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corated polyaniline plastic as
a multifunctional nanocomposite: experimental
and theoretical approach
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and Mony Thakur b

AgO, CoO, and ZnO (ACZ) mixed metal quantum dots (QDs) were synthesized by the sol–gel process.

Polyaniline (PANI) was prepared by the chemical-oxidative technique. An in situ approach was used for the

synthesis of ACZ decorated PANI plastic nanocomposites (NCs). TEM, FTIR, FESEM, UV-visible, DSC, Raman,

photoluminescence, and XRD techniques were used for characterizing the QDs, PANI, and ACZ decorated

PANI NCs. Experimental and theoretical (DFT) studies were used to support the results. NCs were studied

for their adsorption, magnetic, photocatalytic, electrical, thermal, photoluminescence, antibacterial, and

anticorrosive activities. The plastic NCs of size 35 nm (observed from XRD and TEM) were found to be

paramagnetic. UV-visible spectroscopy and DFT techniques were used to observe the optical band gap of

NCs and show an almost equal band gap i.e., 2.75 eV. In 1.0 M H2SO4, the NCs show an 82.0% corrosion

inhibition efficiency for mild steel. The adsorption power of the silica gel + NCs packed column was higher

than normal silica gel column. A very small low-intensity D band in the Raman spectra confirms defect-free

NCs. The photocatalytic activity was observed against methyl-red dye in visible light. The thermal stability of

plastic NCs was higher than pure PANI and QDs. The NCs were investigated for bactericidal activity against

Gram (positive and negative) microorganisms. The ACZ decorated PANI NCs acted as good nanomaterials

for adsorption, separation, magnetic, photocatalytic, photoluminescence, antibacterial, electrical, thermal

insulator, and anticorrosive agent.
1. Introduction

Nanomaterials and polymer nanocomposites have gained
popularity in different elds over the last few decades. 0D metal
oxide nanoparticles i.e., quantum dots, 1D nanomaterials like
conducting polymers, and 2D materials like graphene oxide,
MOFs, COFs, metal dichalcogenides, MXenes, etc. have unique
properties. When 0D and 1D nanomaterials are combined, it
sometimes results in a synergistic effect on their properties.
Quantum dots due to their small size and large surface area are
used in applications like catalysis, purication, separation,
adsorption, composite electrode material in rechargeable
batteries, supercapacitors, sensors (optical and chemical), solar
cells, and electronic devices. Conducting polymers (CPs) e.g.,
PANI due to their stability, biocompatibility, and adjustable
electrical conductivity, are widely used in different applica-
tions.1 PANI is the most interesting polymer among all the CPs
because of its ease of preparation, good environmental stability,
and tunable electrical conductivity.2,3 PANI is a conjugated
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polymer whose electrical conductivity and electronic structure
can be reversibly optimized by both chemical oxidation and
protonation. The exceptional properties of PANI like dielectric,
electrical, physical, and optical depend on the size, specic
molar volume, nucleation time, self-agglomeration process, the
concentration of precursor, separation technique, reaction
conditions, drying process, seedling time, molecular weight,
annealing temperature, etc.4–7

Metal oxides (QDs) decorated PANI NCs on the other hand
show greater catalytic, sensing, photocatalytic, and electrical
properties in comparison to simple PANI and QDs.8–14 They have
been applied in electrocatalysis,15 rechargeable batteries,16

supper capacitors,17 membrane separation,18 optoelectronic,19

extraction,20 solar cells,21 and electrochemical biosensors.22 By
employing chloroauric acid as the oxidant and Au NPs as the
seed, Li et al. created Au NPs@PANI core–shell nanocomposites
based electrode material for the electrochemical detection of
ascorbic acid and dopamine.23 Zhao et al. created a non-
enzymatic hydrogen peroxide electrochemical sensor on
a glassy carbon electrode using a PANI/Cu NCs for the electro-
chemical determination of H2O2.24

Mazhar et al. have created a silver-doped zinc sulde based on
polyaniline (PANI–Ag/ZnS) NCs and reported their photocatalytic
activity against methylene blue dye.25 PANI decorated with QDs,
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provides a large surface for the exchange of electrons and holes
and hence an increase in photocatalytic activity.26 Vishwakarma
and his group observed the bactericidal activity of CoFe2O4/PANI
NCs against Gram +ve (S. aureus, B. subtilis) and Gram �ve (E.
coli, P. aeruginosa) bacterial strains.27 Javed et al. have investi-
gated NPs-based PANI NCs as an electrode material for super-
capacitors.28 They tested the performance of electrode material
by CV, impedance spectroscopy, and charge–discharge cycle.
They observed high cycle life and capacitance retention of
supercapacitor. Hajjaoui et al. have investigated the inuence of
NPs-based PANI NCs as adsorbents for environmental pollut-
ants.29 They observed that the size, morphology, and synthesis
conditions of NCs inuence their adsorption power. Kebiche at
el. has investigated the size effect of Palladium and Tin colloidal
particles of PANI NCs.30 They observed that different sizes of Pd
and Sn NPs affect the morphology, conductivity and other
properties of PANI NCs. Shivhare and Supriya investigated in
detail the metal oxide PANI-based NCs for one or two specic
applications.31 Rhazi et al. investigated the synthesis and char-
acterization of application-specic metal NPs based on PANI
NCs.32 Zahed et al. investigated Ag/PANI NCs as a sensor for an
anticancer drug.33 The anticancer drug used was 5-uorouracil.
SEM, X-ray with EDS, and IR techniques were used for the
characterization of NCs. Bhanita et al. have fabricated a glassy
carbon-based Fe3O4@PANI electrochemical sensor for the
detection of 2,4-dichlorophenoxyacetic acid.34 The sensor shows
a linear concentration-response. The sensitivity and selectivity of
the sensor were found to be high. Ebrahim et al. have fabricated
Silver@GO@PANI@2-acrylamido-2-methyl propane sulfonic
acid sensor for sensing the poisonous Cd metal.35 The detection
limit of the sensor was found to be 0.0065 mg L�1. The sensor
distinguishes between Cd(III) and Cd(IV) in the sample. Shokri
et al. have used acrylamido-methylpropane-sulphonic acid +
PANI + AgO + rGO quaternary NCs for the selective removal of
Cr(VI) from an aqueous solution.36 In another research, Shokri
et al. investigated Akaganéite/PANI a superparamagnetic NCs
material for the selective removal of Cd from impure water.37

For the rst time, we are reporting the fabrication of QDs
decorated PANI plastic NCs as a multifunctional nanomaterial
as an antibacterial, anticorrosive, adsorbent, magnetic, photo-
luminescence, conducting, heat resistive, and photocatalytic
agent. Both theoretical (DFT) and experimental techniques were
used to support our results. Seven novel applications of QDs
decorated PANI based plastic NCs were explored. This research
will open up the dimensions of multifunctional plastic-based
NCs with unique properties and multiple applications.

2. Material and methods

AR grade chemicals like C2H5OH, AlCl3, C6H5NH2, (NH4)2S2O8,
ZnNO3, CoNO3, AgNO3, HCl, and H2C2O4, were used for the
synthesis. Double distilled water was used in the preparation of
solutions (electrical conductivity ¼ 1.01 mS). AlCl3, ethanol,
aniline (monomer), oxalic acid, AgNO3, CoNO3, ZnNO3 were
procured from Thermo Fisher Scientic, Maharashtra-India
(purity 98.7%), Chanhshu Hongsheng Fine Chemicals Co. Ltd,
Changshu city, China (purity 99.9%), Rankem Gurugram-
24064 | RSC Adv., 2022, 12, 24063–24076
Haryana (purity 99.0%), Finar Chemicals, Ahmedabad, Gujrat
(purity 99.5%), and Sigma-Aldrich Chemicals Pvt. Ltd., New
Delhi (purity 99.99%), respectively.

The anticorrosive properties of ACZ decorated PANI NCs at
different concentrations were investigated using the weight loss
method (ASTM-D2688) on Mild Steel (MS) in a 1.0 M H2SO4

solution. Gaussian09 and BIOVIA Material studio soware were
used in the theoretical study. The optical bandgap and
adsorption sites of ACZ@PANI NCs were investigated using
HOMO, LUMO, and van der Waal surfaces. The antibacterial
activity of ACZ QDs was investigated by the agar-well method-
ology. Antibacterial activity was tested against Gram-negative
and Gram-positive bacterial strains, that is E. coli and B. sub-
tilis.38–40 Hexa-disc (G-minus-1), was used as a control. The Zone-
of-Inhibition (ZOI) in mm was measured for E. coli and B. sub-
tilis. The adsorption study was carried out using column chro-
matography. A magnetic study was carried out using Goy's
balance (GMX-02, SES Instruments Pvt. Ltd., Haridwar, Uttar-
akhand). The photocatalytic study (UV-2600, Shimadzu, Tosh-
vin Analytical, Mumbai) was carried out against methyl red dye
in sunlight (visible light).

Thermogravimetric analysis of quantum dots decorated
PANI NCs was carried out by differential scanning calorimetry
(DSC) technique (Q-10, TA Instruments Waters, USA). The PANI
NCs were heated from room temperature to 500 �C at a rate of
10� min�1 in N2 atm. The exothermic, endothermic, and
enthalpy changes of melting were observed.

2.1 Sol–gel technique

A metal salt solution of ZnNO3, AgNO3, and CoNO3 (0.5 M each)
was prepared by using distilled water. The pH was adjusted to
1–2 by the use of dilute HNO3. This metal salt solution was
labelled as Sol A. Sol B was prepared by mixing oxalic acid and
ethanol in a ratio of 1 : 4. The Sol B was mixed with Sol A
dropwise with continuous stirring (600 rpm) at 70 �C. Aer 6 h,
a light brown color appeared. The precipitates were washed with
distilled water and then acetone. The precipitates were dried at
70 �C for 6 h and stored in a glass vial.

2.2 In situ synthesis of QDs decorated PANI NCs by
chemical-oxidative polymerization

0.1 M mixed metal QDs (ACZ) were added to aniline monomer
(1.0 M) in 1.0 M HCl. The AlCl3 oxidant (1.0 M) was added
dropwise. The temperature was kept below 4 �C. 1.0 M ammo-
nium persulphate (APS) was added. The progress of the reaction
was monitored for 7 h. Filtration and rinsing were done with
water, dilute HCl and ethanol. Vacuum dried at 70 �C for 12 h. A
green-black color solid was obtained.

3. Results and discussion
3.1 FTIR study of ACZ decorated PANI NCs

FT-IR was used to analyse the PANI NCs, identifying functional
groups and impurities, if present. Fig. 1 shows FTIR spectra of
ACZ QDs and ACZ decorated PANI NCs. FTIR spectrum of ACZ
QDs showed absorption peaks at 563 and 661 cm�1. The
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 FTIR spectra of ACZ QDs (purple colour) and ACZ QDs decorated PANI NCs (pink colour).

Fig. 2 UV-visible spectra of ACZ QDs and ACZ QDs decorated PANI
NCs.
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absorption band at 563 cm�1 was assigned to the Co–O
stretching vibration and at 661 cm�1 to the bridging vibration of
the O–Co–O.41 Peaks at 450–550 cm�1 correspond to Zn–O
stretching vibrations.42 The FTIR spectra of ACZ QDs show
a strong band at 435 cm�1 corresponding to Ag–O. Aromatic
ring peaks were observed at 1625.75, 1488, and 1358 cm�1. A
broader peak in 3300–3400 cm�1 in ACZ QDs (due to the
absorption of moisture from the atmosphere) was not visible in
ACZ/PANI NCs. The intensity of peak at 1295 and 1625 cm�1

decreases in ACZ/PANI NCs. The peak at 748 cm�1 (Co–O
stretching) in QDs is shied to slightly higher wavenumber in
ACZ/PANI NCs.43 The C–N stretching peak was observed at
1358 cm�1. The peak at 1295.85 cm�1 is correlated to secondary
aromatic amine C–N vibrations. C]C stretching peak was
observed at 1488 cm�1.
Fig. 3 The indirect band gap of ACZ decorated PANI NCs as observed
from Tauc plot from UV-visible spectroscopy.
3.2 UV-visible spectroscopic study

Fig. 2 depicts absorption spectra of ACZ QDs and ACZ decorated
PANI NCs. Fig. 3 shows the indirect bandgap obtained by Tauc
© 2022 The Author(s). Published by the Royal Society of Chemistry
plots for NCs. ACZ QDs and ACZ decorated PANI NCs had
a maximum absorbance of 1.999 at 193 nm and 1.204 at
188.5 nm, respectively.

3.2.1 The optical band gap of ACZ decorated PANI NCs.
Using the Tauc relation (eqn (1)), the indirect bandgap of NCs
was determined.44

ahn ¼ B(hn � Eg)
n (1)

The Lambert's–Beer relation was used to calculate the
absorption coefficient.45

A linear relation between (ahn)2 and hn was observed for ACZ
decorated PANI NCs (Fig. 3). Because of the p–p* transition (VB
to CB), the energy band gap (Eg) of NCs was 2.75 eV, whereas the
pure PANI was 3.2 eV.46 Aer adding ACZ QDs to PANI, the
indirect bandgap dropped from 3.2 to 2.75 eV. As a result, the
electrical conductivity of the ACZ decorated PANI NCs was
slightly improved.
RSC Adv., 2022, 12, 24063–24076 | 24065
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3.3 Raman spectroscopic study

Raman spectroscopy is a non-destructive analytical technique for
chemical, structural, crystalline, non-crystalline, phase identi-
cation, molecular interaction, and poly-morphology study.47 In
Fig. 4 Raman spectra ACZ QDs (black) and ACZ decorated PANI NCs
(red).

Fig. 5 SEM images ACZ QDs decorated PANI NCs.

24066 | RSC Adv., 2022, 12, 24063–24076
this technique, laser light is bombarded on the sample and
investigates bonds present in a material. Fig. 4 shows Raman
spectra of ACZ QDs and ACZ QDs decorated PANI NCs. The
number of peaks, their shapes, and energies are linked to the
overall shape of the molecules. The pattern of these bands will
help in structural elucidation and identication of specic
molecules/groups in the nanomaterials. Three major Longitu-
dinal Optical phonon Vibrations (LOV) were observed in the
Raman spectra of QDs and NCs. LOV (1) peak in the ngerprint
region of the Raman spectra represents the presence of inorganic
metal (transition metal QDs) and metalorganic groups in the
NCs.48 This is due to the possible bonding between transition
metal QDs and organic PANI molecules. Very small low-intensity
D bands i.e., LOV (2) represent the absence of any defects in the
NCs. A signicant G band i.e., LOV (3) represents the structural
resemblance of PANI with the graphitic molecule. LOV (1) peak is
shied to a lower wave number in the case of NCs whereas LOV (2)
and LOV (3) were shied to higher wavenumber in NCs as
compared to QDs. A multiplet in the region of 2000–1500 cm�1

signies the presence of C]C and C]N double bond in the
structure of PANI. A triplet near 1400 cm�1 represents a complex
pattern due to C–C and C–N bonds present in PANI. The broader
peaks and pattern of bands in the Raman spectra prove somewhat
amorphous character of PANI.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.4 SEM study

The scanning electron microscopy (SEM) technique was used
for the surface study of NCs. SEM is a surface imaging tech-
nique for investigating the surface morphology and size of the
NCs. Fig. 5 shows an SEM image of ACZ QDs decorated with
PANI NCs. It is clear from the SEM image that NCs are globular
or spherical. They look like a puffy ball and hence proving the
amorphous character of NCs and the same information of
amorphous character was also proved by Raman spectroscopy.
The average particle size of NCs as observed from the SEM was
30–40 nm. The ACZ QDs get completely encapsulated in the
PANI NCs framework and cannot be seen on the surface of NCs
in the SEM image.
3.5 TEM study

Tunnelling Electron Microscopy (TEM) is a more advanced
technique than the SEM. Although surface information ob-
tained from these two techniques are similar but TEM
Fig. 6 TEM images of Zn/Co/AgO QDs decorated PANI NCs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
magnication and resolution are better than SEM. That's why,
we conducted both SEM and TEM techniques for the charac-
terization of NCs. Fig. 6 shows the TEM image of ACZ QDs
decorated PANI NCs. It is clear from Fig. 6A and B that QDs are
completely entrapped in an amorphous sheet-like network of
PANI. Fig. 6C shows TEM with EDS analysis of a particular QDs.
A well-dened circular ring shows the perfect mixing of QDs in
the PANI network framework. The average particle size of QDs
as observed from the TEM image was 35 nm.
3.6 X-ray diffraction study

X-ray diffraction study of Zn/Co/AgO QDs decorated PANI NCs
was performed to investigate the detailed structure,
morphology, space group, crystal system, particle size, and cell
parameters. The Rietveld renement method was used to
investigate the ner details of the structure. Fig. 7 shows the X-
ray diffraction pattern of Zn/Co/AgO QDs and Zn/Co/AgO QDs
decorated PANI NCs. The NCs belong to the space group, P121/
RSC Adv., 2022, 12, 24063–24076 | 24067



Fig. 7 X-ray diffraction pattern of ACZQDs (black) and ACZ decorated
PANI NCs (red).

Fig. 8 Corrosion inhibition efficiency of ACZ decorated PANI NCs at
different concentration for MS when exposed to 1 M H2SO4 for 3 h.
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n1 (14) havingmonoclinic structure, having cell parameters, a¼
5.2550, b ¼ 8.5110, and c ¼ 7.9690 Å.49 The miller indices cor-
responding to the highest intensity peak (2q ¼ 25�) was (111) in
NCs and (101) at 2q ¼ 32.3� in QDs. The particle size of NCs
observed from the Scherrer equation was 35 nm corresponding
to the highest intensity peak. The NCs was having some amor-
phous character due to the major fraction of PANI.50
4. Applications of ACZ decorated
PANI NCs
4.1 Anti-corrosive study of ACZ decorated PANI NCs

The anticorrosive activities of NCs were evaluated for MS in
1.0 M H2SO4. MS was dipped in a 1.0 M H2SO4 solution con-
taining NCs of various concentrations for 3 h. The change in
weight of the MS, the corrosion rate (CR) in mpy, and corrosion
inhibition efficiency (CIE) were calculated according to ASTM
standards.51,52 On increasing the concentration of NCs, weight
loss and CR decrease, and CIE increases, as shown in Table 1.
Fig. 8 displays variation in CIE against NCs concentration. CIE
increases linearly with the concentration of NCs. The NCs
Table 1 Weight loss (mg), corrosion rate (mpy), and corrosion inhi-
bition efficiency (%) shown by ACZ decorated PANI NCs for MS in an
acidic medium

Concentration
(ppm)

Weight loss
(mg)

Corrosion rate
(mpy)

% corrosion inhibition
efficiency (CIE)

100 35.8 1163.41 21.4
200 28.2 916.43 38.1
400 23.1 750.69 49.3
600 15.7 510.21 65.5
800 11.3 367.22 75.2
1000 8.2 266.48 82.0
Blank 45.6 1556.8 —
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promise to be a good anticorrosive composite nanomaterial for
MS in an acidic medium.
4.2 Photocatalytic study of ACZ decorated PANI NCs

The photocatalytic activities of NCs on methyl red dye (MRD)
were investigated using UV-visible spectroscopy. Different
concentrations of NCs were exposed to MRD for 150 min using
visible light (sunlight). Fig. 9 shows the photocatalytic proper-
ties of ACZ decorated PANI NCs (100 mg ml�1) on MRD in
visible light over time. The absorbance maxima decrease with
an increase in time (zero to 150 min). The visible absorbance of
NCs as a function of wavelength at different time intervals is
depicted in Fig. 10. The maximum absorbance (Amax) and Ct/Co

decline with time of exposure to the dye (Fig. 10). Aer 150 min,
the Ct/Co ratio drops from 2.233 to 1.95. Aer 30 min, the
highest absorbance was 1.892, and aer 150 min of visible light
exposure, it was 1.66. Hence, ACZ decorated PANI NCs show
a good photocatalytic property in visible light.

4.2.1 Mechanism of photocatalytic property of ACZ deco-
rated PANI NCs against MRD. The enhanced photocatalytic
activity of the NCs is due to the free movement of electrons by
the linear polymeric chain structure of PANI, which has a large
degree of unsaturation, resulting in a greater surface area for
the movement of valence shell electrons. ACZ QDs and PANI
work together to improve the photocatalytic activity of NCs.
Oxygen atoms accept the free electrons in the CB of QDs to
create oxygen-free radicals in NCs. Hydroxide free radicals are
formed when oxygen free radicals react with water vapor. The
photocatalytic performance of NCs is due to these hydroxide
free radicals. Fig. 11 represents the proposed action of the
photo-catalytic property of NCs. The mechanism in the form of
consecutive steps is shown below:

ACZ/PANI NCs + hn / e� present in CB + h+ present in VB
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 10 Photocatalytic activity of ACZ decorated PANI NCs (100 ppm)
on Methyl Red Dye (MRD) with respect to time under visible light
illumination.

Fig. 9 UV-visible absorbance shown by ACZ decorated PANI NCs (100 ppm) with respect to wavelength at different time interval.
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OHc + methyl red (dye) / CO2 + water

h+ + methyl red (dye) / CO2 + water
4.3 PL study of ACZ decorated PANI NCs

The PL investigation of ACZ decorated PANI NCs was done on
HORIBA-JOBIN-FLOUROLOG (HJF) spectro-photometer. An
excitation of 440 nm wavelength and emission of 350 nm was
used for ACZ decorated PANI NCs. Fig. 12 shows PL spectra
(excitation and emission) of ACZ decorated PANI NCs. The
emission intensity was observed against wavelength. The PL
spectra of NCs were used to observe the optimum excitation
wavelength to be used in different organic light-emitting diodes
(OLED).53–55 The optimum excitation wavelength of ACZ deco-
rated PANI NCs was found to be 231 nm.

4.4 Magnetic study of ACZ decorated PANI NCs

The ratio of the degree of magnetization to the applied
magnetic eld (H) is an excellent parameter for evaluating the
magnetic nature of NCs. The Gouy's balance was used to
determine magnetic susceptibility. Fig. 13 depicts the weight
change of NCs as a function of the H2. With an increase in the
magnetic eld, the weight of NCs consistently decreased. This is
due to an increase in the magnetic eld passing through the
sample, which proves that ACZ-decorated PANI NCs were
paramagnetic. This was further supported by the magnetic
susceptibility observed by eqn (2):

c ¼ 2g � Dm

A
�
DH2

� (2)
RSC Adv., 2022, 12, 24063–24076 | 24069



Fig. 11 Mechanism of photocatalytic activity shown by QDs decorated PANI NCs.

Fig. 12 Photoluminescence spectra of ACZ/PANI NCs excited at 440 nm and corresponding emission spectra.

Fig. 13 The change in weight of ACZ decorated PANI NCs against the
square of the imposed magnetic field (H2).

24070 | RSC Adv., 2022, 12, 24063–24076
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The magnetic susceptibility of NCs (c ¼ 0.012) indicates that
the synthesized NCs are paramagnetic. As a result, ACZ-
decorated PANI NCs can be used to make super magnets,
magnetic recording tapes, and USB pen drives.

4.5 Adsorption study of ACZ QDs

In the column chromatography technique, the adsorption
power of ACZ QDs was compared to that of silica gel. By lling
the column with a 3 : 1 ratio of silica gel and ACZ decorated
PANI NCs, we rst investigated the adsorption power of ACZ
decorated PANI NCs. However, dye and PANI caused color
interference. The adsorption power of ACZ QDs combined with
silica gel was then examined. We didn't detect any color inter-
ference here. In ethanol solvent, the column was loaded with
a 3 : 1 ratio of silica gel and ACZ QDs. The column's perfor-
mance was evaluated using methyl red dye. The column was
loaded with silica gel and silica gel + ACZ QDs as shown in
Fig. 14. The methyl red dye ows out of the silica gel column in
30 min (Fig. 14a). The column's adsorption power increases
(200 min) by replacing some fraction of silica gel with ACZ QDs
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 14 Adsorption study of methylene red dye in silica gel (a) and ACZ QDs + silica gel (b) packed column.

Fig. 15 Adsorption mechanism of dye of silica gel + ACZ QDs.

Table 2 Zone of inhibition (mm) shown by six standard antibiotics with
B. subtilis and E. coli

Six standard antibiotics present in Hexa disc

Bacteria TE (25) C (25) P1 AMP 10 S (10) S3 (300)

B. subtilis 23.24 22.03 26.59 10.02 16.19 24.72
E. coli 20.22 13.14 24.06 12.09 16.24 26.27

Table 3 Zone of inhibition in mm (ZOI) shown by ACZ QDs against B.
subtilis and E. coli bacterial strain at different concentrations

Bacterial test
organism

ACZ QDs concentration (ppm)

200 500 800 1000

B. subtilis 7.91 mm 7.96 mm 8.13 mm 8.85 mm
E. coli 11.35 mm 12.08 mm 13.63 mm 16.06 mm
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as compared to a pure silica gel column (Fig. 14b). The small
size and wide surface area of ACZ QDs were responsible for dye
adsorption resulting in an increase in adsorption power. As
a result, a blended silica gel + ACZ QDs column can be used
instead of a traditional silica gel column. Fig. 15 shows
adsorption mechanism of dye of silica gel + ACZ QDs. There is
a possibility of weak electrostatic interaction between nitrogen
and oxygen hetero atoms of dye with highly energetic ACZ QDs.
This increases the time of ow of ethanol solvent through the
column and hence adsorption power of column increases
signicantly by the inclusion of ACZ QDs in the column.
Adsorption science and column chromatography will be revo-
lutionized by the use of QDs in the column.

4.6 Antibacterial study of ACZ QDs

The antibacterial activity of ACZ QDs was investigated using the
Agar well diffusion experiment against two bacterial strains, i.e.,
B. subtilis and E. coli.56 For Gram-negative and Gram-positive
bacteria, the Zone of Inhibition (ZOI) in mm was measured.
The ZOI (mm) of six commercial antibiotics against E. coli and
B. subtilis are shown in Table 2. Table 3 demonstrates the Zone
of Inhibition of ACZ QDs against Gram-positive (B. subtilis) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
Gram-negative (E. coli) bacterial strains. It was discovered that
ZOI increases with QDs concentration. The maximum ZOI
shown by QDs at 1000 mg ml�1 was 8.85 mm and 16.06 mm for
B. subtilis and E. coli, respectively. Fig. 16 shows ZOI of Hexa-
disk as a controlled study on B. subtilis and (b) ZOI at
different concentrations (200, 500, 800, and 1000 ppm) of ACZ
QDs against B. subtilis. Fig. 17 shows (a) ZOI of Hexa-disk as
a controlled study on E. coli and (b) ZOI at different concen-
trations (200, 500, 800, and 1000 ppm) of ACZ QDs against E.
coli. ZOI observed by the QDs was comparable to six commercial
antibiotics. The penetration of silver, cobalt, and zinc oxide QDs
(due to small size) through bacterial protein channels present in
the plasma membrane, damages genetic material, and hence
impedes binary ssion, is the likely mechanism of antibacterial
activity shown by ACZ QDs. Hence, synthesized ACZ QDs could
be used in the eld of antibiotics to treat different bacterial-
borne diseases.
4.7 Thermogravimetric analysis

The thermal stability of ACZ QDs decorated PANI NCs was
checked by the differential scanning calorimetry (DSC). Fig. 18
shows the DSC curve of ACZ QDs decorated PANI NCs. The DSC
RSC Adv., 2022, 12, 24063–24076 | 24071



Fig. 16 (a) Zone of Inhibition (ZOI) produced by six standard antibiotics (Hexa disk) with B. subtilis and (b) Zone of Inhibition (ZOI) shown at
different concentration of ACZ QDs against B. subtilis at 200, 500, 800, 1000 ppm concentrations.

Fig. 17 (a) Zone of Inhibition (ZOI) produced by six standard antibiotics (Hexa disk) with E. coli and (b) Zone of Inhibition (ZOI) shown at different
concentrations of ACZ QDs against E. coli at 200, 500, 800, 1000 ppm concentrations.
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curve of PANI NCs shows one exothermic peak and three
endothermic peaks. The exothermic peak was observed at
a peak temperature of 147.56 �C with an enthalpy change of
235.78 J g�1 having onset and ending temperatures of 125.35 �C
and 152.94 �C, respectively. This exothermic peak corresponds
to the enthalpy of melting (DH ¼ 235.78 J g�1) of ACZ decorated
PANI NCs. The enthalpy of melting of pure PANI is 230.84 J g�1.
This increase in enthalpy of melting of PANI NCs as compared
to pure PANI represents an increase in the thermal stability of
NCs. The rst endothermic peak was observed at a peak
temperature of 231.04 �C with an enthalpy change of 17.93 J g�1

having onset and ending temperatures of 233.62 �C and
242.52 �C, respectively. The rst endothermic peak (231.04 �C)
corresponds to the glass transition temperature (Tg) of PANI
NCs. A slight variation in glass transition of PANI NCs as
compared to pure PANI (188.85 �C) represents an increase in
thermal stability of PANI NCs as compared to pure PANI which
is due to the presence of decorated ACZ QDs in the PANI
framework.57 The second endothermic peak was observed at
a peak temperature of 300.31 �C with an enthalpy change of
34.63 J g�1 having onset and ending temperatures of 280.51 �C
and 314.99 �C, respectively. The third endothermic peak was
observed at a peak temperature of 436.76 �C with an enthalpy
24072 | RSC Adv., 2022, 12, 24063–24076
change of 30.18 J g�1 having an onset and ending temperature
of 352.56 �C and 487.69 �C, respectively.

5. Theoretical (DFT) study

The computational study (DFT) was performed by Gaussian09
and the Material studio package. Fig. 19 shows the HOMO and
LUMO optical bandgap between NCs and was found to be
2.92 eV. The optical band gap was comparable to the UV-visible
study (Eg ¼ 2.75 eV). The HOMO and LUMO tell us the presence
of adsorption sites in the NCs. Fig. 20 depicts van der Waals
surface and Electron Density Distribution per atom of the NCs.
Tables 4 and 5 show the DFT parameters of ACZ/PANI NCs. The
adsorption energy, metal/NCs interaction energy, electro-
chemical potential, soness, and hardness are the important
DFT parameters that help in evaluating the mechanism of
adsorption and inhibition.

The DFT study for ACZ decorated PANI NCs was carried out
by eqn (3)–(10)58–62

Hardness ðglobalÞ; h ¼ ðI � AÞ
2

(3)

Softness ðglobalÞ; s ¼ 1

h
¼ 2

ðI � AÞ (4)
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 19 Lowest unoccupiedmolecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of Zn/Co/AgOQDs decorated PANI NCs
[iso-surface: colored; density/ SCF (self-consistent field); potential/ Coulomb potential SCF; iso-value¼ 0.05, iso-value range¼�0.1 to 0.1;
spin ¼ a].

Fig. 18 Differential Scanning Calorimetric (DSC) study of ACZ QDs decorated PANI NCs.
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Electrochemical potential; c ¼ ðI þ AÞ
2

(5)

Fraction of e� transferred; DN ¼ ðcFe � cInhÞ
2� ðhFe � hInhÞ

(6)
© 2022 The Author(s). Published by the Royal Society of Chemistry
Adsorption energy; EAd ¼ Es�x � ðEs þ ExÞ
n

(7)

The work function; D4 ¼ �ðfFe � cInhibÞ2
4ðhFe þ hInhibÞ

(8)
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Fig. 20 Electron density distribution (EDD) and van der Waals surfaces per atom of Zn/Co/AgO decorated PANI NCs [iso-surface: colored;
density / SCF (self-consistent field); potential / Coulomb potential SCF; iso-value ¼ 0.05, iso-value range ¼ �0.1 to 0.1; spin ¼ a].

Table 4 Computational parameters of ACZ decorated PANI NCs by Gaussian09 program. The standard basis set used B3LYP, and exchanged
functional 6-31G(d) (6D,7F)

DE (eV) I (eV) A (eV) c (eV) h (eV) s (eV�1) DN (eV) EAd (kJ mol�1) u+ (au) u� (au) DJ (�eV)

2.92 6.23 3.21 4.72 1.46 0.68 1.113 5.32 0.127 0.142 0.412

Table 5 Computational parameters of ACZ decorated PANI NCs observed by the Gaussian09 program. Standard basis set: B3LYP, and Exchange
functional: 6-31G-d(6D,7F)

Dipole
moment
(D)

Quadrupole
moment
(xy axis)

KE of
symmetry
A0

Molecular
mass
(amu)

Internal
energy,
E
(thermal)
kcal mol�1

Heat
capacity,
CV (cal mol�1 K�1)

Entropy,
S (cal
mol�1

K�1)

Thermal
correction
to E (Hartree
per particle)

Thermal
correction
to enthalpy,
H (Hartree
per
particle)

Thermal
correction
to
G (Hartree
per
particle)

0.0012 �34.31 1.037 � 103 108.047 84.37 22.62 81.64 0.231 0.246 0.147
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Electron accepting power; u� ¼
�
3I þ A2

�

16ðI � AÞ (9)

Electron releasing power; uþ ¼
�
I þ 3A2

�

16ðI � AÞ (10)

Signicant internal energy, heat capacity, and entropy shows
that the ACZ decorated PANI NCs are highly energetic and
hence possess a strong affinity for adsorption on MS (Table
5).63–65 The same was conrmed by high electrochemical
potential, global hardness, and soness parameters (Table 4).
Signicant adsorption energy (5.32 kJ mol�1), electron
releasing, and electron-donating capacity proves a strong
24074 | RSC Adv., 2022, 12, 24063–24076
coordinate bond with MS which in reverse donate its pp elec-
trons to vacant d-orbitals of Fe (MS). A similar study was
observed in the weight loss study, i.e., CIE increases with the
concentration of NCs which signies an increase in adsorption
power with NCs concentration.
6. Conclusions

In situ approach was adopted for synthesizing ACZ QDs deco-
rated PANI NCs. The ACZ QDs and ACZ decorated PANI NCs
were characterized by TEM, FESEM, FTIR, UV, DSC, Raman, and
XRD techniques. Seven applications i.e., adsorption, magnetic,
photocatalytic, conducting, antibacterial, heat resistive, and
anticorrosive properties of QDs decorated PANI NCs were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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explored. The NCs show a maximum of 82% CIE for MS. The
optical band observed from UV and computational techniques
were comparable. The antibacterial properties of the ACZ QDs
were found comparable to six commercial antibiotics. The
adsorption power of a column packed with ACZ QDs increases
six times to a pure silica gel-packed column. The magnetic
susceptibility of ACZ decorated PANI NCs (c ¼ 0.01221) indi-
cates that the synthesized NCs are paramagnetic. The thermal
stability of ACZ decorated PANI NCs was investigated by the
DSC technique. The PANI NCs show very good thermal stability
and hence can act as heat resistive material. The ACZ decorated
PANI NCs show very good anticorrosive, photocatalytic, thermal
stability, antibacterial, electrical conductivity, paramagnetic,
and adsorptive material. Hence, the synthesized NCs have huge
potential in different elds like magnetic storage tapes, anti-
corrosive agents, photocatalytic agents (purication of impure
water by degrading organic pollutants), electronic devices, and
antibacterial for curing disease, catalytic convertors, thermally
stable nanomaterials.
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