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tarch co-doped in CaO
nanoparticles for enhanced catalytic and
antimicrobial activities: experimental and DFT
approaches

Muhammad Ikram, *a Ali Haider, b Syeda Tayaba Bibi,c Anwar Ul-Hamid, d

Junaid Haider,e Iram Shahzadi,f Walid Nabgan, *g Sawaira Moeen,a Salamat Ali,c

Souraya Goumri-Said h and Mohammed Benali Kanoun i

In this work, aluminum/starch (St)-doped CaO nanoparticles (NPs) were synthesized by a co-precipitation

method to degrade harmful dyes in various pH media. Systematic characterization was performed to

investigate the influence of Al/St dopants on the composition, crystal structure, functional groups

present, optical characteristics, and morphology of CaO NPs. Further hybrid density functional analyses

corroborated that the band gap energy was reduced as the Al concentration in starch-doped CaO is

increased. Optical absorption spectra of the synthesized materials revealed a redshift upon doping,

which indicated depletion in the band gap energy of Al/St-doped CaO. PL spectroscopy showed that the

intensity of CaO was reduced by the incorporation of Al and St assigned to minimum electron–hole pair

recombination. Interlayer spacing and morphological features were determined by HR-TEM. HRTEM

revealed that the control sample has cubic NPs and the incorporation of St showed overlapping around

agglomerated NPs. The d-spacing of CaO was little enhanced by the inclusion of dopants. Experimental

outcomes indicated that the addition of Co-dopants improved the catalytic potential of CaO NPs. Al

(4%)/St-doped CaO NPs expressed a significant reduction of methylene blue in a basic environment. The

maximum bactericidal performance was observed as 10.25 mm and 4.95 mm in the inhibition zone

against S. aureus and E. coli, respectively, after the addition of Al and St in CaO.
1 Introduction

Water is an essential ingredient for many aspects of our lives,
including growth and development, and its accessibility in its
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original form is crucial for all living things on the earth.1,2

Although 71% of earth's crust is protected with water, hardly
0.03% is contemplated as fresh water that can be employed at
rsthand.3 The availability of puried and unpolluted water is
affected by numerous factors with the elevated rate of pop-
ulation growth and the quick progress of industries.2,4 Water is
frequently contaminated with harmful compounds including
different dyes, fertilizers, heavy metal ions, oil, and other
unknown substances in industrial sectors of fabric, paper, food,
and cosmetics.5 Annually 1/10th million varieties of different
dyes are produced from various textile industries, with MB
accounting for 10–15% of the total. Industrial dyes and pollut-
ants can cause major sickness in humans and animals, like
cancer, skin sensitivities, allergies, or liver malfunction.6 Over
the last decade, a substantial burden on the dairy industry is
mastitis, which is followed by somatic variation in the milk and
irregularity of mammary gland function. Mastitis is attributable
to species, namely, bacteria, fungi, and viruses.7 S. aureus and E.
coli are found to be common pathogenic bacteria causing
a threat to human health.8 Membrane separation, chemical
oxidation, coagulation, occulation, chemical precipitation,
catalysis, photocatalysis, and adsorption processes were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
employed for removing heavy metals and dyes from water
resources.9–14 However, there are several limitations linked to
these methodologies including incompetence, complicated and
expensive procedure, elevated application and usage of
a signicant amount of energy.2 Metal oxides including
ZnO$Pr6O11, La2O3, TiO2, CdO, CeO2, CaO, and Fe2O3, and zero-
valent metals (ZVM) are frequently chosen as promising co-
catalysts.15 They can be used in several applications including
efficient catalysis, medical diagnosis, and UV protection.16

Among them, calcium oxide (CaO) is advantageous because of
its non-poisonous nature, as well as low cost, extensive band
gap energy (Eg), more stability, and higher catalytic activity (CA).
The oxygen ion absorption is also enhanced using CaO, which is
crucial for the catalysis process. CaO in bulk has a large Eg of
7.1 eV (ref. 17 and 18) and a high 3 of 11.8 (dielectric constant).
However, CaO has limitations such as large Eg and disability to
utilize visible light in the degradation of dyes.19–21 To overcome
these limitations, various approaches have been adopted, which
increase catalytic degradation as well as antibacterial action of
CaO by doping polymers including St, acrylic binder, alginate,
chitosan, and polyimide.22 Recently, St has been proven to be an
important industrial raw material that is utilized in different
industries including foods, chemicals and medicines, as a fat
substitute, water treatment agent and catalyst.23,24 St is a natu-
rally occurring biological macromolecule that acts as a catalyst
for the elimination of dyes.25 The CA of CaO can be further
increased by doping group III members; Al-doped metal oxides
exhibit less electrical resistance and good optical transmission
in the visible region. However, we choose Al as a dopant.26 In the
present work, we adopted a co-precipitation approach to
Fig. 1 Schematic diagram of the synthesis of Al/St-doped CaO NPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
synthesize Al and St-doped CaO with different concentrations of
Al (0, 2 and 4 wt%). The prepared products act as catalysts to
remove the harmful dye MB. Its antibacterial action against
different bacteria was also investigated.
2 Experimental section
2.1 Materials

Aluminum oxide (AL2O3), NaOH (98%), calcium chloride dihy-
drate (CaCl2$2H2O, 99%), and starch ((C6H10O5)n, 99.6%) were
acquired from Sigma-Aldrich. HCl (37%) was obtained from
“Analar”.
2.2 Synthesis of Al/starch-doped CaO

First, 0.5 M CaCl2$2H2O was utilized to synthesize CaO NPs by
a co-precipitation approach under constant stirring at 90 °C.
Aerwards, a desired amount of precipitating agent NaOH was
added to obtain precipitates. Moreover, a colloidal solution was
centrifuged two times at 7500 rpm for 6 min and heated over-
night at 100 °C to get a ne powder. Similarly, to synthesize Al/
St-doped CaO NPs, different concentrations of Al (2% and 4%)
and St (5%) were prepared, as depicted in Fig. 1.
2.3 Catalytic activity

The reduction efficacy of dyes in the presence of NaBH4

(reducing agent) and prepared catalysts was calculated through
CA (Fig. 2). Using a quartz cell, 400 mL of NaBH4 solution was
combined with 3mLMB. Adsorption appeared by incorporating
400 mL Al/St-doped CaO in the MB solution. The reaction rate
RSC Adv., 2022, 12, 32142–32155 | 32143
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Fig. 2 Schematic diagram showing CA.
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can be estimated by visualizing the decolorization and alter-
ation in the intensity of dye consumption over time. The
percentage degradation was calculated using the following
formula:

% Degradation = (C0 − Ct)/C0 × 100

During catalysis, the shiing of e− from NaBH4 to MB
(oxidizing agent) promotes the redox reaction. The breakdown
of MB occurred due to absorption of e−. The degradation of MB
in the presence of NaBH4 is slow and time-consuming. The
incorporation of catalysts in oxidation reduction reactions acts
as an electron relay that shis e− from the donor (BH4

−) to MB.
The absorption of MB and BH4

− ions increased in the presence
Fig. 3 (a) XRD spectra, (b) FTIR analysis of prepared samples and (c–f) S

32144 | RSC Adv., 2022, 12, 32142–32155
of catalysts due to the large number of active sites allowing
them to react quickly with each other causing a signicant dye
reduction efficacy.
2.4 Segregation and characterization of S. aureus and E. coli

Mastitis was accumulated from animal hospitals in Punjab,
Pakistan, swabbed at 5% sheep blood agar for initial culturing.
Overnight development at 37 °C continued and generated
bacteria were rened by streaking on mannitol salt agar (MSA)
and MacConkey agar (MA) in triplicate.

Isolated colonies were recognized by biochemical tests
(catalase and coagulase) and topographically using the gram
staining.
AED pattern of CaO, St/CaO, and Al (2 and 4%)/St-CaO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.5 Antimicrobial activity

The in vitro antimicrobial activity of Al and St-doped CaO pro-
ceeded by adopting an agar well diffusion method on isolated
Gram +ve and Gram −ve microbes. Different concentrations of
Al/St-doped CaO (0.5 mg and 1.0 mg/50 mL) associated with less
and high doses, respectively, were tipped into a 6 mm – wide
well that is made by utilizing a sterile cork borer. Ciprooxacin
(5 mg/50 mL) was employed as a +ve control, while DIW (50 mL)
was designated a −ve control. The antibacterial performances
of all generated products were measured using a vernier caliper
aer the incubation of Petri dishes at 37 °C for 12 h. One-way
analysis of variance was employed to evaluate the antibacte-
rial effects of Al/St-doped CaO.
3 Results and discussion

XRD technique was applied on pristine CaO and Al/St-doped
CaO in the 2q range of 10–60° to investigate the crystallite
size, phase constitution, and crystal structure, as demonstrated
in Fig. 3(a). The observed reection peaks located at ∼28.4159°,
31.7182°, 35.83°, 39.53°, 47.24° and 56.49° were assigned to the
(111), (114), (222), (310), (202), and (410) facets, respectively.
These crystallographic facet corresponds to the cubic structure
of CaO associated with the standard spectrum (ICDD card no.
Fig. 4 (a) UV-vis spectra and (b) PL spectra of CaO, St, St/CaO, and Al (

Fig. 5 FESEM images of (a) CaO, (b) St-CaO, (c) Al (2%)/St-CaO and (d)

© 2022 The Author(s). Published by the Royal Society of Chemistry
00-7017-0912) along with the space group Fm�3m.27 Additional
peaks sited at 2q = 16.41° (110), 34.22° (220), and 45.51° (410)
correspond to the hexagonal phase of CaCO3 (H2O) along with
the space group P31 (JCPDS no. 083-1923). These peaks are
attributed to the carbonic nature of calcite (CaCO3) owing to
trigger by the carbonic reaction of Ca(OH)2 in which its gener-
ation stems from the hydration of clinker minerals.28 St was
ascribed to peaks at 10.95°, 13.02°, 18.08°, 22.99° and
43.01°.29,30 Upon Al doping, extra peaks were observed at 50.9°
(110) and 54.3° (111), which correspond to the tetragonal
structure of Al2O3 (JCPDS card no. 016-0494).31 These supple-
mentary peaks justied the presence of crystalline Al particles
on the CaO surface. Peaks became broad with the increase in
the doping ion concentration (St and Al), which could be
attributed to the lattice strain in the samples. The broadening of
the diffraction peak can be due to the small nanosize of the
crystalline sample, strain, and instrumental factors.3,32 The
average crystallite sizes were determined from line broadening
using the Scherer formula and, as a result, the crystallite sizes
were 11, 26.03, 25.72 and 30.02 nm for CaO, St-CaO, and Al (2,
4%)/St-CaO. The existence of the functional group and chemical
bond formation of pure and Al/St-doped CaO were assessed
with the FTIR spectra, as illustrated in Fig. 3(b). Due to the Al–
OH group stretching vibration, a large band appeared at around
2 and 4%)/St-CaO.

Al (4%)/St-CaO.

RSC Adv., 2022, 12, 32142–32155 | 32145
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3639 cm−1.33 The band at 3434 cm−1 was assigned to the H–O–H
bending vibration caused by adsorbed water molecules.34 The
bands at 1411, 864, and 702 cm−1 represented the Ca–OH, Ca–
O, and C–O stretching vibration, correspondingly,35 which
indicates the presence of CaO. However, common signals are
depicted in the St spectrum, such as bands at 3372, 2975, 1664,
1066 and 702 cm−1 corresponding to the O–H, C–H, –OH, and
Fig. 6 EDS analysis of (a) CaO, (b) St-CaO, (c) Al (2%)/St-CaO and (d) Al

Fig. 7 HR-TEM image of (a) CaO, (b) St-CaO, (c) Al (2%)/St-CaO and (d)

32146 | RSC Adv., 2022, 12, 32142–32155
C–O stretching vibrations respectively.35,36 The SAED pattern
displayed distinct rings associated with different planes, i.e.,
(111), (110), (114), and (202) of primeval and doped samples, as
demonstrated in Fig. 3(c–f). These results conrming the crys-
talline material matched well with the XRD data.

The optical characteristics of dopant-free and Al/St-doped
CaO were examined through the UV-vis absorption spectra
(4%)/St-CaO.

Al (4%)/St-CaO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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displayed (220–450 nm) in Fig. 4(a). The highest absorption
peak of CaO was detected at 250 nm, which was attributed to the
transfer of an electron from the 2p to 4s state of the VB of O2− to
the CB of Ca2+, respectively,37 and the absorption peak of St was
sited at 255 nm.38 The Eg values were calculated from the UV-vis
spectra, and direct Eg was found to be 4.94,39 4.86, 4.45, 4.28,
and 4.13 eV for CaO, St, St-CaO, 2% Al/St-doped CaO and 4% Al/
St-doped CaO, respectively. Furthermore, with the addition of St
and Al (2, 4)%, the absorption peak was moved to a higher
wavelength and a redshi assigned to the quantum conne-
ment effect was detected.40 The PL spectra displayed the charge
carrier movement and electron–hole recombination ability. The
PL emission spectra of pure Al/St and doped CaO NPs were
recorded from 370 to 480 nm at an excitation wavelength of
350 nm, as illustrated in Fig. 4(b). The emission peak of CaO
and St was observed at 411 nm, which exhibited the direct
transition (band-to-band) produced by an electron–hole
recombination that occurred at different Eg regions.41 Addi-
tionally, when Al and St were added to a pure material, a slight
blue-shi to 409 nm occurred and the intensity decreased in
contrast to CaO. The decrease in the PL intensity of Al/St-doped
CaO is attributed to the minimum exciton recombination,
which is suitable for CA.42–44
Fig. 8 d-spacing of (a) CaO, (b) St-CaO, (c) Al (2%)/St-CaO and (d) Al (4

© 2022 The Author(s). Published by the Royal Society of Chemistry
The FESEM technique was used to analyze the morphology
of primeval and doped CaO. The pure sample revealed the
random distribution, non-uniform and polycrystalline
morphology of particles, as demonstrated in Fig. 5(a). The
particles scattered and increased in size with the addition of St,
as shown in Fig. 5(b). Upon the addition of Al, a higher level of
agglomeration of non-homogenous particles was observed and
this trend increased with the increasing amount of Al, as
illustrated in Fig. 5(c and d).

EDS analysis examined the weight percentage of various
elements contained in Al/St-CaO NPs. The presence of Ca and O
peaks conrmed the synthesis of CaO, as shown in Fig. 6(a). The
spectra of doped materials are nearly similar to that of the pure
material, excluding the peaks of C attributed to the doping of St,
as shown in Fig. 6(b). In Fig. 6(c and d), the Al peak shows
dopant incorporation. Due to the gold coating sputtering over
the sample to reduce the charging effect, an Au peak was
detected in the spectra.45 Additional peaks of Na found in the
spectra were assigned to the NaOH solution, which was used to
adjust the pH during the synthesis of materials.46

HR-TEM analysis was undertaken to determine the
morphological characteristics of the prepared nanocatalysts. In
Fig. 7(a), the HR-TEM micrographs demonstrate the formation
%)/St-CaO.

RSC Adv., 2022, 12, 32142–32155 | 32147
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Fig. 10 Catalysis of CaO, St, St/CaO, and Al (2 and 4%)/St-CaO in
neutral, basic and acidic media in terms of rate degradation (%).
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of regular cubic-shaped NPs. Aer that, the incorporation of St
showed overlapping around agglomerated NPs, as shown in
Fig. 7(b). The higher degree of agglomeration of NPs was
observed by Al doping. This pattern was increased by a higher
concentration of Al that conrmed the partial interaction
between Al and CaO NPs, as demonstrated in Fig. 7(c and d).

The d-spacing of pristine and Al/St-doped CaO was deter-
mined using the HR-TEM image at a higher magnication up to
5–10 nm. The calculated d-spacing of CaO was∼0.23 nm, which
correlated with the (310) facet of XRD, as illustrated in Fig. 8(a).
Upon St and Al doping, the d-spacing was slightly increased to
∼0.30, 0.34, and 0.46 nm, which is in accordance with the XRD
results, as elaborated in Fig. 8(b–d).

The XRD spectra revealed the cubic structure of CaO NPs and
no signicant changes occurred upon doping of St and Al. The
crystallite size was enhanced from 11 to 30.02 nm upon doping.
The UV-vis spectra exhibited a red-shi upon doping and Eg was
also decreased. The HR-TEM image displayed the formation of
cubic-shaped NPs of CaO and agglomeration was observed by
the addition of St and Al.

The dye elimination of MB during CA of pristine and Al/St-
doped CaO was investigated by utilizing NaBH4 as a reducing
agent. The maximum degradation of pure and doped samples
Fig. 9 Catalysis of CaO, St, St/CaO, Al (2 and 4%)/St-CaO in (a) neutral,

32148 | RSC Adv., 2022, 12, 32142–32155
was 78.88–92.71% in a neutral medium, 72.48–93.21% in a basic
medium, and 73.79–86.17% in an acidic medium found statis-
tically signicant (P < 0.05), as illustrated in Fig. 9(a–c). The
(b) basic and (c) acidic media in terms of percentage degradation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antimicrobial activity of pure and Al/St-doped CaO NPs

Samples

Inhibition areasa (mm)
Inhibition areasb

(mm)

0.5 mg/50 mL 1 mg/50 mL
0.5 mg/50
mL

1 mg/50
mL

CaO 0 1.05 0 0.6
St/CaO 1.35 2.25 0 1
Al (2%) 5.80 7.35 1.25 1.40
Al (4%) 6.45 10.25 3.45 4.95
Ciprooxacin 11.30 11.30 5.35 5.35
DIW 0 0 0 0

a Inhibition zones (mm) Al/St doped CaO for S. aureus. b Inhibition area
(mm) measurement of Al/St doped CaO for E. coli.
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largest CA was obtained with 4 percent Al/St-doped CaO in all
media in terms of percentage degradation. The crystallinity,
structure, and surface area of NPs all affect CA. During CA, the
reduction of MB occurs in the existence of NaBH4, and synthe-
sized catalysts operate as electron relays that shi electrons from
BH4

− ions to MB ensuring the dye reduction. The nanostructure
having plenteous active sites elevates the BH4

− ion and dye
molecules. Generally, a catalyst associated with a large surface
area possesses a high CA owing to the delivery ofmore active sites
to react with each other.47,48 The pH of the synthesized solution
has a signicant impact on degradation efficiency. The increased
generation of H+ ions accessible to be captivated on the NP
surface was attributable to improved CA in the acidic medium.
The large number of OH− in the basic medium (NaOH) cause the
oxidation of reduced products and lower the CA.47,49,50

If CA is considered in terms of degradation rate, then 2% Al/
St-doped CaO NPs exhibit the best catalytic behavior in the
acidic environment, as elaborated in Fig. 10.

The degradation rate can be calculated as follows:

% Degradation rate ¼ ðC0 � CtÞ=C0

t
� 100

Fig. 11 represents the antibacterial action of pure and Al/St-
doped CaO against S. aureus and E. coli by the agar well
Fig. 11 Antibacterial activity of the synthesized samples against (a–c) S.
doses.

© 2022 The Author(s). Published by the Royal Society of Chemistry
diffusion method, which is summarized in Table 1. For Al/St-
doped CaO, the signicant inhibition result of S. aureus was
obtained to be 1.35–6.45mm and 2.25–10.25mm, and similarly,
0–3.45) and (1–4.95 mm for E. coli at both doses. The conse-
quences of inhibition zones of bacteria were compared by
utilizing the −ve control DIW (0 mm) and +ve control cipro-
oxacin (11.30 mm) and (5.35 mm), for S. aureus and E. coli
respectively compared with DIW (0 mm). The results indicated
that bare and Al/St-doped CaO NPs showed high performance
aureus at high and low doses and (d–f) E. coli at maximal and minimal

RSC Adv., 2022, 12, 32142–32155 | 32149
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Fig. 12 Antibacterial mechanism of Al/St-doped CaO NPs.

Table 2 Literature comparison of catalysis and antibacterial activity of 4% Al/St-doped CaO NPs

Materials Synthesis route Catalytic activity Antimicrobial activity Ref.

Cao NPs Co-precipitation 72.2% 2.25 mm and 3.30 mm against E. coli and S. aureus respectively 52
Ag/CaO nanocomposite Green synthesis 70% 6.30 mm and 9.15 mm against E. coli and S. aureus respectively 53
CaO NPs Green syntheses — 6 mm against E. coli 54
CaO nano owers Green synthesis 76% — 55
CaO NPs Co-precipitation 70.64% 3.30 mm and 2.25 mm against E. coli and S. aureus respectively 56
4% Al/St doped CaO NPs Co-precipitation 93.21% 10.25 mm and 4.95 m against E. coli and S. aureus respectively Present study
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against G +ve compared to G −ve bacteria. The antibacterial
activity of CaO NPs could be assigned to different factors such
as connections with OH− and H2O existence at the surface,
which generates the reactive oxygen species (ROS), as shown in
Fig. 12. ROS spread around the bacteria, resulting in protruding
cytoplasmic components, thereby killing the bacteria.51 The
contrast of current work with the literature is depicted in
Table 2.

To gain an in-depth understanding of St/Al-doped CaO, the
calculations reported mainly depend upon the density func-
tional theory (DFT) performed using the Quantum Atomistix
ToolKit (QuantumATK) computer code.57 Throughout the
calculations, the local combination of atomic orbitals (LCAO)
method and the generalized gradient approximation (GGA)
using the Perdew–Burke–Ernzerhof (PBE) method58 were used.
The PseudoDojo-medium norm-conserving pseudopotential59

and a cut-off energy of 105 Ha were considered for simulation.
32150 | RSC Adv., 2022, 12, 32142–32155
The Brillouin region was sampled using a 7 × 7 × 1 k-point
mesh produced by the Monkhorst–Pack grid method. The
density of states (DOS) was computed using a more accurate
Heyd–Scuseria–Ernzerhof (HSE06) functional.60,61 The opti-
mized lattice constant of bulk cubic CaO was found to be a =

4.839 Å, which matches well with the experimental values (a =

4.8105 Å).62 Periodic slabs with a p (4 × 4) lateral cell having
a thickness of four atomic layers and a vacuum gap of 15 Å in
the direction perpendicular to the surface were used to model
the CaO (001) surface of the optimized bulk structure, as shown
in Fig. 6(a). Because the CaO (001) surface is the most stable
surface, it was chosen as the model for simulating St adsorp-
tion.63 To examine the interactions between St and CaO, we
calculated the St Adsorption on the CaO surface and St/Al-doped
CaO surface. The adsorption energy was calculated using the
following expression:64,65 Eads= E(molecule+slab)− Eslab− Emolecule,
where Emolecule+slab, Eslab, and Emolecule denote the total energies
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Optimized structures (a) side view (red: O; cyan: Ca), and (b) the calculated DOSs of the CaO (001) surface.

Fig. 14 Total and partial DOS and schematic of the slab model of (a) and (b) St on the CaO (001) surface and (c) and (d) Al/St on the CaO (001)
surface. (cyan: Ca; red: O; silver: Al; brown: C; light blue: N; gray: H).

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 32142–32155 | 32151

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
47

:0
4 

PM
. 

 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06340a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

6:
47

:0
4 

PM
. 

 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
of the St-CaO (001) and St/Al-CaO (001) complexes, pure surface,
and the isolated gas molecule, respectively. The calculated Eads
values of −0.98 eV and −0.93 eV with respect to St on the CaO
(001) surface and St/Al-CaO (001) surface systems show endo-
thermic adsorption energy. The bond distance of O in St–Ca is
2.360 Å for the St-CaO (001) surface. Meanwhile, the bond
distance of O in starch-Ca decreased to 2.280 Å in the St/Al-CaO
(001) surface system.

We calculated the total and partial density of states (DOS)
using the HSE06 functional, as illustrated in Fig. 13(b). The
calculated band gap of 3.45 eV for CaO (001) is consistent with
our experimental measurements (4.94 eV). The analysis of the
PDOS plot (Fig. 13(b)) reveals that the signicant contribution
to the valence band maximum (VBM) comes from O 2p states
(see Fig. 13(a)). However, the unoccupied conduction band
minimum (CBM) is mainly constructed by the unoccupied Ca 4s
states with a contribution of Ca 3d and 3 p states.

We, therefore, performed the electronic calculations on
starch on the CaO (001) and St/Al-CaO (001) surfaces by inves-
tigating the total and partial DOS, as shown in Fig. 14. For St on
CaO (001), the band structure shows that at bands are formed
near the edge of valence and conduction bands. It was found
that St on CaO (001) induced the in-gap state near CBM mainly
due to the H s states, whereas O 2p orbitals mainly construct the
at band near VBM. A more interesting point noticed here is
that the bandgap decreases at a value of 3.55 eV. Al doping in
the St-CaO (001) complex follows the DOS plots that the
conduction and valence band edges are shied to lower ener-
gies. Moreover, a similar feature is observed in electronic
structures.

4 Conclusion

Al/St-doped CaONPs have been successfully synthesized by a co-
precipitation approach and found to be efficient in reducing
dyes from polluted water. The XRD spectra conrmed the cubic
structure of CaO, and no variations occurred in the cubic phase
by doping of St and Al. The crystallite size was enhanced from
11 to 30.02 nm upon doping. Moreover, the band gap energy
was reduced as the Al concentration in the starch-doped CaO
system was raised, according to the hybrid density functional
investigation. The addition of co-dopants to the optical
absorption spectra of the synthesized materials exhibited
a redshi in the absorption spectra. Moreover, the Eg value of
CaO NPs was reduced by St and Al doping. TEM exhibited the
formation of cubic-shaped NPs of CaO by a co-precipitation
method. EDS spectra revealed the elemental composition and
successful incorporation of dopants. Al (4%)/St-CaO NPs
exhibited a maximum degradation of 93.21% in a basic media
compared to the pure material. Obtainable samples demon-
strated statistically signicant outcomes against S. aureus at
minimum and maximum concentrations with a diameter
ranging from 1.35 to 6.45 mm and 2.25 to 10.25 mm, respec-
tively. E. coli had the least resistance and the most signicant
ndings from diameters ranging from 0 to 3.45 and 1 to
4.95 mm for the minimum and maximum concentrations,
respectively. Al/St-doped CaO NPs (2% and 4%) have shown
32152 | RSC Adv., 2022, 12, 32142–32155
higher antibacterial activities against E. coli than against S.
aureus.
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