxidation peak potential indicated that the peak potential was
increased while increasing the pH value from 3.0 to 7.0 but it was decreased above 7.0 is shown in Fig. 5(d).
In addition, higher peak current was observed at pH 7.0 for revisable redox process of CA which involves two
electrons and two protons directly. A large separation of peak potential was found above the pH 7.0 which
suggests the sluggish heterogeneous electron transfer reaction between electrode surface and analyte. The slope
was found to be higher than 59 mV indicating that the reaction involves more than one electron transfer in CA
oxidation. The positive slope and R? values suggest that the electron transfer followed by protonation transfer as
per the Nernstian systems?’.

Impact of scan rate on the oxidation of CA at CaO/g-C,N,/PVA modified GCE with different scan rates (10
—90 mV/s) in 0.1 M PB solution (pH 7.0) containing 10 uM of CA was analyzed by CV technique are presented
in Fig. 5 (e). CV results revealed the anodic peak current increased while increasing scan rate from 10 to 90 mV/s
with slight anodic potential shift. ET reaction occurred at the interface between electrode surface and solution
at applied potential was found to be linear with respect to the rate of the redox reaction?!. Excellent linear
relationship was attained between different scan rates and anodic peak current which forms a linear regression
equation of Ipa=0.0377 (mV/s) +0.1225 with a correlation co-efficient of R?=0.9967 (Fig. 5 (f)) supports an
adsorption-controlled process?!.
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Fig. 5. (a) CV responses for CaO/g-C,N,/PVA modified GCE in the presence of 10-150 uM of CA and (b)
Calibration plot of current response vs. concentration of CA. (c) CV responses of CaO/g-C,N,/PVA modified
GCE in 10 uM of CA at different pH values (3.0-9.0). (d) Calibration plot of pH vs. Peak Current (nA). (e) CV
responses of CaO/g-C,N,/PVA modified GCE in 10 uM of CA at different scan rates from 10 to 90 mV/s. (f)
Linear plot for cathodic peak current vs. scan rate.
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Effect of loading concentration, interference and mechanistic study

The effect of loading concentration of CaO/g-C,N,/PVA nanocomposite on GCE affected cyclic voltammetric
response in 10 uM of CA in 0.1 M PBS as a supporting electrolyte at pH 7.0 and the obtained cyclic
voltammograms are shown in Fig. 6 (a). The peak current intensity was increased while increasing the volume of
CaO/g-C,N,/PVA nanocomposite on GCE from 6.0 pL to 10.0 L. The plot of peak current vs. various volume
of the nanocomposite was found to be a linear regression equation of y=0.694x -3.824 with a correlation co-
efficient of R2=0.9690 (Fig. 6 (b)).

Interference study for 10 uM of CA with 100-fold excess concentration of various interferents Catechin
(CT), Ascorbic Acid (AA), Catechol (CC), Chlorogenic acid (CGA), Dopamine (DA), Epinephrine (EP),
Hydroquinone (HQ), Gallic acid (GC), Chlorine (Cl), Copper (Cu) and Sodium (Na) ions in 0.1 M PBS (pH
7.0) as a supporting electrolyte at CaO/g-C,N,/PVA modified GCE using amperometric technique is depicted
in Fig. 6(c). The observed amperometric results vindicate that the selective detection of CA was achieved at
CaO/g-C,N,/PVA modified GCE even in the presence of 100-fold higher concentration of various interferents.
The fabricated electrochemical sensor showed excellent selectivity towards CA owing to specific electrostatic
interface/strong interaction between the hetero atoms of CA molecules and active sites of CaO/g-C,N,/PVA
electrode surface.

The electrochemical redox reactions of CA at CaO/g-C,N,/PVA modified GCE; Oxidation of CA into ortho-
quinone derivative ((2E)-3-(3,4-12 dioxocyclohexa-1,5-dienyl) acrylic acid) at +0.245 V and reduction of
ortho-quinone derivative into CA at +0.186 V occurred efficiently via 2-electron and 2-proton transfer process
(Fig. 6 (d)). The electrochemical mechanism for the detection of CA exhibited reversible redox process, first
CA oxidized into ortho-quinone derivative ((E)-3-(3,4-dioxocyclohexa-1,5-dien-1-yl) acrylic acid) and then
ortho-quinone derivative reduced to CA via reversible process was confirmed CV study®*. A redox process was
observed for CA detection at the surface of the working electrode which corresponds to the reversible redox
process involving the transfer of two electrons and two protons>.

Amperometry detection of CA

Amperometric study was carried out using CaO/g-C,N,/PVA modified rotating disk glassy carbon electrode
(RDGCE) towards sensing of CA with constant addition of 10 pM of CA ranges between 0.01 uM and 70.0 uM
in 0.1 M PBS (pH 7.0) at applied potential of +0.65 V by means of 1200 rpm rotation speed of the disk. A distinct
sharp response was obtained due to addition of CA step by step persistently stirred with 0.1 M PBS (pH 7.0) and
the steady state current (SSC) was reached about 3 s indicating the fast response characteristics of the CaO/g-
C,N,/PVA modified RDGCE sensor. At optimum condition, the obtained amperometry results at CaO/g-C,N,/
PVA modified RDGCE for CA detection is depicted in Fig. 7 (a). A well-defined sharp amperometric current
response was observed for each addition of CA owing to quick electrochemical response of CA at CaO/g-C,N,/
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Fig. 6. (a) CV responses for the loading concentration of CaO/g-C,N,/PVA nanocomposite modified GCE
in the presence of 10uM CA and (b) Calibration plot of current response vs. volume of CaO/g-C,N,/PVA
nanocomposite. (¢) Amperometry response for CaO/g-C,N,/PVA modified GCE to successive addition of
0.1 uM CA (a) in the presence of 100-fold excess of concentrations of CT (b), AA (c), CC (d), CGA (e), DA
(), EP (g), HQ (h), GC (i), CI™ (j), Cu* (k) and Na* (1) in 0.1 M PBS (pH 7.0) as a supporting electrolyte at a
potential of +0.85 V. (d) Mechanism of reversible redox processes (oxido-reduction) of CA at CaO/g-C,N,/
PVA modified GCE in 0.1 M PBS (pH 7.0).
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of peak current vs. concentrations of CA at CaO/g-C,N,/PVA modified GCE in 0.1 M PBS (pH 7.0).

Sensing materials Electrochemical Method | Linear range (uM) | LOD (uM) | Refs.
CoFeSe /f-CNF/GCE* DpPV 1.0-263.96 0.002 2
CdO/SWCNTs/CPEP LSV 0.02-200.0 0.009 16
PGA/GCE DPV 4.0-30.0 3.91 o
Molecularly imprinted siloxanes modified electrode | DPV 0.5-60.0 0.15 50
Bi,S,/CNF/GCE DpV 0.1-500.0 0.108 ¥
PdRu/N-SCs/GCE DPV 0.001-15,000 0.00019 2
CuZnO /MWCNTs/GCE DPV 1.0-100.0 0.155 51
BF@rGO-modified electrode CV & DPV 0.01-892.51 0.00077 20
Au@Co,0,@Ce0,/GCE DPV 0.001-3.0 0.00057 17
MCO/GR/GCE CcvV 0.01- 447.19 0.003 15
CoFeSe,/f-CNF/GCE DpV 0.002 4
Au/Pd/GRFE® DPV 0.03-938.97 0.006 34
Ag/SrFeO,/GCE Chronoamperometry 0.001-0.015 0.023 52
ZnS@RGO/GCE DpPV 0.015-671.7 0.00329 3
Zr0,/Co,0,/RGOYGCE DPV 0.054-424 0.0013 >
Cu,S/GOS/SPCE*® Amperometry 0.055-2455 0.00022 5
Laccase-MWCNT!-CS/ Au Amperometry 0.7-10 0.150 56
Nafion/GO8/GCE DPV 0.1-1500 0.0091 7
CaO/g-C,N,/PVA Amperometry 0.01-70.0 0.0024 *Present work

Table 1. Comparison of the CA sensing using various reported electrode materials. *GCE-glassy carbon
electrode; PCPE-carbon paste electrode; ‘GRFE- graphene flakes electrode; RGO-reduced graphene oxide;
¢SPCE-screen printed carbon electrode; MWCNT-multiwalled carbon nanotube; 8GO-graphene oxide.

PVA modified RDGCE surface. CaO/g-C,N,/PVA modified RDGCE determines the CA even at 0.01 pM
concentration indicating the rapid diffusion and interaction of CA over the surface of the electrode. The detection
limit was calculated using the formula LOD =3.3 (S/b), where S is the standard deviation and b is the slope of the
calibration plot attained from amperometric technique®®. The proposed electrochemical sensor was exhibited
the linearity while increasing the concentration of CA ranges between 0.01 uM and 70.0 uM with correlation
coeflicient (R?) value found to be 0.9765 and the calibration plot of peak current against concentration of CA
is given in Fig. 7(b). From the calibration plot, the limit of detection (LOD) and sensitivity was calculated to be
0.0024 pM and 11.023 pA pM~! cm™2, respectively. The proposed CA sensor performance was compared with
the reported CA sensors are tabulated in Table 1. The electrochemical CA sensor results exhibit an acceptable

linear range, excellent sensitivity, and a lower detection limit than other modified electrodes

15-17,20,21,34,39,42,50-52
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Fig. 8. CV data of (a) stability of CaO/g-C,N,/PVA modified GCE for the detection of CA for 25 days (5 days
interval). (b) Reproducibility of the five different CaO/g-C,N,/PVA modified GCEs for the detection of CA. (c)
Repeatability of CaO/g-C,N,/PVA modified GCE sensor towards the detection CA assessed by 15-successive
measurements in 0.1 M PBS containing 10 uM CA at scan rate 50 mV/s.

Concentration

(nM)
Sample | Added | Found | Recovery % | RSD

25.0 245 97.6 1.4
Blood 500 T409 | 100.1 09
Plasma

100.0 99.6 99.6 0.5

Table 2. Determination of CA in different blood plasma samples at CaO/g-C,N,/PVA modified GCE.

Investigation of stability, reproducibility and repeatability of the sensor

The stability of the CaO/g-C,N,/PVA modified GCE was examined for 25 days using 10 uM CA in 0.1 M PBS at
pH 7.0 and the oxidation peak current was observed carefully. After 25 days, the peak current was decreased only
1.20% as compared to the peak current obtained of the first day for the detection of CA as shown in Fig. 8a. In
addition, the five different successive CV studies towards the detection of CA at 5-different modified electrodes
were exhibited the relative standard deviation (RSD) value of 1.78% revealing the CaO/g-C,N,/PVA modified
GCE hold an admirable reproducibility (Fig. 8b). Repeatability of CaO/g-C,N,/PVA modified GCE towards CA
was assessed by 15-successive measurements in 10 uM CA under optimized conditions and the RSD value was
calculated to be 1.35% supporting the repeatability of CaO/g-C,N,/PVA modified GCE (Fig. 8c). The obtained
RSD values are good agreement with the reported CA sensor values'.

Real-time analysis of CA

The practicability of the CaO/g-C,N,/PVA modified GCE sensor was applied for the accurate detection of CA
in the human blood plasma samples in 0.1 M PBS as a supporting electrolyte at pH 7.0 by cyclic voltammetric
technique. The collected human blood plasma samples (25 uM, 50 uM, 100 pM) were dissolved in 0.1 M PBS
containing 100 uM of CA by standard addition method. The CA spiked blood plasma samples were examined at
CaO/g-C,N,/PVA modified GCE sensor by cyclic voltammetric technique. The obtained recovery percentages
of the spiked samples are listed in Table 2. The recovery values and RSD values were calculated between 97.6%
and 101.1% and 0.5 and 1.4 respectively. The obtained real sample data supports the accurate determination of
CA at CaO/g-C,N,/PVA/GCE sensor in human blood plasma samples. Under optimized condition, the assay
of CA was performed in liquid chromatography coupled mass spectrometry (LC-MS) and the obtained LC-MS
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chromatograms of CA standards at three different concentrations (a). 25 pM, (b). 50 uM and (c)0.100 uM in the
presence of CaO/g-C,N,/PVA nanocomposite in 0.1 M PBS at pH 7.0 and the LC-MS peaks were measured at
1.620 min for all the three different blood plasma sample mixtures at different intensities as given in Fig.S1 along
with the detailed procedure.

Conclusion

Calcium oxide nanoparticles (CaO NPs) derived from extract of Moringa oleifera leaves decorated graphitic
carbon nitride covalently grafted poly vinyl alcohol (CaO/g-C,N,/PVA nanocomposite synthesized by
sonochemical method and the as-synthesized nanomaterials were characterized by FT-IR, XRD, FE-SEM, EDX
and Mapping, TEM, SAED pattern, BET analysis, and electrochemical techniques. Well defined linear range of
response and adsorption-diffusion controlled process were confirmed for the redox behavior of CA at CaO/g-
C,N,/PVA modified GCE in 0.1 M PBS as supporting electrolyte at pH 7.0 under optimized conditions. The
Ret value of CaO/g-C,N,/PVA modified GCE favors an electron transfer interface between CA and electrode
surface. The selectivity of the CaO/g-C,N,/PVA modified GCE was confirmed successfully even in the presence
of 100-fold excess concentration of interferents for the detection of CA. A suitable two protons and two electrons
transfer revisable redox process mechanism was proposed. The LOD and sensitivity values were found to be
0.0024 uM and 11.023 pA pM~! cm? by amperometric technique. The stability, repeatability and reproducibility
of the proposed sensor were found to be good. The practicability of the proposed sensor was analyzed for CA in
blood plasma samples and obtained good recovery results. Furthermore, the proposed method of fabrication of
ternary nanocomposite sensor can be used to develop a suitable portable, low-cost device for the selective and
accurate detection of CA in food supplements and pharmaceutical fields in future.
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