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dot decorated polypyrrole
nanocomposites as a flexible, conducting,
anticorrosive and antibacterial agent: sustainable
experimental and theoretical approach†

Harish Kumar, *a Manisha Luthra,b Manisha Punia,b Pawanvir Kaurb

and Ramesh Kumarc

Self-assembled cobalt oxide quantum dots (QDs) were prepared by the inverse micelle technique.

Polypyrrole (PPy) was synthesized by the chemical-oxidative method. Co3O4 QD-based PPy

nanocomposites (NCs) were prepared by an in situ method. The Co3O4 QDs, PPy, and Co3O4@PPy NCs

were characterized by TEM, FTIR, X-ray diffraction, and UV-visible techniques. The size of Co3O4 QDs,

PPy, and Co3O4@PPy NCs was obtained by powder XRD and TEM methods. Computational (DFT) and

adsorption (Langmuir and Henry) studies were carried out to support experimental data. Co3O4@PPy

NCs show a maximum of 81.58% protection to mild steel in an acidic medium. The antibacterial activity

of Co3O4@PPy NCs was comparable to that of Hexa disk (standard antibiotics). The Co3O4@PPy NCs

were proven to be flexible, conducting, corrosion inhibiting, and possess antibacterial properties. The

NCs find applications in soft electronics, the pharmaceutical industry, corrosion inhibitors for metals and

their alloys, and flexible (moldable) display devices for sustainable developments.
Sustainability spotlight

This manuscript entitled “Co3O4 quantum dots decorated polypyrrole nanocomposites as a exible, conducting, anticorrosive and antibacterial agent:
sustainable experimental and theoretical approach” describes a study pertaining to different approaches toward greener synthesis, and novel application of
conducting polymer-based nanocomposites towards conducting, protective, antibacterial, and energy efficient nanomaterials for the sustainable development
of the society. It will prove benecial for the researchers working in the elds of quantum dot decorated conducting polymers, nanocomposites, computational
chemistry, protecting the surface of metals and their alloys from corrosion, and antibacterial activity. This paper provides scientic advancements made in the
eld of conducting polymer-based nanocomposites and will prove highly benecial in designing new nanomaterials with a wide range of applications such as
protecting the surface of metals from corrosion, highly conducting energy efficient devices and a healthy life. Emphasis has been given to understanding the
nature and mechanism of action of nanocomposites in preventing corrosion of metals and their alloys both by theoretical and experimental techniques. This
study provides new insights into the discovery of new nanomaterials as acid corrosion inhibitors for protecting the surface of metals (protecting our envi-
ronment, minimizing losses due to corrosion), conducting exible nanomaterials (energy efficient nanomaterials), and antibacterial agents (healthy disease-free
life). We believe that our nding advances the understanding of the synthesis, designing, characterization, and application study of conducting polymer-based
nanocomposites both by experimental and theoretical techniques at room temperature.
1. Introduction

Self-assembled quantum dots (QDs), conducting polymers (CPs)
such as polypyrrole (PPy), and their nanocomposites (NCs) can
change the world due to their unique properties like exibility,
conductivity, mechanical strength, porous nature, etc.1–3 QDs nd
applications in different elds, that is, sensing (chemical, bio-
logical, piezoelectric, and optical sensors), energy harvesting
devices (super and hybrid capacitors, rechargeable batteries),
of Haryana, Mahendergarh, 123 029,
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the Royal Society of Chemistry
phosphor nanomaterials, semiconducting devices, MEMs (micro-
electronic mechanical devices), transistors, diodes, photo-anodes,
etc.4–9 The optical, electrical, mechanical, and chemical properties
of QDs depend largely on the particle size, nature of the transition
metal (1st, 2nd, and 3rd-row transition series), and synthetic
conditions such as heating temperature, nucleation and seedling
time, etc.8–10 CPs such as PPy have emerged as important nano-
materials over the last few decades owing to their unmatched
properties such as good conductivity, high surface area to volume
† Electronic supplementary information (ESI) available: Fig. S1–S5 and Tables
S1, S2. See DOI: https://doi.org/10.1039/d2su00104g
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ratio, high environmental stability, exibility, and brous (thread-
like) structure. QDs when combined with CPs may result in
synergistic effects in their properties. QDs@PPy NCs may nd
applications in different elds such as energy harvesting devices,
hybrid and super-capacitors, sensors, purication (due to its
porous and brous nature), and adsorption science.10–12 Au
nanoparticle-based PANI NCs were investigated as photocatalysts
for the degradation of organic dyes.1 CP-based NCs were tested as
anode electrodes in amperometric sensors.2 Fe2O3-based PANI
NCs were found to have magnetic properties with high magnetic
moments.3 Another research group has reported the photo-
catalytic activity of zinc oxide copolymer-based NCs.4 Wang et al.
have investigated ZnO/WO4 NCs as a photocatalytic material,5

Jiang et al. have investigated ZnO/WO4 NCs as a photocatalytic
and photo-luminescent material,6 Yose and Haghighi have re-
ported p-NiO/p-BiO NCs as a photocatalytic material under visible
light,7 Anitha et al. have reported the NiO/CdO composite as an
antibacterial and photo-conducting material,8 Kumar et al. have
studied CuO/ZnO/NiO@rGO NCs as an optoelectronic and
corrosion retarding nanomaterial,9 Kumar et al. have reported
CuO/NiO/ZnO@PANI NCs as a re retarding and anticorrosive
nanomaterial,10 Zhang et al. have investigated CoO/Co3O4 NC
array sheets for hybrid super-capacitors for ultra-high perfor-
mance,11 Ren et al. have reported Co@PANI NCs as a hierarchical
nanocage structure for use in super-capacitors,12 and Ma et al.
have investigated CoO@PPy nanorod arrays for tailorable super-
capacitors.13 Monfarad and Jamshidi have investigated TiO2/PANI
NCs as a photocatalyst used in paints for the elimination of
benzene in visible light.14 Zhang et al. reported the photocatalytic
properties of TiO2@ PANI NCs for the degradation of organic dyes
aer 60 h of ultraviolet irradiation,15 and Sarmath and Kumar
investigated the photocatalytic application of TiO2/PANI NCs for
Malachite Green (MG) dye in UV light.16 Nerkar et al. studied ZnO/
PANI NCs for the purication of impure water by the degradation
of MO dye from untreated water.17

In connection with earlier work,9,10,18–21 here we focus on the
synthesis, and novel applications of Co3O4 QDs, PPy CPs, and
Co3O4@PPy NCs. Experimental, computational (DFT), and
adsorption (Langmuir and Henry) techniques were used to
support our results. First time we are reporting Co3O4@PPy NCs
as exible, conducting, antibacterial, and anticorrosive material.
Dilute HCl is used in different industrial applications such as
acidication of oils, acid cleaning, acid pickling, processing of
minerals and ores, the metallurgical process of CaCl2, food pro-
cessing, etc. Thats why we selectedHCl acid as corrodingmedium.
Mild steel is widely used in industry for making bodies of water
tanks, grain tanks, trunks, railway compartments, bodies of ships,
engine parts, etc. The mechanism of corrosion inhibition against
mild steel and antibacterial activity was investigated in detail. This
paper will open new dimensions in the eld of QDs and PPy-based
nanocomposites for multifunctional applications and sustainable
developments.

2. Materials and methods

CuCl2$6H2O (98%) was obtained from Sigma-Aldrich. Hydro-
chloric acid (37%) was obtained from Merck Sci. Ltd.
524 | RSC Sustainability, 2023, 1, 523–534
NH2NH2$H2O (98%) was procured from Sigma Aldrich. Hexa G-
plus 6 disk (HX022-1PK) was procured from Hi-Media Ltd. The
six standard antibiotics present in Hexa disk were: TE-25
(Tetracycline 25 mcg), C-25 (Chloramphenicol 25 mcg), P-1
(Penicillin-G), AMP-10 (Ampicillin 10 mcg), S-10 (Streptomycin
10 mcg) and S3-300 (Sulphatrid 300 mcg). The mild steel (IS-
2062-Fe-350 grade) was obtained from the steel market of Sirsa
(Haryana). The composition of MS used in corrosion experi-
ments is: C = 0.19; Si = 0.35; P = 0.2; Ni = 0.01; S = 0.05; Mn =

0.42; Cu = 0.01; Cr = 0.01% and Fe = rest. Double distilled
water (conductivity, K = 1.01 mS m−1) was used for making
solutions and washing purposes.

2.1 Synthesis of Co3O4 QDs

The inverse micelle method was used for the synthesis of Co3O4

QDs. 100 ml solution of 0.5 M CoCl2$6H2O was prepared in
acidied water (0.1 M HCl). A 100 ml binary mixture of cyclo-
hexane and water was prepared in a ratio of 1 : 9. 1% PVP and
Triton-X-100 surfactant were added to this binary mixture to
homogenize it. This binary mixture containing PVP and Triton-
X-100 was slowly added to CoCl2 solution with continuous
stirring. NH2NH2$H2O was slowly added to this reaction
mixture followed by tetrahydrofuran (THF) to completely break
down the inverse micelle. The resulting precipitate was
repeatedly washed with water and acetone and then dried for 12
h in an electric oven maintained at 100 °C.

2.2 Synthesis of CPs, PPy

50 ml of aniline monomer was used as a precursor for initiating
polymerization in the presence of sodium-lauryl-sulfate (SLS)
and acidied iron chloride (an oxidant) with continuous stirring
at 600 rpm. In 50 ml aniline, 1.0 M solution of SLS and FeCl3
was added dropwise with continuous stirring at 600 rpm. The
reaction temperature was kept at 4 °C by keeping the reaction
mixture on a crushed ice bath. The gel formed was monitored
for 6 h. Double distilled water, 1.0 M HCl and C2H5OH solvent
were used successively for washing the products. The product
obtained was dried in a vacuum oven maintained at a constant
temperature of 70 °C for 12 h. The product was stored in
a desiccator supported over silica gel.

2.3 In situ synthesis of Co3O4@PPy NCs

Co3O4 metal QDs synthesized by the inverse micelle technique
were added in a 1 : 2 molar ratio in the pyrrole monomer solu-
tion. Chemical oxidative polymerization of PPy CPs was carried
out in the presence of Co3O4 QDs. The temperature of the
reaction mixture was set at 4 °C. The surfactant SLS and oxidant
AlCl3 were added to initiate the polymerization process. The
products obtained were washed and dried in a vacuum oven.

The gravimetric experiments for the corrosion study were
performed in 0.1 M hydrochloric acid in the presence of 100 to
1000 ppm concentrations of Co3O4@PPy NCs. MS sheets were
polished mechanically using sandpaper (150 to 800 grade).22,23

The American standard test method (ASTM-D-2688) was adopted
to estimate the corrosion rate (CR).24 The MS specimens aer
mechanical polishing were exposed to 0.1MHCl solution for 24 h.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DFT parameters for Co3O4@PPy NCs at STP. Basis set: B3LYP, functional: 6-311G(+)(d,p)a

EHUMO (−eV) ELUMO (−eV) DE (eV) I (eV) A (eV) c (eV) h (eV) s (eV−1) DN (eV) EAd (kJ mol−1) u (au) u+ (au) u− (au) DJ (−eV) PA (eV)

5.453 3.023 2.43 5.453 3.023 4.238 1.215 0.823 1.744 6.72 4.12 × 10−5 0.845 0.656 0.512 −0.211

a Abbreviations; DE: energy difference, I: ionization energy, A: electron affinity, c: electrochemical potential, h: global hardness, DN: max. charge
transfer, EAd: adsorption energy, u: electrophilicity, u+ and u−: electron accepting and donating power, DJ: metal NC interaction energy, PA:
proton affinity.
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Aer 24 h, the MS specimens were washed initially with tap water,
dried, and then wiped with acetone. Easily removable corrosion
products were removed with a rubber cork. The difference in the
initial and nal weights of theMS before and aer exposure to the
corroding solution was accurately weighed. The inhibition effi-
ciency (IE) to prevent corrosion was found using CR(blank) and
CR(inhibitor).25,26 The electrochemical polarization experiments
were carried out using a PGSTAT 128N Autolab Potentiostat/Gal-
vanostat. The Nova 1.2 soware was used to run the electro-
chemical polarization experiments in anodic and cathodic
directions. The open circuit potential (OCP) was measured before
initiating the polarization experiments. The coating thickness and
pore length were measured using Meta Plus soware provided
with a Getner, Japan metallurgical microscope.

The optical band gap (direct and indirect) was obtained from
Tauc plots (Fig. S2, ESI†). The absorbance of QDs, PPy, and NCs
was obtained from a Shimadzu UV-2600 spectrophotometer,
Japan. The QDs, PPy and NCs were dispersed in ethanol for 30
min with the help of an ultrasonic bath before measuring the
absorbance in the UV-visible spectrophotometer.

The direct and indirect bandgaps of Co3O4 QDs, PPy and
Co3O4@PPy NCs (Fig. S2, ESI†) were obtained from Tauc plots,
eqn (1).

ahn = B(hn − Eg)
n (1)

The absorption coefficient (a) was obtained from the Lambert–
Beer law. The value of n is 1

2 for the indirect band gap and 2 for the
direct band gap. A linear relationship between (ahn)1/2 and hn
(indirect band gap) and (ahn)2 and hn (direct band gap) was
observed for Co3O4 QDs, PPy and Co3O4@PPy NCs.

FTIR spectra were obtained using the Bruker alpha model,
Germany.

An antibacterial study of Co3O4@PPy NCs was carried out
against Escherichia coli (Gram-negative) and Staphylococcus epi-
dermidis (Gram-positive) using the Agar-Well-Assay technique.27–29

The bacterial cultures of E. coli and S. epidermidismicroorganisms
were grown in a Petri dish kept in a laminar ow chamber. A
metal steel borer was used for creating well in the culture for the
addition of different concentrations of NCs. The Zone of Inhibi-
tion (ZoI) was observed for both Gram +ve and−ve bacteria. Hexa
disc (standard antibiotics) was selected as a reference for Co3-
O4@PPy NCs.

The theoretical (DFT) technique was used on Co3O4@PPy
NCs with Gauss View 5.0 and Gaussian-09W.30–32 Table 1 depicts
Mulliken atomic charges of Co3O4@PPy NCs. Table 2 depicts
a occupied and a unoccupied MO coefficients of Co3O4@PPy
© 2023 The Author(s). Published by the Royal Society of Chemistry
NCs. Table 3 depicts computational parameters for Co3O4@PPy
NCs observed from Gaussian 09W. The basis set selected was
B3LYP and the functional was 6-311G(+)(d,p). The structure of
Co3O4@PPy NCs was drawn with the help of Gauss view 5.0
soware. The minimum energy, optimization and frequency
study was carried out for Co3O4@PPy NCs by Gaussian-09W.
Table 4 depicts DFT data for Co3O4@PPy NCs. Fig. 1 displays the
structure of PPy, EDD of PPy, and van der Waals surface of PPy.
Fig. 2 displays the structure of PPy, and LUMO, and HOMO of
PPy. The spectral, structural, interaction, chemical, and ther-
modynamic parameters were obtained using eqn (2)–(13).33–37

Chemical potential; c ¼ ðI þ AÞ
2

(2)

Hardness ðglobalÞ; h ¼ ðI � AÞ
2

(3)

Softness ðglobalÞ; s ¼ 1

h
¼ 2

ðI � AÞ (4)

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

(5)

Electrophilicity; u ¼ m2

2h
(6)

Charge transfer max:; DNMax: ¼ I þ A

2ðI � AÞ (7)

Adsorption energy; EAd ¼ Es�x � ðEs þ ExÞ
n

(8)

Electron releasing; uþ ¼
�
I þ 3A2

�
16ðI � AÞ (9)

Electron accepting power; u� ¼
�
3I þ A2

�
16ðI � AÞ (10)

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

(11)

Back-donation energy; D3BD ¼ �h

4
(12)

Proton affinity, PA = Epro − (Enon pro + EH+) (13)
RSC Sustainability, 2023, 1, 523–534 | 525
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3. Results and discussion

The optical study of QDs, PPy, and Co3O4@PPy NCs helps in
evaluating the band gap, Eg (direct and indirect). p-XRD, TEM,
FT-IR, and metallurgical microscopy give information about
nanomaterials such as their size, shape, structure, surface
defects, functional group, donor and acceptor sites, etc. This
information helps in the understanding and identication of
new corrosion inhibitors for metals and their alloys. Surface
studies like TEM and metallurgical microscopy help in under-
standing the nature of corrosion.

Fig. S1 (ESI†) displays UV-visible absorption spectra of Co3O4

QDs, PPy, and Co3O4@PPy NCs. Fig. S2 (ESI†) depicts the Tauc
plots (indirect and direct) for Co3O4@PPy NCs. The Tauc plots
were used to calculate the indirect and direct band gap (Eg). The
Tauc relationship is given in eqn (1).

The absorption was observed at 339.6 nm in Co3O4 QDs
(Fig. S1†). The direct and indirect band gaps (Eg) of Co3O4 QDs
obtained from the Tauc plot were 2.3 and 2.7 eV, respectively
(Fig. S2†). PPy shows absorption peak at 329.4 nm. The direct
and indirect band gaps of PPy were 3.07 and 3.1 eV, respectively
(Fig. S2†). The maximum absorption for Co3O4@PPy NCs
(Fig. S1(C)†) was seen at 327.1 nm. The corresponding direct
and indirect band gaps of Co3O4@PPy NCs were 2.6 and 2.55 eV,
respectively. Hence, a slight decrease in both direct and indirect
band gaps was observed as we moved from PPy to Co3O4@PPy
NCs. It will result in an increase in the electrical conductivity of
Co3O4@PPy NCs by the inclusion of Co3O4 QDs.

Fig. S3(A)† shows the FT-IR spectra of Co3O4 QDs. The
absorption peaks observed in the ngerprint region at 561.4
cm−1 were due to Co–O stretching vibrations. The peak
observed at 660 cm−1 represents tetrahedral coordinated cobalt
ions.38 Fig. S3(B)† shows the FT-IR spectra of PPy. The peak at
2980.1 cm−1 was due to –C–H stretching. The peaks at 1580
cm−1 and 1500 cm−1 are due to the aromatic ring of PPy. The
characteristic PPy N—Q—N peak was observed at 1130
cm−1.39,40 Fig. S3(C)† depicts FT-IR spectra of Co3O4@PPy NCs.
The C–N stretching vibration shows the presence of the 2°
aromatic amine (NH) at 1344.2 cm−1. The presence of bands at
1433.90 and 1617.86 cm−1 conrms the presence of an alternate
conducting and non-conducting phase of PPy. The peak at
3373.14 cm−1 is due to N–H stretching.41

Fig. S4(A)† depicts the powder XRD of the Co3O4 QDs. The p-
XRD shows peaks at 2q of 18.7 (111), 31.21 (220), 35.87 (311),
43.23 (400), 59.41 (511), and 63.23 (440).42–44 The indexing
pattern proves the simple cubic structure of Co3O4 QDs with
unit cell dimensions A = B = C = 7.24 Å and corresponding
space group Fd3m (JCPDS 76-1802, 073-1701). p-XRD shows
characteristic peaks of the Co3O4 cubic spinel structure.45

The size of Co3O4 QDs recorded from the Scherer equation�
d ¼ 0:9� l

b cos q

�
was 21 nm.46

Three decades ago, CPs were considered to be amorphous. It
is only aer the discovery of p-XRD that CPs were considered to
be semi-crystalline in nature.47,48 In the last decade, the crys-
talline form of PPy was synthesized.49–51
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Weight loss, CR, and IE (%) of Co3O4@PPy NCs at different concentrations by the gravimetric method at 25 °C in 0.1 M HCl

Concentration
(ppm)

Average weight
loss (mg)

Standard deviation
(sd)

Precision in weight
measurement

Corrosion rate
(mpy) IE (%) q

Blank 55.4 0.1 55.4 � 0.1 1105.51 — —
100 35.3 0.2 35.3 � 0.2 704.41 36.28 0.36
200 22.7 0.1 22.7 � 0.1 452.98 59.02 0.59
400 17.1 0.2 17.1 � 0.2 341.23 69.13 0.69
600 13.6 0.1 13.6 � 0.2 271.39 75.45 0.75
800 11.4 0.1 11.4 � 0.1 227.48 79.42 0.79
1000 10.2 0.1 10.2 � 0.1 203.54 81.58 0.81

Table 4 Coating thickness, percentage porosity, and pore length (PL)
of blank and Co3O4@PPy NC treated MS coupons

Concentration
(ppm)

Coating thickness
(mm)

Percentage
porosity

Pore length
(mm)

Blank 43.6 92.54 191.6
100 51.3 71.5 164.5
200 78.4 57.6 137.4
400 85.7 41.4 92.8
600 115.5 34.7 73.6
800 143.6 28.6 53.5
1000 161.2 14.9 11.7
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Fig. S4(B) and (C)† show the p-XRD of PPy, and Co3O4@PPy
NCs. PPy depicts peaks at 2q of 18.4° (111) and 24.3° (210). A
very small shi in 2q was seen due to scattering from PPy to
vacant sites (voids). Fig. S4(C)† shows the p-XRD of in situ
polymerization of Co3O4@PPy NCs, which results in interfacial
interactions of PPy with Co3O4 and hence deformation in the
shape of Co3O4 QDs.52 The size observed from p-XRD (Scherer
relationship) was 32.5 nm.
Fig. 1 PPy NCs, electron density distribution (EDD), and van der Waals s

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. S5(A)† depicts the TEM image of Co3O4 QDs. The Co3O4

QDs were seen to be agglomerated together because of the very
small size of the inverse micelle. The particle size seen from the
TEM was in close agreement with the size observed from p-XRD
which is 25 nm. Fig. S5(B)† shows the sheet-like structure of
PPy. It was observed that the oxalic acid (organic precursor)
changed into electronically conductive C during pyrolysis.53 The
TEM depicts an average particle size of 30.2 nm of PPy. A exible
sheet-like semi-amorphous structure of PPy CPs was visible in
the TEM image. Hence, these PPy-based NCs can be used in
soer electronic devices like display panels in mobile phones
and laptop screens.

Fig. S5(C) and (D)† show the sheet-like structure of Co3-
O4@PPy NCs. The NCs show molecular aggregates of QDs
completely entrapped in the polymer matrix of PPy. The vacant
sites present in the porous structure of PPy enable the entrap-
ment of Co3O4 QDs in the NCs.54–56 The globular shaped Co3O4

QDs were completely entrapped in the NCs. The TEM image
reveals the average size of NCs to be 30–40 nm. A close agree-
ment in average particle size was observed between p-XRD and
TEM techniques.
urfaces of Co3O4@PPy NCs.
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Fig. 2 PPy NCs, LUMO, and HOMO of Co3O4@PPy NCs.
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3.1 Theoretical study

The density functional theory (DFT) provides information on
the possible interaction between the PPy NCs andmetal surface,
interfacial arrangement at NCs/MS, surface information of
PPy@Co3O4 NCs, and structural arrangement of molecules. The
information obtained from DFT includes PPy NCs and MS
interaction, physical, chemical, and physicochemical parame-
ters, electrochemical affinity, HOMO and LUMO energy gap,
adsorption locator energy, soness and hardness, Fukai func-
tion, etc. Tables S1 and S2,† Tables 1 and 2, Fig. 1 and 2 depict
data obtained from a theoretical study. Table S1† depicts
Fig. 3 The IE (%) versus concentration of Co3O4@PPy NCs after
exposing MS to 0.1 M HCl at NTP.

528 | RSC Sustainability, 2023, 1, 523–534
Mulliken charges per atom of Co3O4@PPy NCs. Mulliken charge
was more on 5th and 11th N atoms that is, 0.6451 which indi-
cates that N atoms act as adsorption sites of Co3O4@PPy NCs for
adsorption on the top layer of Fe atoms of MS. Table S2† depicts
a occupied and virtual eigenvalues MO coefficients of Co3-
O4@PPy NCs. The energy values of Co3O4@PPy NCs give the
energy gap (Eg) between LUMO and HOMO31–33 (Fig. 2). The
energy of the HOMO of Co3O4@PPy NCs was greater than that of
the LUMO and therefore more suitable for physical adsorption
on MS. Tables 3 and 4 depict results of the theoretical (DFT)
study. The signicant chemical potential (4.238 eV), global
hardness (1.215 eV), and adsorption energy (6.72 kJ mol−1)
show the high ability of adsorption of PPy NCs on the MS. The
signicant nucleophilic character (electron donation power)
suggests the excellent ligand character of PPy NCs. The appre-
ciable E, S, and CV indicate that the PPy NCs are thermody-
namically unstable and hence chemically very reactive and
possess high ability for interacting with the metal substrate
(Table 4). Fig. 1 depicts the van der Waals surface and EDD of
Co3O4@PPy NCs. The appreciable electron density contour on
the 5th and 11th N atoms and large van der Waals surfaces at C
atoms of the aromatic ring make these NCs t for adsorption.36

Fig. 2 depicts the HOMO and LUMO of Co3O4@PPy NCs. The
energy gap (Eg) between the LUMO and HOMO was 2.43 eV
which is comparable to the band gap obtained from Tauc plots
of UV-visible spectroscopy (Fig. S2†). Hence, theoretical and
experimental studies complement each other.
3.2 Anticorrosive properties of Co3O4@PPy NCs

Anticorrosive properties of QD decorated Co3O4@PPy NCs were
observed for MS in 0.1 M HCl at NTP. Table 3 shows the
corrosion data obtained from the gravimetric study. Fig. 3
depicts a change in IE (%) with Co3O4@PPy NC concentrations.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Metallurgical images of blank and Co3O4@PPy NC treated MS coupons.

Table 5 Electrochemical polarization data of Co3O4@PPy for MS in 0.1 M HCl at room temperature

Inhibitor Cinh (ppm) Ecorr (VSCE) ba (V dec−1) bc (V dec−1) icorr (mA cm−2) CR (mpy) IE (%)

Blank — −0.472 0.085 −0.249 51.77 23.65 —
50 −0.469 0.059 −0.311 28.75 13.12 43.9
100 −0.432 0.054 −0.245 16.61 7.59 68.1

NCs 200 −0.472 0.048 −0.184 5.54 2.53 89.4
500 −0.479 0.042 −0.168 4.22 1.93 91.8
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A direct relationship was seen between IE (%) and Co3O4@PPy
NC concentration.13 A maximum of 81.58% IE was observed at 1
× 103 ppm concentration. The IE (%) shown by Co3O4@PPy NCs
was higher than that of rGO@MO NCs as CI for MS,9 PANI@MO
NCs as CI for MS in an acidic solution,10 Allium sativum as an
environment-friendly CI for MS,35 pyrazole derivatives as acidic
CI for steel,36 and Schiff base as the CI for MS.37 The
© 2023 The Author(s). Published by the Royal Society of Chemistry
metallurgical microscopy technique was used for the surface
study of the MS surface. Fig. 4 depicts metallurgical images of
MS coupons aer a gravimetric study. The surface of MS
becomes smoother with a rise in Co3O4@PPy NC concentration.
The magnitude of cracks and pits declines with Co3O4@PPy NC
concentration. The coating thickness increases from 51.3 to
161.2 mm. The percentage porosity decreases from 92.54% to
RSC Sustainability, 2023, 1, 523–534 | 529
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Table 6 ZoI (mm) shown by Hexa disk (standard antibiotics) against S.
epidermidis and E. colia

Hexa disc

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

S. epidermidis 19 17 15 NS 23 NS
E. coli 11 9 NS NS 13 NS

a The six standard antibiotics present in Hexa disk were: TE-25
(Tetracycline 25 mcg), C-25 (Chloramphenicol 25 mcg), P-1 (Penicillin-
G), AMP-10 (Ampicillin 10 mcg), S-10 (Streptomycin 10 mcg) and S3-
300 (Sulphatrid 300 mcg).

Fig. 5 Polarization curves of Co3O4@PPy NCs for mild steel in 0.1 M
HCl at different concentrations.
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14.9% with the concentration of NCs. Pore length decreases
from 191.6 mm to 11.7 mm at 100 ppm concentration. This
supports the formation of a uniform lm of inhibitor molecules
whose thickness increases with the Co3O4@PPy NC
concentration.23–26 Table 4 depicts the porosity (%), the thick-
ness of the lm (mm), and pore length (mm) recorded using
Meta-plus soware. The porosity (%) and length of pores
Fig. 6 ZoI shown by Hexa disk (standard antibiotics) with S. epidermidis

530 | RSC Sustainability, 2023, 1, 523–534
decrease and the thickness of the lm shoots up with Co3-
O4@PPy NC concentrations.

Table 5 shows the results of electrochemical polarization
experiments performed in the presence of different concentra-
tions of Co3O4@PPy NCs. Fig. 5 shows electrochemical polari-
zation curves (Tafel slopes) of Co3O4@PPy NCs in 0.1 M HCl
solution. The maximum IE (%) was 91.8% at 500 ppm of Co3-
O4@PPy NCs. The CR and corrosion current density (icorr)
decrease and IE (%) increases with Co3O4@PPy NC concentra-
tion. Ecorr remains almost constant on addition of Co3O4@PPy
NCs in the corroding solution.
3.3 Antibacterial study of Co3O4@PPy NCs

The antibacterial properties of Co3O4/PPy NCs were investigated
against E. coli and S. epidermidis using the agar–agar method.
The average ZoI (mm) in different directions was observed for
both gram −ve and +ve bacteria. Table 6 displays the ZoI in mm
of Hexa disk against S. epidermidis and E. coli. Table 6 displays
ZoI shown by Co3O4@PPy NCs against Gram +ve (S. epidermidis)
and Gram −ve (E. coli) bacteria. Fig. 6 depicts the ZoI produced
by Hexa disk in bacterial strain. Fig. 7 depicts the ZoI at
different Co3O4@PPy NC concentrations. The ZoI rises with the
concentration of Co3O4@PPy NCs. The two standard antibiotics
present in Hexa disk that is Ampicillin 10 mcg and S3-300
(Sulphatrid 300 mcg) do not show any antibacterial activity for
both E. coli and S. epidermidis. Three other antibiotics, that is,
TE-25 (Tetracycline 25 mcg), C-25 (Chloramphenicol 25 mcg),
and P-1 (Penicillin-G) show very less antibacterial activity. The
maximum ZoI observed in the case of Streptomycin-10 mcg (S-
10) antibiotic of Hexa disk was 13 mm and 23 mm for E. coli and
S. epidermidis, respectively. The Co3O4@PPy NCs show
a maximum ZoI of 18 and 16 mm for E. coli and S. epidermidis,
respectively at 1200 mg ml−1 which is higher than that of ve
standard antibiotics present in Hexa disk. The ZoI of Co3O4@-
PPy NCs is almost comparable to that of S-10 from the Hexa disk
which shows the maximum ZoI. The ZoI and antibacterial
properties of Co3O4@PPy NCs were higher than those of
nanomaterials reported in the literature, that is, NiO@CdO NCs
against K. pneumonia and S. aureus8 and silver oxide NPs against
E. coli.26 The proposed mechanism is due to the production of
toxic Reactive Oxygen Species (ROS), i.e., peroxides and OHc
(A) and E. coli (B).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 ZoI shown by Co3O4@PPy NCs against S. epidermidis (A) and E. coli. (B). ZoI at 100 mgml−1 (a), 200 mgml−1 (b), 300 mgml−1 (c), 400 mg
ml−1 (d), 600 mg ml−1 (e), 800 mg ml−1 (f), 1000 mg ml−1 (g) and 1200 mg ml−1 (h) against S. epidermidis and E. coli, respectively.

Fig. 8 Log CR (mpy) versus 1000/T for MS in Co3O4@PPy NCs.

Table 7 ZoI (mm) of Co3O4@PPy NCs against Gram +ve (S. epi-
dermidis) and Gram −ve (E. coli) bacteria at different concentrations

Co3O4/PPy NCs
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radicals formed under ordinary light. First of all, electrons and
holes are generated from metal Co3O4 QDs. Free electrons
combine with dissolved oxygen in the water and change into
toxic ROS, i.e., superoxide radicals. Holes combine with
hydroxyl ions of water molecules to change into hydroxyl free
radicals. The toxic ROS and hydroxyl free radicals enter the
bacterial cell through protein channels and damage multiple
cellular organelles hence leading to the killing of bacteria.27,28
Bacterial test organism

Sample concentration (mg ml−1)

100 200 300 400 600 800 1000

S. epidermidis 5 8 10 10 14 15 16
E. coli 3 4 6 11 12 14 18
3.4 Adsorption and kinetics study

The thermodynamics, kinetics, and adsorption studies of Co3-
O4@PPy NCs for adsorption on theMS surface were investigated
© 2023 The Author(s). Published by the Royal Society of Chemistry
using data from a gravimetric study. The gravimetric study was
carried out at three different temperatures to determine the
activation energy (Ea), free energy (DG0), DH0, DS0, and Kads

using Arrhenius (simple and integrated) and van't Hoff equa-
tions (eqn (14)–(17)).

log CR ¼ log A� Ea

2:303RT
(14)

DG0
ads = DH0

ads − TDS0
ads (15)

Kads ¼ 1

55:5
e�

DG0
ads

RT (16)

DG0
ads = −RT ln(55.5 × KAds) (17)

The CR at different temperatures obtained from the gravi-
metric study was plotted against 1000/T (Fig. 8). The slope of the
graph gives the value of Ea/2.303R and hence helps in the
evaluation of activation energy of adsorption of NCs on the MS
RSC Sustainability, 2023, 1, 523–534 | 531
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Fig. 9 Plot of log CR/T versus 1000/T for Co3O4@PPy NCs.

Fig. 10 Langmuir adsorption isotherm (C/q) versus concentration of
Co3O4@PPy NCs at 25, 30, and 35 °C.

Fig. 11 Henry adsorption isotherm (q) versus concentration (ppm) of
Co3O4@PPy NCs at 25, 30, and 35 °C.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/9
/2

02
5 

10
:4

2:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
surface. Table 7 depicts thermodynamic, kinetic and adsorption
parameters found from the adsorption study of Co3O4@PPy
NCs. The intercept of Fig. 8 gives the value of the Arrhenius
constant which is linearly related to Ea.

For obtaining other important thermodynamic parameters
like activation entropy (DS*) and standard enthalpy (DH*),
a graph is plotted between log CR/T against 1000/T (Fig. 9). The
intercept gives DS*/R which is used to nd the activation
entropy, DS*. The slope gives DH*/R which was utilized to
obtain the activation enthalpy, DH* (Fig. 9). A positive and high
activation enthalpy (9.36 kJ mol−1) shows that the adsorption of
Co3O4@PPy NCs on MS is endothermic. The activation entropy
increases with the concentration of Co3O4@PPy NCs which
suggests that more and more NCs molecules enter the interface
region with increase in concentration and thus increase the
randomness of the system (Table 8).57,58

Langmuir adsorption and Henry adsorption isotherms were
used for understanding the nature of the adsorption of Co3-
O4@PPy NCs on the MS surface (Table 8). Fig. 10 and 11 depict
Langmuir (C/q versus concentration) and Henry (q versus C)
adsorption isotherms for Co3O4@PPy NCs. The adsorption of
Co3O4@PPy NCs onMS is under thermodynamic control proved
Table 8 Adsorption, thermodynamic and kinetic parameters obtained from Langmuir and Henry isotherms for Co3O4@PPy NCs at 25, 30, and 35
°C

Temperature (°C) Slope R2 Kads (L mol−1) −DG0
ads (kJ mol−1) −DH0

ads (kJ mol−1) DS0ads (kJ mol−1. K) Ea (kJ mol−1)

Langmuir adsorption isotherm
25 1.03 0.971 25.76 42.43 9.36 0.011 31.2
30 1.14 0.957 18.64 37.76
35 1.23 0.964 11.32 31.64

Henry adsorption isotherm
25 1.21 0.945 2.13 27.32 8.44 0.12 33.63
30 1.17 0.973 1.12 18.46
35 1.23 0.956 0.97 13.78

532 | RSC Sustainability, 2023, 1, 523–534 © 2023 The Author(s). Published by the Royal Society of Chemistry
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by an increase in activation entropy (DS*), high adsorption-free
energy ðDG*

adsÞ, and low activation energy (Ea) of adsorption.
4. Conclusions

Self-assembled Co3O4 QDs were prepared by the reverse-micelle
method. Co3O4@PPy NCs were prepared by the in situ method.
Co3O4 QDs, PPy CPs, and Co3O4@PPy NCs were analyzed by p-
XRD, FTIR, UV-visible, and TEM techniques. The experimental
data were supported by theoretical (DFT and adsorption)
studies. The conductivity, corrosion inhibition, and antibacte-
rial activity of Co3O4@PPy NCs were investigated. Co3O4@PPy
NCs show 81.58% IE at 1000 ppm. The signicant chemical
potential, global hardness parameters, interaction, and
adsorption energy demonstrate the strong adsorption of PPy
NCs on MS. The antibacterial properties of PPy NCs were
compared with those of Hexa disk. The ZoI of Co3O4@PPy NCs
at 1200 ppm against E. coli and S. epidermidis was greater than
ve antibiotics of Hexa disk. The proposed mechanism of
antibacterial activity was due to the formation of toxic ROS
(peroxides and OHc radicals) formed under daylight. The optical
band (Eg) of PPy NCs was found to be lower than that of pure
QDs and PPy CPs. The Eg obtained from the UV Tauc plot and
DFT study was almost comparable. The Co3O4@PPy NCs shows
good anticorrosive properties, antibacterial activity, and elec-
trical conductivity suitable for use in so electronics.
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