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KEYWORDS Abstract Chromium oxide (Cr,O3) nanoparticles (NPs) find applications in modern science and
Cr0s: technology due to their chemical stabilities, high-density corners and magnetic/electrical/catalytic
Green Synthesis; properties. Current studies were performed to produce the (Cr,03),q and (Cr,O3)e; NPs by treating
Spectroscopy; chromium acetate with the aqueous and ethanolic extracts, respectively of Cassia fistula leaves; the
Electrochemical; same reaction was also performed in the presence of NaOH to yield the (Cry03)agna and (Cr203)eina
Biological NPs, respectively. The synthesized NPs were characterized by XRD, FTIR, Raman spectroscopy,

UV-Vis spectroscopy, SEM, TGA and DSC analysis and examined for their electrochemical prop-
erties. Their antibacterial potential was tested by biofilm inhibition and agar well diffusion methods.
XRD studies revealed that Cr,O3; NPs possessed hexagonal crystal structures with the crystallite
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sizes of 14.85 to 23.90 nm; the lowest size (14.85 nm) was possessed by (Cr,03)e. FTIR and Raman
spectroscopies verified the + 3-oxidation state of chromium and corresponding Cr-O and Cr=0
vibrations. Raman spectroscopy determined A, vibration modes (540.50-557.07 cm™ ") with rhom-
bohedral Cr,05 structure, high degree of crystallinity and existence of Cr> " ions in octahedral coor-
dination whereas Eg vibration modes were displayed at 306.04-350.87 cm™' and 602.47—
613.81 cm~'. UV-Visible spectroscopy has shown band gaps in the range of 4.06-4.40 eV. The
SEM images demonstrated the spherical morphology with a high degree of agglomeration between
fine particles. The synthesized NPs exhibited good thermal stabilities up to 600 °C. The CV curves
displayed the oxidation—reduction peaks and reversible behavior whereas GCD curve indicated the
possible energy storage applications of NPs. (Cr,03),qna NPs showed the highest specific capaci-
tance (234.35 mAhg ') at 1 mA current density. The biofilm inhibitions of the investigated NPs
were comparable to those of the standard antibacterial drug (ciprofloxacin); the activity of (Cr,O3)-
«tna Was found even better than that of ciprofloxacin. The NPs were more active against Escherichia
coli (Gram-negative) as compared to those against Staphylococcus aureus (Gram-positive).

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Nanoparticles (NPs) find a tremendous commercial importance due to
their characteristic magnetic (Fang et al., 2018), catalytic (Shen et al.,
2021; Guan et al., 2022), thermal, mechanical, electrical, optical, scat-
tering, physio-chemical (Titus et al., 2019; Kaur and Sidhu 2021) and
photoluminescence (Kharangarh et al., 2017; Kharangarh et al.,
2018a) properties. Their role as therapeutic agents (Hussain and
Amjad 2021) for the treatment of inflammatory, cardiovascular and
pulmonary diseases (Munir et al., 2020) and in targeted drug delivery
(Zulfigar et al., 2020) is well-recognized. They have also been used as
packaging materials (Devatha and Thalla 2018), catalysts (Kuwauchi
et al., 2012), nanomagnets (Ma et al., 2020), high performance super-
capacitors (Kharangarh et al., 2022a), pseudocapacitors electrode
materials (Kharangarh et al., 2020), in electronics industry (Abbasi
et al., 2019; Igbal et al., 2020a), optoelectronics, bioimaging
(Kharangarh et al., 2018b), photocatalysis (Shahzad et al., 2020;
Javed et al., 2021), mechanics and cosmetics (Mueez et al., 2022). Their
role in the energy related applications (Kharangarh et al., 2022b) and
degradation of environmental contaminants is appreciable (Azizi et al.,
2016).

Cr,03 NPs are notable inorganic materials which possess outstand-
ing and interesting applications in modern science and technology
(Almontasser and Parveen 2020; Ghotekar et al., 2021). They find
applications in corrosive resistant and high temperature resistant mate-
rials (Yang et al., 2009), liquid crystal displays (Hwang and Seo 2010),
green pigment, catalysts (Jaswal et al., 2014), heterogeneous catalysts,
thermal protection coating materials, energy storage materials, solar
energy collectors, hydrogen storage and antimicrobial agents
(Almontasser and Parveen 2020), sensors, biomedicines, vaccinations,
cosmetics, antigen detection, pathogen detection, diagnostics, enzymes
and radiography (Boscher et al., 2008), catalysis, photo catalysis, pro-
tective coatings, green pigments, solar cells, piezoelectric devices and
fuel cells (Alarifi et al., 2016). Cr,O; NPs can be synthesized by ther-
mal decomposition, chemical precipitation, microwave, combustion
synthesis, sol-gel, micro emulsion, solvothermal, solution plasma dis-
charge, mechanical grinding, precipitation method, arc discharge
method, hydrothermal, co-precipitation, biological, mechanochemical,
electrochemical (Sangwan and Kumar 2017), chemical vapor deposi-
tion and template (Sone et al., 2016) methods. However, the physical
and chemical synthetic methods are associated with certain limitations
on commercial scale use of Cr,O5 particles due to their expensive syn-
thetic routes and equipment, low yield and involvement of the toxic
chemicals. So, green process or bio-synthesis method has been
endorsed by R & D community; this procedure involves the use of
plants parts or microorganism for the syntheses of different NPs
(Sackey et al., 2021). Currently, a large focus has been made on the

green synthesis of NPs due to its eco-friendly, sustainable and reliable
protocol. It is an important tool which can be used to reduce the haz-
ardous effects associated with traditional physical and chemical syn-
thetic procedures at laboratory/industry level (Singh et al., 2018,
Igbal et al., 2020b; Korde et al., 2020). Biological approaches using
plant materials are highly suitable for the manufacture of Cr,O3 NPs
due to their myriad medicinal, health, economic and environmental
advantages (Ghotekar et al., 2021) and numerous applications in biol-
ogy and medicine (Naseer et al., 2020). These methods involve the use
of bio-organisms as reducing and reaction capping agents in NPs syn-
thesis (Ramesh et al., 2012a). Plant leaves act as an amazing source of
phytochemicals which can easily be extracted by using various sol-
vents. The leave extracts of plants thus act as stabilizing and reducing
agents and facilitate the formation of various sized NPs in different
yields. Since, the concentrations of biomedical reducing agents is var-
ied depending upon the plant species so the extent of NP formation is
largely affected by the composition of leaves extracts. Numerous
phyto-constituents including carboxylic acids, flavones, terpenoids,
amides, ketones, and aldehydes play a key role in the formation of
NPs (Hussain et al., 2023). The plant metabolites such as polyphenols,
sugars, phenolic acids, terpenoids, alkaloids and proteins play an
important role in the bio-reduction of metal ions. Flavonoids are
polyphenolic compounds (e.g., isoflavonoids, flavonols, chalcones,
anthocyanins, flavanones and flavones) with different functional
groups which have ability to chelate with the metal ions and reduce
them into NPs. It is proposed that the conversion of flavonoids from
one tautomeric (the enol) to the other tautomeric (the keto) form
can release a reactive H-atom which causes the reduction of the metal
ions into NPs (Buazar 2019; Khalafi et al., 2019). Due to strong affini-
ties of the N-H and O-H functional groups towards metal ions, a large
number of electron donor amine and hydroxyl functional groups act as
potential reducing and capping agents to donate electrons to the metal
ions. In addition to this, numerous biomacromolecules can also behave
as surface protectors of the synthesized NPs through electrostatic and/
or steric repulsions, thus preventing the formation of aggregates
(Rezazadeh et al., 2020; Safat et al., 2021).

The green syntheses of chromium oxide (Cr,O;) NPs were reported
earlier in literature by using the leaves/flowers/fruits/peels extracts of
various plants (Section 3.10, Table 3). However, there are still no
reports on the green synthesis of Cr,0O; NPs by using the leave extract
of Cassia fistula (Golden Shower or Amaltas, Fig. 1). C. fistula is a very
common Indian plant which is native to Tropical Asia and widely cul-
tivated in Brazil, East Africa, Mexico and South Africa (Bhalerao and
Kelkar 2012). In current studies, chromium oxide (Cr,O;) NPs were
synthesized by using the aqueous/ethanolic extracts of Cassia fistula
leaves as reducing and capping agents. For comparison of results,
the same syntheses were also performed in the presence of sodium
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Fig. 1

hydroxide. The investigated synthetic methods rely on use of water
(universal solvent) and ethanol solvents which are safe and do not
add any poisonous contaminants to the environment. The synthesized
NPs were characterized by XRD, FTIR, Raman, UV-Visible, SEM,
TGA and DSC. They were finally evaluated for their antibacterial
potential by biofilm inhibition and agar well diffusion methods. Their
electrochemical studies were performed by cyclic voltammetry (CV)
and Galvanostatic Charge-discharge (GCD) evaluations.

2. Materials and methods

The sodium hydroxide (Sigma-Aldrich, USA), chromium(III)
acetate (Uni-Chem) and ethanol (analytical grade) were used
for the syntheses of NPs. Nutrient broth and nutrient agar
were procured from Oxoid, UK. The structural parameters
of NPs were determined by using Bruker AXS, D8 Advance
X-ray diffractometer (XRD). Scanning electron microscopy
(SEM) was performed by Hitachi S4800. Fourier Transform
Infra-Red (FTIR) spectroscopy was performed by using Carry
630 FTIR spectrometer. UV—Visible spectroscopic analysis
was done by SPECORD 200 PLUS spectrometer. Raman
spectra were recorded by Renishaw in Vis Reflex Raman spec-
trometer. The material was subjected to thermogravimetric
analysis (TGA) and differential scanning calorimetry (DTA)
by SDT (Q600) thermal analyzer (TA Instruments, USA)
under nitrogen atmosphere at the heating rate of 20 °C min~'.
Galvanostat/Potentiostat (CS300 model, China) was used to
evaluate the electrochemical properties and charging/discharg-
ing potential of the NPs by a reported procedure (Wyantuti
et al., 2015).

Cassia fistula (golden shower) used for the synthesis of Cr,O; nanoparticles.

Antibacterial activities of the synthesized NPs were per-
formed by agar well diffusion method (Candan et al., 2003)
using ciprofloxacin as a standard positive control against S.
aureus (Gram-positive) and E. coli (Gram-positive). The iden-
tities and purities of the bacterial strains were verified by the
Institute of Microbiology, University of Agriculture Faisal-
abad, Pakistan. The activities were performed at Department
of Biochemistry, University of Agriculture, Faisalabad. Nutri-
ent broth and nutrient agar were used as growth media for
bacteria in biofilm inhibition and agar well diffusion methods,
respectively. The zones of inhibition were measured by a zone
reader (Hussain et al., 2015a).

The extractions and syntheses were performed at Nano-
technology Unit of Health Science Research Center, Princess
Nourah bint Abdulrahman University, Riyadh, Saudi Arabia
in collaboration with Department of Chemistry, Lahore Gar-
rison University, Lahore, Pakistan.

2.1. Identification and collection of plant material

The green leaves of Cassia fistula (golden shower) (Fig. 1) were
collected from Govt. College Vehari, Punjab (Pakistan) in
November 2021. The plant material was identified by Depart-
ment of Biology, Lahore Garrison University, Lahore, Pak-
istan. The leaves were washed with distilled water many times
for the removal of dust particles (Fig. 2) and dried under the
shade for two weeks. They were finally ground with the help
of a grinder and passed through a sieve (80 mesh size) to obtain
the fine powder (Fig. 2) which was used for stored in a polythene
bag at room temperature (Khan et al., 2021) for further use.
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Fig.2  Preparation of aqueous/ethanolic leaves extracts of C. fistula leaves and their use in the bio-syntheses of chromium oxide NPs; the

route A was used to produce (Cr;O3),q and (CryO3)e; NPs (in the absence of NaOH) whereas (Cry03)agna and (CryOs)eena NPs were

formed through route B (in the presence of NaOH).

2.2. Preparation of aqueous/ethanolic extracts of Cassia fistula
leaves

50 g dried powder of C. fistula leaves was mixed with 500 mL
of distilled water and stirred in an orbital shaker for 24 h at
room temperature. Then the mixture was filtered through a
Whatman No. 1 filter paper to obtain a brown colored filtrate
(aqueous extract) which was stored at 4 °C for further use
(Fig. 2). The same procedure was used for the preparation of
ethanolic extract by shaking 50 g of dried powder with
500 mL of ethanol.

2.3. Preparation of (Cr;03)., and (Cr;03). NPs by using
aqueous|ethanolic extracts

The (Cry,03),q and (Cr;Os3)e; NPs were synthesized by a
reported procedure (Hussain et al., 2023) after some modifica-
tions. Freshly prepared 0.5 M solution (25 mL) of chromium
(IIT) acetate was taken in a conical flask and placed on a mag-
netic stirrer. Then 100 mL aqueous extract of C. fistula leaves
was added with stirring at room temperature. After 30 min, the
temperature was increased to 70 °C and the mixture was fur-
ther stirred for 60 min. Then the reaction flask was kept aside
to achieve the room temperature. The black colored precipi-
tates were filtered through Whatman No. 1 filter paper and
rinsed with distilled water 3 times. They were then dried in
an oven at 100 °C for 2 h to obtain a black colored residue
(1.17 g) which was ground into a fine powder, transferred into

a china dish and kept in a muffle furnace for 2 h at 700 °C for
calcination. The final product (0.93 g) of (Cr,03),q NPs was
stored for further use. % age Yield of (Cry03)aq
NPs = 98.10 %.

Same procedure was repeated to produce (Cr,O3); NPs by
using 200 mL ethanolic extract of Cassia fistula leaves and
40 mL of freshly prepared chromium acetate solution
(0.1 M). The obtained black precipitates (0.87 g) were calci-
nated for 2 h at 700 °C to produce 0.19 g of the final product.
% age Yield of (CryO3) NPs = 62.70 %.

Fig. 2 (Route A) displays the route for the green synthesis
of (Cry03),q and (Cr,03)e; NPs.

2.4. Preparation of (Cr;03) sqna and (Crz03) oina NPs by using
aqueous|ethanolic extracts in the presence of NaOH

The (Cry03)aqna and (CryO3)enva NPs were synthesized by a
reported procedure in the presence of NaOH (Hussain et al.,
2023) with some modifications. Freshly prepared 0.5 M solu-
tion (25 mL) of chromium(III) acetate was taken in a flask
and placed on a magnetic stirrer. Then 100 mL of aqueous
extract was added with stirring at room temperature. After
30 min of stirring, 100 mL of freshly prepared NaOH solution
(1 M) was added till its pH was around 12 (Khalaji 2020). The
reaction mixture was heated for 60 min at 70 °C to produce the
precipitates. It was then cooled to room temperature and fil-
tered through a Whatman filter paper No. 1 to leave behind
the precipitates which were rinsed with distilled water 3 times.
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The precipitates were dried in an oven at 100 °C for two h. The
obtained dried material (black, 0.61 g) was ground into a fine
powder, transferred into a china dish and kept in a muffle fur-
nace for two h at 700 °C for calcination. The obtained product
(0.37 g) of (Cry03)agna Was stored for analysis and further use.
% age Yield of (CryO3)agna NPs = 39.36 %.

The same procedure was followed for treatment of ethano-
lic extract (100 mL) with 1 M chromium acetate solution
(40 mL) in the presence of 1 M freshly prepared NaOH
(70 mL). After drying, 5.33 g of black colored material was
obtained, whose calcination at 100 °C for two h produced
2.34 g of (Cry03)eena NPs (Khan et al., 2021). % age Yield
of (Cr,03)enva NPs = 76.97 %.

Fig. 2 (Route B) displays the route for the green synthesis
of (Cr203)ana and (Cr203)etNa NPs.

2.5. Cyclic voltammetry (CV) and Galvanostatic Charge-
discharge (GCD)

The synthesized NPs were subjected to cyclic voltammetry
(CV) and Galvanostatic Charge-discharge (GCD) by a
reported procedure (Wyantuti et al., 2015). Cyclic voltamme-
try was carried out by using an electrochemical workstation.
The 6 M KOH solution was used as an electrolyte and three
electrode system was employed i.e., reference electrode (Ag/
AgCl), the counter electrode (Pt wire) and the working elec-
trode (chromium oxide). The loading density of electrochemi-
cal material was 0.1 mg cm ™.

Potassium hydroxide (KOH) is used as an electrolyte mate-
rial due to its good conductivity. Also, its 6 M concentration
(as compared to the 2 M and 4 M solutions) as an electrolyte
provides higher concentration of OH™ ions and thus facilitates
the charge transfer in bulk electrodes (Carmezim and Santos
2017).

The electrode material was prepared by taking a small piece
of Ni foam which was washed with ethanol and then with
deionized water and subsequently sonicated for 10 min with
both the solvents separately. Afterwards, the nickel foam
was dried by using a dryer. Then 80 % sample of synthesized
NPs, 15 % carbon charcoal, and 5 % binder were ground
together in a pestle mortar into fine powder followed by addi-
tion of few drops of N-Methyl-2-Pyrrolidone (NMP) to pro-
duce a slurry. Finally, the slurry was placed on the nickel
foam and dried at 70 °C overnight (Wyantuti et al., 2015).

2.6. Biofilm inhibition assay by microtitre-plate method

Biofilm inhibition evaluations were performed by a microtitre-
plate method reported earlier (Anjum et al., 2014; Shahid
et al., 2015). The NPs were tested against Staphylococcus aur-
eus (Gram-positive) and Escherichia coli (Gram-positive).
Each well of a sterile 96-well flat-bottomed plastic tissue cul-
ture plate was filled with nutrient broth (100 puL), testing solu-
tion (100 pL) and bacterial suspension inoculation (20 pL).
The wells containing only nutrient broth were taken as nega-
tive control. Each plate was covered and incubated aerobically
at 37 °C for 24 h. Then there was washing of the contents of
each well 3 times with sterile phosphate buffer (220 pL). For
removal of non-adherent bacteria, each plate was vigorously
shaken. The remaining attached bacteria were fixed with
220 microlitre of 99 % methanol per well; each plate was emp-

tied after 15 min and then dried. Each well was stained with
220 mL of 50 % crystal violet for 5 min followed by removal
of excess stain by placing the plate under running tap water.
After drying of plates by air, 220 pL of 33 % (v/v) glacial acetic
acid was added to each well to resolubilize the dye bound to
the adherent cells. A microplate reader (BioTek, USA) was
used to measure OD of each well at 630 nm (Qasim et al.,
2020). Each test was performed thrice against a bacterium
and the results were averaged. The following formula was used
to calculate the bacterial growth inhibition (INH %):

INH% = 100 — (OD()3OSample * 100) /OD630conlro]

2.7. Antibacterial activity by agar well diffusion method

Antibacterial activities of the synthesized NPs were performed
by agar well diffusion method (Candan et al., 2003) using
ciprofloxacin as a standard positive control against S. aureus
(Gram-positive) and E. coli (Gram-positive). A suspension of
nutrient agar in distilled water (37 g/L) was prepared and its
pH was adjusted to 7 by adding 0.1 N HCI/NaOH. Then there
was sterilization of the medium by autoclaving it at 121 °C for
15 min followed by its transfer into the sterilized petri plates.
Afterwards, 100 pL of inoculum of a test pathogen (S. aureus
and E. coli) was added to each plate, mixed homogenously
with the growth medium and then the medium was permitted
to solidify. A sterilized borer was used to cut the wells of fixed
diameters in the solidified agar. Subsequently, 50 pL of a test
sample was poured into a well; ciprofloxacin (as a positive con-
trol) was also transferred into a well. A laminar air flow cabi-
net was used to prepare the plates under aseptic conditions.
Finally, there was incubation of the petri plates at 37 °C for
24 h for the bacterial growth. However, this growth was inhib-
ited by the bioactive NPs with the formation of clear zones
around them. A vernier calliper was used to measure the diam-
eters of these inhibition zones in millimetres (Mushtaq et al.,
2021). The observed results of NPs were compared with those
of the standard drug (Zaidan et al., 2005; Mushtaq et al.,
2021).

3. Results and discussions

Aqueous and ethanolic extracts of Cassia fistula leaves were
treated with chromium acetate to produce (Cr,03),q and (Cr»-
03)e¢ NPs, respectively. For comparison of yield and particle
sizes, the same reaction was performed in the presence of
NaOH to synthesize (Cr,03)agna and (CryOs)eena NPs with
aqueous and ethanolic extracts, respectively of plant leaves.
The synthesized NPs were characterized by XRD, FTIR,
Raman spectroscopy, SEM, TGA and DSC analyses. They
were also subjected to electrochemical investigations and
antibacterial activity studies.

3.1. Role of plant material and reaction conditions in green
synthesis

Green syntheses require eco-friendly, sustainable and reliable
synthetic pathways in order to avoid the production of harm-
ful/unwanted by-products. This goal can be achieved by using
natural resources (such as organic systems) and ideal solvent
systems. Various biological materials (e.g., e.g., plant extracts,
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algae, fungi, bacteria efc) can be employed for the green syn-
thesis of NPs; however, the plant medicated synthesis is a
rather simple and easy approach for the large scale production
of NPs (Singh et al., 2018). The current study also utilizes the
leaves extracts of C. fistula for eco-friendly production of chro-
mium oxide NPs (Cr,O3; NPs). The % age yield of the synthe-
sized NPs was decreased in the following order:
(Cr2o3)aq > (Cr203)etNa > (Cr203)et > (Cr203)ana with
98.10, 76.97, 62.70 and 39.36 %, respectively. Under pure
plant conditions (absence of NaOH), the aqueous extract of
C. fistula leaves gave superior yield (98.10 %) of (Cr,03)aq
NPs as compared to that [(CryO3)e; = 62.70 %] with the
ethanolic extract. On the other hand, when the same reaction
was performed in the presence of sodium hydroxide, the
ethanolic leaves extract produced better yield (76.97 %) of Cr,-
O3)etna NPs as compared to that [(Cr,O03),qna = 39.36 %]
with the aqueous extract. Thus, it can be demonstrated that
the yield of chromium oxide NPs varies with the nature of
plant extract, solvent (water or ethanol) used for plant extrac-
tion and biosynthesis, reaction temperature and pH conditions
(neutral or basic). Anyhow, it can also be concluded from our
studies that both the aqueous and ethanolic extracts of C. fis-
tula leaves act as reducing and capping agents; former gives
better reaction with chromium acetate under neutral condi-
tions (absence of NaOH) with pH = 7 whereas latter offered
better yield under basic conditions (in presence of NaOH) with
pH ~ 12. Moreover, all the bio-syntheses of Cr,O3 NPs are
endothermic because they require an extra energy input (heat)
to achieve a reaction temperature of 70 °C for a period of
30 min. According to literature, the morphological parameters
(e.g., shapes and sizes) of NPs are modulated by varying the
concentrations of chemicals, the reaction conditions (e.g., pH
and temperature) (Singh et al., 2018) and plant biodiversity
due to the existence of different phytochemicals in various
plants (Singh et al., 2018). Since, the leaves of Cassia fistula
are good sources of carbohydrates, tannins, oleic, stearic/li-
noleic acid, sennosides A and B, free rhein, oxyanthraquinones
derivatives, isofavoneoxalic acids (Saeed et al., 2020) and
many antioxidants including flavonoids, alkaloids, terpenoids,
phenolics, tannins, cardiac glycosides, saponins, anthocyano-
sides, steroids, carbohydrates, proteins and phlobatannins
(Bahorun et al., 2005; Naseer et al., 2020) so they may provide
an excellent support for the fabrication and formation of
Cr,03 NPs. The aqua soluble heterocyclic compounds in leaf
broth are mostly responsible for the reduction of chromium
ions whereas the synthesized Cr,O; NPs are stabilized by the
presence of biomolecules in leaf broth (Ghotekar et al., 2021).

The investigated green synthetic route is cost effective since
it requires only the use of chromium acetate (as main precur-
sor), the leave extracts of C. fistula (a widespread plant) and
a solvent; sodium hydroxide may or may not be required.
The solvents (water or ethanol) used in this procedure are
casily available, among which water is an ideal, cheapest, most
commonly accessible and universal solvent on earth. All the
NPs have shown good purity as reflected from their character-
ization (by XRD, IR and Raman spectroscopies and TGA).
Moreover, the % yields of the green synthesized NPs are sig-
nificant; especially the (Cr,O3),q NPs have shown a surprising
yield of 98.10 %. As far as the environmental impacts are con-
cerned, all the synthetic routes in this research work utilize
plant material (leaves extracts) as a reducing and capping
agent. Since, they do not involve any toxic organic/inorganic

dissolving agents and surfactants so they have no harmful
effects on the environment, which are associated with the tra-
ditional nano-synthetic methods. The reaction schemes of
(Cry03)aq and (Cr,03), are especially important and preferred
because they do not even involve any standard acid or a base
in their syntheses. The use of plant materials for the biosynthe-
sis of Cr,O3 NPs is associated with many environmental, eco-
nomic, health, and medicinal advantages (Ghotekar et al.,
2021). The extraction of plant material (leaves) and nano-
syntheses were performed by using water and ethanol solvents
due to their different polarities. These solvents are also accept-
able for human consumption (Zhang et al., 2007; Waszkowiak
and Gliszczyr’lska—gwigio 2016) and do not introduce any haz-
ardous solvent residues when they are added into the useful
products and also do not disturb the quality of food products
(Waszkowiak et al., 2014; Waszkowiak and Gliszczyﬁska—Swi
gto 2016). Moreover, it is well established that ethanol and
water (due to their polar nature) are highly efficient for the
extraction of phenolic compounds from a plant material
(Mello et al., 2010). The oxygen present in water may also lead
to the partial oxidation of synthesized NPs and thus affects
their reactivities (Singh et al., 2018). The phytosynthesized Cr,-
O3 NPs have attracted tremendous usages as antidiabetic,
antiviral, antileishmanial, anticancer, antioxidant, antifungal,
antibacterial, photocatalytic agents as well as fabrication of
microelectronic circuits, fuel cells, solar energy collectors and
sensors (Ghotekar et al., 2021).

3.2. Structural properties

XRD analysis is used to provide information about the crys-
talline structure and crystallite sizes of the NPs (Hussain
et al., 2023). The structural parameters of NPs were deter-
mined by using Bruker AXS, D8 Advance X-ray diffractome-
ter (XRD). The XRD patterns for the synthesized (Cr,03),q,
(Cry03)ets (Cry03)agna and (CryOs)eena NPs are compared in
Fig. 3 and are in good agreement with the standard JCPDS
card number 38-1479 (Almontasser and Parveen, 2020). In
(Cry03)aq, sharp peaks were observed at 20 = 33.5°, 36.2°
and 54.87°, which correspond to (104), (110) and (116) crys-
tal planes, respectively. (Cry0O3)aqna have shown two promi-
nent peaks at 20 = 33.5° and 36.04° for crystal planes of
(104) and (110), respectively. The three prominent XRD
peaks at 20 = 33.59°, 36.19° and 54.8° in (Cr,O;). were
assigned to (104), (110) and (116), respectively. However,
for (CryO3)eina, the sharp XRD peaks at 20 = 33.6°, 36.2°
and 54.8° are associated with the crystal planes of (104),
(110) and (116), respectively. The average crystallite size of
NPs was determined by using the Scherrer equation (Eq. (1)):

Ki.
b= PcosO (1)

The crystallite sizes of the (Cr203)4q, (C1203)agna, (Cr203)e¢
and (Cr,03)enva NPs were found to be 18.95, 23.90, 14.85 and
20.22 nm, respectively. They possess the hexagonal crystal
structures which are in accordance with the reported literature
for Cr,O5 NPs (Jaswal et al., 2014). The smaller crystallite sizes
of (Cry03).q and (Cr;03)e as compared to those of (Cr,O3)-
agNa and (Cr,03)en, clearly depict that the pure green method
(in the absence of NaOH) is a successful method for synthesis
of small sized/high surfaced chromium(III) oxide NPs as com-
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Fig. 3 XRD spectra of (Cry03)aq, (Cra03)e, (CryO3)aqna and
(Cr203)erNa.

pared to the semi-green method (involving NaOH). The aver-
age crystallite sizes (14.85 to 23.90 nm) resemble with those of
earlier reported Cr,O3 NPs (Hassan et al., 2019; Kafi-Ahmadi
et al., 2022; Shahid et al., 2023).

3.3. FTIR spectroscopy

The synthesized NPs were subjected to FTIR analysis in the
range of 500-4000 cm~' by Carry 630 FTIR spectrometer.
The obtained FTIR spectra (Fig. 4) have shown many peaks,
but the peaks of special interest are those of Cr-O stretching
vibrations which appeared at 610.35, 610.35, 614.26 and
614.26 cm" in (Cr203)et, (CI'203)¢LN3, (Cr203)aq and (Cr203)-
agNas» Tespectively (Madi et al., 2007). The appearance of peaks
at 610-614 cm™! clearly depicts the +3 oxidation state of
chromium (Cr*?) in the synthesized NPs because the oxides
of chromium in higher oxidation states (Cr'* Cr*°® and
Cr*%) displays vibrations at higher frequencies according to
the reported literature (Campbell 1965). Additional peaks for
Cr=0 were appeared at 836.75-901.04 cm~' as shoulder
bands to the Cr-O peaks (Levason et al., 2014); the earlier
studies support the existence of vCrO bands below
1000 cm™! (Bumajdad et al., 2017). The broad bands at
3364.85-3385.96 cm ™! can be assigned to the stretching vibra-
tions of hydrogen bonded hydroxyl groups of physically
adsorbed water molecules in (Cr,03)e, (CryO3)ena and (Crp-
O3)aqna; the presence of hydroxyl bands was further verified
by the presence of weak to medium strength bands at
1625.41-1646 cm~' owing to O-H bending vibrations
(Bumajdad et al., 2017). However, in (Cr,03),q, no peak was
appeared for either stretching or bending vibrations of OH
group indicating the absence of moisture in it. These results
are further augmented from the thermogravimetric analysis
data (Section 3.6) which clearly supports the evolution of
water molecules from (Cry03)e, (CroO3)eina and (Cra03).gna
NPs upon increasing of their temperatures.

3.4. Raman spectroscopy

The NPs were subjected to Raman spectroscopy by Renishaw
in Vis Reflex Raman spectrometer; the obtained spectra are
displayed in Fig. 5.

The vibrational peaks in the ranges of 306.04-350.87,
540.50-557.07 and 602.47-613.81 cm™' can be assigned to
the Raman modes of Cr,O; NPs according to literature
(Brown et al., 1968; Shim et al., 2004; Kikuchi et al., 2005).
The Raman peak pattern (Fig. 5) closely resembles to that
reported earlier for chromium oxide (Cr,O3;) NPs
(Mohammadtaheri et al., 2018) and completely supports the
findings of XRD analyses (Section 3.2). The strong Cr-O bond
is correlated with the highest symmetric stretching frequencies.
The vibration peaks (Fig. 5) at 540.50-557.07 cm ™! are owed
to A, modes with rhombohedral Cr,O5 structure and indicate
the Cr-O stretching vibrations of Cr®" ions in octahedral
coordination (Larbi et al., 2017). The existence of Cr’* oxida-
tion state is also verified from FTIR studies (Section 3.3).
However, it is important to note that that the narrowness of
the A, peak demonstrates that Cr,O3; has a high degree of
crystallinity (Larbi et al., 2017) which is also verified from
XRD studies of the investigated samples (Section 3.2). The
peaks located in the ranges of 306.04-350.87 and 602.47—
613.81 cm ™! can be attributed to Eg vibrational modes (Sone
et al., 2016; Larbi et al., 2017). Similar vibrations were
reported earlier for a-Cr,O; NPs (Mohammadtaheri et al.,
2018). According to literature, the bulk o-Cr,O; possesses a
corundum structure with the D® 3d group. The chromium
atoms belong to Cj site symmetry whereas the O atoms lie
on sites with C, symmetry. The 2A,,, 2A;,, 3As,, 2A,y, SE,
and 4E, vibrations are the corresponding optical modes in
the crystal, out of which only 2A;, and 5E, vibrations are
Raman active (Sone et al., 2016). Moreover, chromium (I1I)
oxide is crystallized in the rhombohedral structure and is com-
prised of hexagonal close packed array of O*~ ions (at Wyck-
off site 18e) with 2/3 of the interstitial octahedral sites occupied
by Cr*" cations (at Weykoff site 12¢) (Larbi et al., 2017).

3.5. UV=Visible Spectroscopy

The synthesized NPs were subjected to UV-Visible spec-
troscopy in the range of 100 to 1000 nm by SPECORD 200
PLUS spectrometer; the corresponding spectra are shown in
Fig. 6. The UV-Visible spectra of (Cry03)et, (Cr203)etnas (Cra-
03).q and (Cr,03),qna have shown the absorbance peaks at
382.15, 382.15, 374.80 and 370.18 nm, respectively which cor-
respond to the band gap values of 4.26, 4.40, 4.06 and 4.11 eV,
respectively (Kamari et al., 2019). The band gaps of (Cr,O3)e,
(4.26 eV) and (Cr,03),q (4.06 €V) were increased in their coun-
terparts (CrO3)ena (440 eV) and (CryO03)aqna (411 €V),
respectively as the latter two NPs were synthesized under basic
conditions (presence of NaOH). The results thus demonstrate
that the involvement of NaOH in the green synthetic path has
increased the band gaps of the resultant Cr,Os; NPs. The
appearance of two additional peaks at 409.80 nm and
408.41 nm in the spectra of (Cr,03)e; and (CryO3)ernas respec-
tively (Fig. 6) may also be attributed to the chromium oxide
NPs as reported in literature (Ramesh et al., 2012b; Rakesh
et al., 2013).
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Fig. 4 FTIR spectra of (Cry03).q; (Cry03)e, (Cry03)agna and (Cr203)eNa.

3.6. Scanning electron microscope (SEM)

Scanning electron microscope (SEM) was performed by Hita-
chi S4800 to investigate the morphology of the synthesized
NPs. Fig. 7 displays the SEM images of (Cr,03)aq, (Cr203)e,
(Cry03)agna and (CryOs3)eena NPs. It was observed that the
(Cry03)aq NPs have a crystalline structure with a high degree
of agglomeration between fine particles (Jaswal et al., 2014).
Agglomeration of NPs results in a lowering of surface free
energy by enhancing their sizes and reducing their surface area.

Agglomeration occurs due to adhesion of NPs to each other by
weak forces leading to (sub) micronized entities. The NP aggre-
gates are produced due to the formation of metallic or covalent
bonds that are unable to be disrupted easily (Balbus et al., 2007;
Gosens et al., 2010). However, the SEM images of (Cr,03)et,
(Cr203)agna and (Cra0O3)ena NPs demonstrate the spherical
shapes with porous structures (Ashika et al., 2022). The same
kinds of results were also supported from XRD spectra which
depicted that the peaks in (Cr,0O3),q Were sharper as compared
to those of (Cry03)er, (Cra03)agna and (CryOs)ena NPs.
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3.7. Thermogravimetric analysis

Thermogravimetric analyses were carried out by SDT (Q600)
thermal analyzer (TA Instruments, USA) under nitrogen
atmosphere at the heating rate of 20 °C min~' to know about
the thermal stabilities, percentage purity and extent of degra-
dations (Hussain et al., 2015b) of the synthesized NPs. The
obtained thermograms (Fig. 8) clearly show that (Cr,Os)e
and (Cr,03),q NPs are comparatively more stable to heat as
compared to their counterparts i.e., (Cr,03)ena and (Cr,O3)-
agNa Which were synthesized under basic conditions. The (Cr»-
O3)erna and (Cry03)aqna have shown the mass losses of 7 %
and 24 %, respectively before 100 °C; the loss of mass before
reaching the temperature of 110 °C evidently depicts the evo-
lution of moisture content from these NPs (Zoromba et al.,
2017). After 110 °C, there is no further change in their masses
up to a temperature of 600 °C indicating their structural stabil-
ities. The (Cr,03)¢ and (Cr,03),q NPs have shown only mass
losses up to 1.1 % and 1.6 %, respectively before reaching the
temperatures of 600 °C. The loss of 1.1% mass before reaching
the temperature of 330 °C in (Cr,O3). may be owed to the evo-
lution of coordinated water molecules which are strongly held
in its crystal lattice. FTIR studies (Section 3.2) also verify the
existence of water molecules in (Cr,03)e¢na, (Cr203)e and (Cr,-
O3)agna NPs. The results generally indicate that the synthe-
sized NPs have some moisture content or coordinated water
which is lost upon an increase of temperature. So, the investi-
gated NPs possess significant thermal stabilities up to 600 °C
without losing their original structural integrities (Cr,O3) and

200 nm

200 nm

may be used under high-temperature conditions without any
thermal degradations.

3.8. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed by
SDT (Q600) thermal analyzer (TA Instruments, USA) under
nitrogen atmosphere at the heating rate of 20 °C min~! to sup-
port the results obtained from TGA analysis. The obtained
results are shown in Fig. 9. In (Cr,O3)¢na an endothermic
process was started at 43 °C and continued till 80 °C; then
an exothermic peak was observed at 116 °C which demon-
strated the evaporation of water molecules from NPs, then
again endothermic process was started. In (CryOs3)e, an
endothermic peak was shown at 202 °C. Then exothermic pro-
cess was continued till 450 °C followed by absorption of heat
again. The DSC behavior of (Cr,O3),q almost resembles to
that of (CryO3)e; NPs; both these NPs also show approxi-
mately the uniform behavior in TGA curves (Section 3.6).
However, (Cr,03).qna NPs have shown endothermic peak at
83 °C and a sharp exothermic peak till 133 °C and again
endothermic process was started.

3.9. Electrochemical potential

3.9.1. Cyclic voltammetry (CV)

The cyclic voltammetry (CV) experiments were carried out by
Galvanostat/Potentiostat (CS300 model, China) in order to
observe the electrochemical behavior of (CryO3)et, (Cr203)aq,

Fig. 7 SEM images (a, b, ¢, d) of (Cry03)agnas (Cr203)aq, (Cr203)eq, and (CraOs3)ena, respectively.
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Fig. 8 TGA curves (thermograms) of (Cry03)aq, (Cr203)e, (Cra-
O3)ana and (Cr203)ctNa.

(Cry03)ena and (Cry03)agna NPs. The CV measurements were
taken at scan rates of 10, 20, 30, 40 and 50 mV s~! in the
potential range of 0.05 V to 0.5 V. The obtained voltammo-
grams of the investigated NPs are shown in Fig. 10.

The cyclic voltammograms have shown the clear oxidation—
reduction peaks of NPs, which confirmed their redox behav-
iors. From all the CV curves, it was observed that the reduc-
tion peak potential varies a little in between the range 0.2 V-
0.28 V. Moreover, the reduction peaks in all the samples exhib-
ited similar behavior but the oxidation peaks were not similar
for (Cry03)aq and (Cr03)aqna NPs. However, the potential
range for oxidation peaks in all samples was found to be
0.29-0.4 V. The oxidation peaks of (Cr,03),q and (Cr,03),qna
NPs have shown a large area under their respective curves,
which displays a large value of specific capacitance for both
these samples. The CV curves (Fig. 10) of all the samples have
clearly shown the redox peaks, which indicates that the process
of charging is reversible in all the synthesized chromium oxide
NPs. From the CV curves, we can fix the value of GCD poten-
tial. The starting potential for all the samples was fixed to be
0 V but the end potential value varies a little in accordance
with the oxidation peaks as shown in Fig. 11, which effects
the value of specific capacitance, energy density and power
density as discussed in next Section (3.8.2).

3.9.2. Galvanostatic Charge-discharge (GCD)

Galvanostatic Charge-discharge (GCD) cycling was performed
by Galvanostat/Potentiostat (CS300 model, China) in the
potential range of 0.0 to 0.35 V at different current densities

Fig. 9 DSC analysis of (Cry03)ag, (Cr203)er, (Cro03)agqna and
(Cry03)etNa.

ranging from 1 A g7 to 5 A g~!. The GCD curves of the syn-
thesized NPs (Cry03)., (Cr 203)aq5 (Cr203)einva and (szOs)ana
are shown in Fig. 11. The charging potential range for (Cr,O3)-
etr (Cr203)ag, (Cr203)eina and (Cry03)aqna Were set to be 0-
0.31, 0-0.35, 0-0.22 and 0-0.34 V, respectively. The specific
capacitance was calculated using the GCD curves by using
Equation (2).

C IxMA\

Cm=—=
" m AV xm

2

Where I is the applied current (A), V is potential window (V),
m is mass of the active material (g), and t is time of a discharge
cycle. All the electrochemical experiments were performed at a
constant temperature (25 °C).

The GCD curves of (Cr,O3)e NPs (Fig. 11) at different cur-
rent densities show its capacitor nature. The GCD curves of
other three synthesized NPs (Cr;03)aq, (Cr203)eena and (Cro-
03)4qna show pseudo-capacitor nature. The (CryO3)agna NPs
have demonstrated the highest specific capacitance
(454.54 mAhg™") at I mAg~' current density, which was much
greater as compared to that reported in literature (Shafi et al.,
2021). It can be attributed to the porous structures as con-
firmed from the XRD analysis and SEM micrographs. The
specific capacitances of the other synthesized NPs were less
as compared to that of (CryOs)agna; they were found to be
313.90, 285.71 and 282.35 mAhg™"' for (Cr203)ag, (Cr203)eina
and (Cr,03), respectively. All the values of specific capaci-
tances were calculated from the GCD graph, which was plot-
ted at a current density 1 mAg~'. The energy density and
power density were also calculated for all the samples (Table 1).
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The GCD curves (Fig. 11) clarify that the discharging time of
NPs is greater than their charge timings, which demonstrates
that NPs are good materials for energy storage applications.

3.10. Antibacterial activity

The synthesized NPs were tested for their antibacterial poten-
tial against Escherichia coli (gram negative) and Staphylococ-
cus aureus (gram positive) by agar well diffusion method
(Candan et al., 2003). Ciprofloxacin was used as a positive con-
trol. A vernier caliper was used to measure the zones of inhibi-
tion in mm whereas the biofilm inhibitions were measured in
%age. The antibacterial activity data are shown in Table 2.
The obtained results are fascinating (Table 2); the biofilm
inhibitions of the synthesized NPs (Cr,03)aq, (Cr203)eq, (Cra-
O3)agna and (Cr,03)ena Were comparable to those of the stan-
dard antibacterial drug (ciprofloxacin). The NPs have shown
fantastic bacterial inhibitions of 41-66 % and 27-49 % against
E. coli and S. aureus, respectively as compared to those (53 %
against E. coli and 47 % against S. aureus) of ciprofloxacin.
The (Cr,03).na Was most potent among all the NPs with 66
% and 49 % inhibitions of the E. coli and S. aureus biofilms,
respectively; it has shown even higher biofilm inhibitions as
compared to those of the standard drug against both the test
bacterial strains. Antibacterial activity evaluations (Table 2,
Fig. 12) by agar well diffusion method have shown that the
prepared NPs possessed comparatively higher inhibition zones
(13-17 mm) against Gram-negative bacteria (E. coli) as com-

pared to those (3—14 mm) of Gram-positive strain (S. aureus).
However, the sizes of inhibition zones of the tested NPs were
found smaller as compared to those of ciprofloxacin (37 mm
and 40 mm against E. coli and S. aureus, respectively). It is
worth mentioning that synthesized NPs display significantly
better antimicrobial potential by biofilm inhibition method
as compared to those by agar well diffusion method.
Although, it is highly difficult to compare the results of the
antimicrobial screening with those reported earlier because of
the different methodology and strains assayed (Hussain
et al., 2015b); yet, significant antibacterial potential of Cr,O;
NPs has been observed in the investigated work. Khan et al.,
2021 described the green synthesized Cr,O3; NPs as promising
candidates for future biomedical applications and attributed
their enhanced biological activities to the synergetic effect
(physical properties and adsorbed phytomolecules on their sur-
face) (Khan et al., 2021). Cr,O3 NPs were reported as effective
bactericided against human pathogenic bacteria (Aziz et al.,
2022) including E. coli (Ramesh et al., 2012; Rakesh et al.,
2013) and Klebsiella pneumoniae (Shahid et al., 2023).
Hassan et al., 2019 reported a dose-dependent antimicrobial
potential of the a-Cr,O; NPs; there was inhibition of all the
tested bacterial strains (S. aureus, Citrobacter, P. vulgaris, K.
pneumoniae, V. cholera and C. sakazakii) up to the 50 pg/ml
(MIC) concentration of Cr,O3 NPs (Hassan et al., 2019).
Mohamed et al., observed the broad-spectrum and dose-
dependent antimicrobial activities of Cr,Os NPs against the
bacterial (Staphylococcus epidermidis, Klebsiella pneumoniae,
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Fig. 11  GCD graphs of (Cry03)et, (Cry03)ags (Cry03)en and (CryO3)agna NPs.
Table 1  Specific capacitance and energy density of investigated NPs at ImAh/g~' charge density.
Sample Current density Specific Capacitance Energy Density Power Density
mA/g! mAh/g WKg™! W/Kg
(Cr203)agNa 1 454.54 16.69 417.25
(Cr203)aq 1 313.90 11.52 288
(Cr203)etNa 1 285.71 10.48 262
(Cry03)e 1 282.35 10.36 259
Table 2 Antibacterial activity data (in mm) of synthesized NPs.
Sample Biofilm inhibition (%) Inhibition zones (mm)
E. coli S. aureus E. coli S. aureus
(Cr203)e; 41 27 16 5
(Cr203)ctNa 66 49 13 14
(Cr203)aq 53 44 14 3
(Cr203)ana 44 27 17 5
Ciprofloxacin 53 47 37 40

E. coli, Pseudomonas aeruginosa & Bacillus subtilis) and the
fungal (Mucor sp., Aspergillus fumigates, Fusarium solani,
(Ahmed
Mohamed et al., 2020). In another study, Cr,Oz NPs have

Aspergillus  flavus &  Aspergillus niger)

strains

shown promising antibacterial potential against the tested
pathogen (E. amylovora). Their colloidal solution up to a con-
centration of 100 ppm was found effective as a disinfectant for
plant cells but its higher concentration also inhibited the cells
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Table 3 Synthetic conditions and properties of reported plant-mediated Cr,O; NPs.

Sr.  Plant extract Chromium  Crystallite size (By Shape of NPs Applications tested Reference
No. used salt solution XRD) (By SEM analysis)
used
1 Callistemon Chromium Rhombohedral Antibacterial, cytotoxicity, (Hassan
viminalis(Bottle nitrate 15.06-17.34 nm enzymatic, hemolytic, DPPH et al., 2019)
Brush) radical scavenging, reducing power
flowers and total antioxidant potential
2 Callostemon Chromium Cubic-like platelets - (Sone et al.,
viminalis fresh  nitrate ~92.2 nm with sharp edges with a 2016)
red flowers non-negligible degree of
polydispersity
3 Cannabis sativa Chromium Polydispersity, Anti-cancer in HepG2 cell lines (Sharma and
leaves nitrate 85-90 nm Irregular and corrosion inhibitory activity Sharma
2021)
4 Hyphaene Chromium  25-38 nm Cube like morphology, Antifungal, antibacterial, (Ahmed
thebaica fruit nitrate few NPs were quasi- antioxidant, cytotoxicity, Mohamed
spherical inhibition of polio virus, et al., 2020)
hemocompatibility and enzyme
inhibition
5 Nephelium Chromium  55.92 nm Rhombohedral Cell viability and cytotoxicity (Isacfranklin
lappaceum fruit nitrate polycrystalline nature,  analyses by using MTT assay of et al., 2020)
peels spherical shapes human breast cancer cell line
6 Rhamnus Chromium  ~28 nm Single and pure phase  Cytotoxicity potentials against (Igbal et al.,
virgate leaves nitrate hexagonal crystalline HepG2 and HUH-7 cancer cell 2020b)
lines, antioxidants, biostatic,
alpha-amylase and protein kinase
inhibition
7 Ipomoea Chromium  3.44 nm (annealed at Agglomerated Density functional theory (DFT) (Sackey
batatas (peels nitrate 300°C), 17 to 50 nm (annealed at 300°C), for optimum structure, electronic et al., 2021)
of sweet (annealed at 500°C), Rhomboid, elongated and magnetic properties of
potatoes) 93.5 nm (annealed at nanorods and highly antiferromagnetically ordered
700°C) agglomerated Cr,0;
(annealed at 500°C),
agglomerated (annealed
at 700°C)
8 Zingiber Chromium 14 nm Mixture of rods and Magnetic properties, catalytic (Kafi-
officinal extract nitrate particles potential for the synthesis of Ahmadi
polysubstituted imidazoles et al., 2022)
9 Melia Potassium  — nearly spherical and antibacterial effect (Kotb et al.,
azedarach dichromate few NPs were 2020)
fruits agglomerated
10 Artemisia Potassium  32.35 nm as average of  Nearly spherical, few Antibacterial effect (Kotb et al.,
herba-alba dichromate 10.37 number of NPs agglomerated 2020)
leaves particles counted
11 Mukia Potassium 65 nm - Antibacterial Study (Rakesh
maderaspatana  dichromate et al., 2013)
edible portion
12 Apis mellifera  Potassium 24 nm Irregular rocky clusters —anti-bacterial, anti-biofilm, anti- (Shahid
honey dichromate oxidant and anti-inflammatory et al., 2023)
abilities
13 Tridax Potassium  80-100 nm Look like strips with Antibacterial activity on (Ramesh
procumbens dichromate rough surface Escherichia coli et al., 2012a)
leaves
14  Roselle extract Chromium  89.83 nm Spherical or Antibacterial agent for human (Aziz et al.,
(I11) semispherical pathogenic bacteria 2022)
chloride
15  Opuntia Ficus  Chromium 45 to 55 nm Hexagonal Optical properties (Tsegay
indica (cactus)  (III) et al., 2021)
leaves chloride
16  Abutilon Chromium 17 to 42 nm Spherical morphology  Antibacterial, anticancer (against (Khan et al.,
indicum (L.) sulphate MCEF-7 cancer cells) and 2021)

Sweet leaves

antioxidant potential
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growth of plant. However, the use of its concentration more
than 100 ppm against E. amylovora fire blight bacterium can
decontaminate in vitro infected callus cells in pear plants
(Kotb et al., 2020).

3.11. Comparison of the investigated work with the previous
studies

Green syntheses of chromium oxide NPs have been reported
with numerous plant extracts. Table 2 displays the synthetic
conditions and properties of Cr,O; NPs which were synthe-
sized from numerous plant extracts. According to literature,
the morphological properties of the synthesized NPs can be
varied by controlling various parameters such as reaction tem-
perature (Elzoghby et al., 2021), reaction time (Prathna et al.,
2011), reactant concentration (Chandran et al., 2006) and pH
(Dubey et al., 2010). These factors also play a crucial role in
optimizing the yield of metallic NPs through biological means
(Zhang et al., 2020). So, the Cr,O3 have been reported with
various morphologies (rhombohedral, cubic, spherical, rod-
like, strip-like, quasi-spherical, semi-spherical, hexagonal,
agglomerated, irregular rocky clusters) and crystallite sizes
(3.44-100 nm) depending upon the reaction conditions and
nature of plant material used for biosynthesis (Table 3).
There were still no reports on the green synthesis of chro-
mium oxide NPs with Cassia fistula leaves. Moreover, the ear-
lier studies (Table 3) had utilized the chromium nitrate/
chromium sulfate/chromium(III) chloride/potassium dichro-
mate as a metal salt precursor in their biosynthetic routes
but no plant-mediated synthesis with chromium acetate solu-
tion has been reported yet. Current study reports the synthesis
of Cr,O3; NPs by the treatment of chromium acetate solution
with an aqueous/ethanolic extract of C. fistula leaves as a
reducing and capping agent. We have also compared the yield
and properties of NPs produced in the absence and presence of
basic reaction conditions. Moreover, the previous studies were
focused on the evaluation of antibacterial, antifungal, anti-
cancer, antioxidant, cytotoxicity, hemolytic, enzymatic inhibi-
tion, inhibition of polio virus, hemocompatibility, radical scav-
enging, reducing power, anti-corrosion, catalytic and optical
properties of green synthesized Cr,O; NPs (Table 3); only

one theoretical study (DFT) on their electronic properties
was reported (Sackey et al., 2021). In the current study, we
have performed the practical experiments to know about the
electrochemical characteristics (CV & GCD) of green synthe-
sized CryO3 NPs. The Cr,O3 NPs were produced in good yield
and possessed the crystallite sizes of 14.85 to 23.90 nm, rhom-
bohedral structures, high degree of agglomeration and exis-
tence of Cr’" ions in octahedral coordination. They have
shown band gaps in the range of 4.06-4.40 eV and good ther-
mal stabilities. Their reversible behavior and good discharging
time (as compared to the charging time) may enable their uti-
lization in energy storage applications. Moreover, their biofilm
inhibitions were comparable to those of the standard antibac-
terial drug (ciprofloxacin); the activity of (Cr,Os3)ena Was
found even superior to that of ciprofloxacin. The NPs were
potentially more active against E. coli (Gram-negative) as
compared to those against S. aureus (Gram-positive).

4. Conclusions

Chromium oxide NPs were synthesized by treating chromium acetate
solution with aqueous and ethanolic extracts of Cassia fistulaleaves
as the reducing agent as well stabilizing agent. However, when the
same nano-syntheses were performed in the presence of sodium
hydroxide, large sized NPs were produced with lower %age yield.
The synthesized NPs possessed hexagonal crystal structures and crys-
tallite sizes of 14.85 to 23.90 nm, with the lowest size (14.85 nm) pos-
sessed by (CryOs)e. There were Aj, vibration modes (540.50—
557.07 cm ') with rhombohedral Cr,Oj5 structure, high degree of crys-
tallinity and Cr’* ions in octahedral coordination whereas Eg vibra-
tion modes were displayed at 306.04-350.87 cm™! and 602.47-
613.81 cm™'. The NPs synthesized with ethanolic extracts have shown
smaller band gaps (3.02 & 3.03 eV) as compared to those (3.29 and
3.24 eV) produced with aqueous extracts. They existed in the spherical
forms with a high degree of agglomeration between fine particles and
demonstrated good thermal stabilities with their possible uses up to
600 °C without any structural degradation. The Cr,O3; NPs have dis-
played clear oxidation reduction peaks and demonstrated their reversi-
ble redox behavior with their possible utilization in batteries. Their
discharging time was greater than charging time which indicated that
NPs are good material for energy storage applications. The biofilm
inhibitions of the synthesized NPs were comparable to those of the
standard antibacterial drug (ciprofloxacin); the activity of (Cr,03)eNa

Fig. 12 The inhibition zones (mm) of (Cr,03),q = GW, (Cr203)agna = GWN, (Cry03)e; = GE, (Cr203)enva = GEN against E. Coli

(left) and S. aureus (right) in agar well diffusion method.
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was found even better than that of ciprofloxacin. The NPs were found
more active against E. coli (Gram-negative) as compared to those
against S. aureus (Gram-positive).
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