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Abstract

The photocatalytic and antibacterial characteristics of pure
NiO (NO), GO, and rGO-integrated NiO (GNO and rNO)
nanoparticles have been compared in this work. Through the
process of chemical precipitation, NO and GNO NPs were
created. Through the use of Centella asiatica leaf extract to reduce
graphene oxide to rGO, rNO NC was produced utilising a
one-pot green synthesis technique. The cubic crystal structure
of all the samples shows a clear preferential growth along the
(2 0 0) direction. Graphene oxide and reduced graphene oxide
blending have a detrimental effect on the crystalline quality of
NO. Reduced band gaps for the GNO and rNO samples were
observed, resulting from charge delocalisation from electronic
interaction between NiO and GO/rGO. The degradation
efficiencies of NO, GNO and rNO catalysts were 78, 83 and
92 %, respectively, against rhodamine B after 90 min of light
irradiation. The size and capacity to produce reactive oxygen
species distinguish NO, GNO, and rNO NPs" antibacterial
qualities. Due to decreased crystallite size, more ROS are
generated for rNO, and hence enhanced antibacterial potency
has been realised.
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1. Introduction

Presently, the discharges from textile industries and printing mills have
made water bodies unfit for consumption due to the contamination caused by
organic pollutants and their waste products [1]. In addition, the environment
is contaminated by noxious and perilous substances found in the waste
generated by petroleum refineries, coal conversion processing, pesticides,
and drug production [2]. Reverse osmosis, flocculation, coagulation, and
electrochemical oxidation are some of the various techniques used in recent
years to cleanse contaminated water. However, organic pollutants display a
high level of resistance due to their outstanding ability to withstand microbial
attack, chemicals, temperature, and light. Recent research indicates that the
use of metal oxide semiconductors in photocatalysis is a viable and hopeful
method for breaking down organic contaminants into harmless substances
[3]. Also, the existence of diverse bacteria and protozoan parasites serves
as a notable means for human diseases. Due to the increased occurrence of
novel infections and the development of bacterial resistance to antibiotics,
recent research has focused on creating new antimicrobial drugs [4]. The
bacteria’s resistance stems from its cell wall, which offers strength, stiffness,
and shape in the face of mechanical damage and osmotic rupture. It has
been proved that nanosized metal oxide semiconductors have better efficacy
while treating bacteria and the infectious diseases caused by them [5].
Photoactivation, concentration, shape, size, and chemical composition of
nanoparticles determine their antibacterial efficacy.

Photocatalytic and antimicrobial applications extensively employ a
range of metal oxide semiconductors, including ZnO, CdO, TiO,, SnO,,
MgO, and others. Nickel oxide (NiO), a p-type semiconductor with a band
gap of 3.6-4.0 eV, has many possible uses as a photocatalyst, in battery
electrodes, as gas sensors, in electrochemical devices, and more, because of
its unique features, such as its effects on volume, surface, and quantum size
[6]. Because of its low cost, long-term stability, and non-toxicity, nickel oxide
(NiO) is an excellent antibacterial agent and highly effective at eliminating
environmental pollutants from wastewater [7]. For electrochemical
investigation, NiO exhibits remarkable electron-transfer characteristics and
a substantial active surface area [8]. Despite its excellent use in photocatalytic
and antibacterial applications, the efficacy of NiO is significantly diminished
due to the following described issues: i) The material has a wide band gap,
which means it can only absorb a small portion of sunlight’s spectrum.
ii) It does not transmit light well. iii) It has a tendency to clump together.
iv) It does not disperse easily. v) It forms complexes with metal ions that
undergo redox reactions. vi) There is a high rate of recombination between
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electrons and holes. There is room for advancement in this area due to the
aforementioned shortcomings.

rGO and graphene oxide GO are carbonaceous materials exhibiting
amazing propertieslikehighsurfacearea, roomtemperature electronmobility,
and outstanding thermal, mechanical, electrical, and optical characteristics.
These properties make them highly promising for various applications. It is
believed that incorporating GO and rGO into the NiO matrix could address
the mentioned drawbacks of NiO. Thanks to its layer of carbon atoms in
the form of sp? hybrid orbitals [9], GO, a two-dimensional layered carbon
material, has remarkable optical, electrical, and mechanical characteristics.
Composites containing NiO [10], MnQO, [11], ZnO [12], and TiO, [13] have
been prepared using GO as the matrix for gas-sensing supercapacitors and
water splitting applications. Reduced graphene oxide with sp* as well as
sp® hybridised network frame possess extraordinary characteristics which
makes it behave as a semiconductor and has the potential to be utilised as a
catalyst when coupled with other semiconductors [14]. Literature findings
show that the combination of rGO with semiconductors such as CdS [15],
PbS [16] and NiO [17] enhanced photocatalytic, electrochemical and gas
sensing properties have been realised. Motivated with these results, in this
work NiO, GO and rGO blended NiO NPs were synthesised. Chemical
precipitation was used to make pure NiO and GO-NiO NPs. rGO-NiO
hybrid was a one-pot synthesised reducing graphene oxide with leaf extract
from Centella asiatica. C. asiatica, belonging to Apiaceae family contains
pentacyclic triterpenoids, asiaticoside, brahmoside, asiatic and Brambhic
acids as prominent constituents. These are in addition to amino acids,
tannins, volatile oils, phytosterols, and flavanoids. Flavonoids are able to
convert GO to rGO because of their hydroxyl groups. The photocatalytic,
electrochemical, and antibacterial properties of NiO, GO, and rGO blended
NiO nanoparticles are compared in this work.

2. Experimental

2.1 Chemicals used

Nickel chloride, graphene oxide powder and liquid ammonia are the
chemicals used.

2.2 Synthesis procedure
2.2.1 NiO (NO) NPs

NiO nanoparticles were synthesised by calcining at 300°C for 2 hours and
crushing the precipitates formed after dissolving 0.1 M nickel chloride in 80
mL demineralised water and 20 mL liquid NH,, then aged for 6 hours.
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2.2.2 GO-NiO (GNO) NC

After ultrasonically treating 80 mL of water with 0.05 g of graphene oxide
powder for 30 minutes, an evenly distributed GO solution was formed,
which could then be used to synthesise GNO NC. The GO solution was
mixed with 0.1 M nickel chloride and liquid NH, (20 mL), keeping the pH at
10. The solution was aged for 6 hours after being agitated for 30 minutes. The
precipitates that result from this process are filtered, calcined at 300°C for 2
hours, and then pulverised.

2.2.3 rGO-NiO (rNO) NC

The reducing and capping agent Centella asiatica leaf extract is used to reduce
graphene oxide to rGO. The leaf extract was obtained by grinding 25 g of
Centella asiatica leaves washed with water and ethanol. 0.1 M nickel chloride
and leaf extract (20 mL) were added to the GO solution obtained as described
in section 2.2.2. The solution was then maintained at 90°C for 5 hours. To get

rNO NC, the mixture was then filtered, thermally treated for four hours at
80°C, and crushed.

2.3 Characterization

NO, GNO and rNO NPs were characterised using “PW 340/60”, “HITACHI
S-3000H”, “LAMBDA-35" and RX-1 Cary Eclipse spectrometer to evaluate
their structure, morphology, optical and luminescent properties.

2.4 Photocatalytic test

Rhodamine B (RhB) dye was degraded using visible light utilising NO, GNO,
and rNO catalysts. The dye solution was obtained by dissolving 0.05 M dye
in 80 mL water. The adsorption of the dye by the catalysts was determined
by maintaining the solution with the catalysts in a dark environment prior
to exposure to light. On light exposure, 4 mL of the solution was taken;
the catalysts were centrifuged, and absorbance spectra at A = 552 nm were
obtained.

2.5 Antibacterial test

NO, GNO and rNO NPs were tested for their ability to suppress the
development of S. aureus and K. pneumonia bacteria by exposing them to aan
gar medium spread out in Petri dishes. To find out how well the NPs killed
bacteria, 2 mg of them mixed in 25 and 50 pL of DMSO were put into the
plates” open wells, and the blocking zones that formed were seen.

3. Results and discussion

3.1 XRD

The XRD patterns of NO, GNO, and rNO nanoparticles are illustrated in
Fig. 1.
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Fig. 1: XRD patterns of NO, GNO and rNO

The detected peaks are attributed to the cubic crystal structure of NiO, as
indicated by the JCPDS Card No. 04-0835. All of the samples demonstrate
a pronounced preference for development along the (2 0 0) crystallographic
plane. A possible explanation for the lack of GO and rGO-related peaks in
GNO and rNO XRD patterns could be the strong intensity of NiO peaks.
Pure NiO'’s (2 0 0) peak intensity decreased with GO and rGO incorporation,
confirming the deterioration of its crystalline nature by the occupancy of
graphene-based materials. Compared to NiO (2.0901A), GO-doped NiO
exhibited increased d-spacing value (2.0913 A) whereas rGO-doped NiO
exhibited decreased d-spacing value (2.0899 A). The oxidation of graphite
results in the formation of oxygen-containing functional groups between
layers, which may account for the observed increase in the d-spacing value
for GNO [18]. The decreased d-spacing value observed for the rNO NC
might be due to crystallite sizes estimated using the Scherrer equation being
39, 35 and 29 nm, respectivel,y for NO, GNO and rNO samples.

3.2 SEM analysis

Grains appeared to be uniformly distributed for NO, GNO and rGO as
evinced from the SEM images (Fig. 2).
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Fig.2: NO, GNO and rNO’s SEM images

Few clustered grains are also visible. The grain size of NO decreased with
GO and rGO blending.

3.3 Optical studies

In the UV region, NO exhibits a band-to-band absorption peak at 348 nm
(Fig. 3(a)) [14]. The absorption peak got red-shifted to 357 nm for GNO and
to 351 nm for rNO. Both GNO and rNO exhibited higher absorption, which
might be due to the absorbing ability of GO and rGO sheets. The red shift
suggests decreased band gap energies (E ) for both GNO and rNO samples.
The E values calculated from Fig. 3(b), were3, 47, 3.4, and 3.35 eV for NO,

GNO and rNO samples, respectively.
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Fig.3: a) Absorption spectra, b) Tauc plots of NO, GNO and rNO
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The charge delocalisation resulting from the electrical interaction between
NiO and GO/rGO may be the cause of the reduced band gap values seen
for both GNO and rNO samples. rNO sample’s improved light absorption
capacity and smaller band gap allowed it to function better photocatalytically.

34 FTIR

In the FT-IR spectra of NO, GNO, and rNO (Fig. 4), the peak at 3423 cm™
corresponds to the O-H stretching vibration of inter-layer water molecules
[19]. The vibrations of the OH group that are implicated in significant
hydrogen bonding may be assigned to the peaks at 2923 and 2854 cm™ [20].
The carboxylic acid group’s -C=0 bond exhibits a peak at 1702 cm™. Water
molecule bending vibration [19] determines the 1632 cm™ peak. O-C=0O
symmetric stretching from the adsorption of ambient CO, is assigned the
peak at 1384. Observed at 1029 cm™ for NO, GNO, and at 1033 for rNO [14]
is C-O stretching vibration.
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Fig.4: FTIR spectra of NO, GNO and rNO

The & Ni-O-H vibration is the cause of the 671 band [21]. Absorption bands
from 570 to 434 cm correspond to Ni-O stretching [22]. The rNO sample’s
434 cm™ peak is the transverse optical mode caused by the Ni** sublattice’s
180° displacement opposite the O* sublattice [23].

3.5 Raman

Raman spectra of NO, GNO, and rNO NPs are displayed in Fig. 5. At 500
cm™ *vibrational band of NiO corresponding to one phonon 1P transverse
optical (TO) mode was found [24].
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Fig.5: Raman spectra of NO, GNO and rNO

The vibrations of Ni-O resulted in the 2L0 mode at 1096 cm™ for NO and
GNO [25]. rNO’s D, G and 2D bands at 1389, 1600 and at 2710 correspond
to defects/disorders, sp? graphite structure, and second order two phonon
process [26].

3.6 PL

PL spectra of NO, GNO and rNO are shown in Fig. 6. When electrons
moved from the shallow donor level created by Ni interstitials to the shallow
acceptor level created by Ni vacancies, the 494 nm peak was emitted [27].
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Fig.6: PL spectra of NO, GNO and rNO
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The 506 nm emission peak is generated by electron-hole recombination at the
imperfection site [28]. The signal at 522 nm is due to recombination centres,
which can be extrinsic or intrinsic vacancies or point defects [29]. The rNO
nanocomposite’s reduced PL intensity may be attributed to the interfacial
charge transfer from NiO NPs to rGO sheets [30]. After adding rGO sheets,
the PL intensity of NiO significantly decreased, which suggests decreased
e /h*radiative recombination. Here, rGO sheets trap NiO’s photogenerated
electrons, blocking their interaction with holes, improving photocatalytic
activity [14].

3.7 Photocatalytic activity

Fig. 7(a-c) confirms the degradation nature of the catalysts, as the intensities
of the RhB absorption peak diminish as the irradiation time increases.
Compared to NO, GNO and rNO catalysts exhibit good photocatalytic
decomposition characteristics, with rNO showing superior photocatalytic
activity. GO and rGO contain oxygen-containing functional groups, creating
charged nucleophilic centres that form m-ir linkages with adsorbates. This
attracts cationic dyes like RhB to GNO and rNO catalysts through oppositely
charged interactions, resulting in increased photodegradation efficiency [31].
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Fig.7: (a-c) Absorbance vs irradiation time, and d) C/C, vs irradiation time plot of
RhB by NO, GNO and rNO

Figure 7(d) shows the rates of photodegradation for each sample. The dye
degradation rate of pure NiO rose progressively (C/C, vs time) with GO and
rGO mixing, possibly due to rapid electron transfer between NiO and GO/
rGO without recombination. The improved breakdown efficiency of GNO
and rNO is likely due to their large surface area, superior electron transport
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capacity, and reduced photocatalyst aggregation [32]. The degradation
efficiencies of NO, GNO and rNO catalysts calculated after 90 min are shown
in Fig. 8. rNO’s maximum degradation efficiency of 92% was attributed to
effective charge separation of photo-excited electron-hole pairs between
rGO and NiO, along with synergistic and molecular interactions.

Fig.8: Degradation efficiencies of NO, GNO and rNO

The first order rate constants (k) calculated from the slopes of the plots (In
C/C, vs. irradiation time) were 0.0164 (R*> = 0.89083), 0.01894 (R*>= 0.91934)
and 0.02601 min* (R?= 0.93094) for NO, GNO and rNO catalysts. The value
of k of rNO catalyst was found to be much higher than that of NO and GNO
catalysts. Possible reasons for this are: i) large volume-to-surface ratio, ii)
increased optical absorption, and iii) lowered recombination rate of photo-
generated species. In addition to this, the rGO induces quantisation of the
NiO NPs, leading to notable quantum effects. Table 1 compiles a comparison
of the rNO catalyst’s degrading efficiency with previously published data.

Table 1

Comparison of rNO catalyst’'s degrading efficiency with earlier published
rGO-based catalysts

Catalyst lighs oooaun Dye Degradatian Reference
time (min) efficiency

rGO -ZnO uv 150 RhB 93% [33]

rGO- TiO, Uv 21 RhB 75% [34]
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Figure 9 illustrates the process of photocatalytic degradation of RhB dye
using NiO, GO-NiO, and rGO-NiO nanoparticles when exposed to visible
light. The e” of VB moves to CB when the mixed solution of dye and catalysts
is exposed to visible light. This process results in the formation of O,
radicals through a reaction with O,. Conversely, the OH in aqueous solution
occupies the pores in the VB to generate OH' radicals, which oxidise RhB,
decomposing into CO, and H,O. Because of its weak ability to absorb visible
light, pure NiO has a high band gap value, which severely limits its catalytic
efficacy.

Y
PEOKI LKL
SO AR A A et
Fig.9: Diagram showing the photocatalytic activity of NO, GNO, and rNO catalysts
mediated by visible light

Pure NiO’s visible light absorption is enhanced by GO and rGO
ornamentation. Also, e /h* pairing recombination was slowed down with
the addition of GO and rGO sheets. The delayed recombination period of
photogenerated e /h* couples in NiO increases free charge carrier density
in dye solutions with GNO and rNO catalysts. Further reactions between
these extra charge carriers and the O, and OH" in the mixed solution
formed O, and OH' radicals, which degrade RhB dye more quickly than
pure NiO. Reduced crystallite size, increased surface-to-volume ratio, and
less aggregation of NiO NPs could be the causes of rINO catalyst’s notable
improvement in degrading capacity.
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Radical scavenging assays were conducted (Fig. 10) using 2 mM
benzoquinone, benzoic acid, and EDTA to discover the radicals that
predominated the photocatalytic activity of the rNO catalyst, serving
as scavengers for OH, O,, and h*, respectively. Without scavengers, a
maximum degradation efficiency of 98.3% was achieved. The decrement in
the degradation efficiencies observed with scavenger addition suggested
their dominance in the degradation process. The order of degradation

efficiencies achieved with the scavengers is represented as O, > OH" > h*.
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Fig. 10: rNO catalyst’s scavenger test

A key part of making a good photocatalyst is making sure that the
nanoparticles” structures stay stable and can be used again and again. INO
catalyst was subjected to recycling tests to confirm its stability. After every
cycle (90 min), the catalyst was collected, washed and dried. Following
the catalyst’s dispersion into a new RhB dye solution, the dye degradation
analysis was conducted five times, and the results are shown in (Fig. 11(a)).
The catalyst did not show any appreciable decrement in efficiency up to
five cycles, confirming its more stable nature. As a mark of evidence,the
recycled catalyst’'s XRD (Fig. 11(b)) confirmed no structural modifications
and resembled the same as given in Fig. 1.
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Fig. 11: a) Recycle tests of rNO catalyst, b) XRD pattern of the recycled catalyst
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3.8 Antibacterial activity

The zones of inhibition that the NO, GNO, and rNO NPs created around
the S. aureus and K. pneumoniae bacteria are displayed in Fig. 12, and Table 2
lists their respective values. All the synthesised NPs effectively resisted the

growth of the tested pathogens, and the order of inhibition rate is represented
as TNO> GNO >NO.

K. preumeoniae
Cont/g;u N
/ -

Fig.12: Antibacterial activity of NO, GNO and rNO against
a) S. aureus and b) K. pneumoniae bacteria

The antibacterial activity of NO, GNO and rNO relies on the following
factors:

i) cellular uptake, ii) ion dissolution and iii) reactive oxygen species
generation [37]. Bacterial cell death was produced by the accumulation of
NO, GNO, and rNO NPs on the cytoplasmic liquid membrane, as well as NP-
induced membrane rupture. Nanoparticles impede cellular metabolism and
DNA replication due to their affinity for protein, phosphate, and nitrogen.
The production of reactive oxygen species triggers oxidative stress, which in
turn damages cells [38]. Ni** ions from NPs damage bacteria by interacting
with phosphorus and sulfur-containing DNA. The liberated Ni** ions
inhibit DNA replication and inactivate proteins, killing bacteria [39]. NO,
GNO, and rNO NPs may differ in antibacterial action due to size and ROS
production. GNO and rNO’s smaller crystallite sizes promote biomolecule
absorption and cellular impact. ROS production increases significantly due
to decreasing crystallite size, which breaks the bacterial cell membrane.
Increased metal ion absorption into bacterial cell membranes, caused by GO
and rGO decorating, changes membrane permeability and leads to protein
leakage [40]. Graphene-based nanoparticles have been documented in the
literature to be able to decrease mitochondrial membrane potential, leading
to an increase in ROS generation and, ultimatel,y the deactivation of the
mitochondrial pathway, which kills the bacteria [41]. Table 2 infers that all
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the synthesised NPs showed significant resistance against S.aureus bacteria
better than K. pneumonia bacteria. The absence of an outer lipid membrane
in gram-positive bacteria makes their thick peptidoglycan layer more
vulnerable to damage.

Table 2

Z0I values observed for NO, GNO and rNO against S. aureus and
K. pneumoniae bacteria

Zone of inhibition (mm)
Sample 25 pL(DMSO) 50 pL. (DMSO)
S. aureus K. pneumoniae S. aureus K. pneumoniae
NO 5 3 7 5
GNO 10 0 14 12
rNO 15 12 18 15

4. Conclusion

NiO (NO), GO, and rGO blended NiO (GNO and rNO) NPs were successfully
synthesised. Their photocatalytic and antibacterial nature was evaluated
in addition to their structural and optical properties. NO, GNO and rNO
exhibited cubic crystal structure. Blending GO and rGO enhanced NiO'’s
visible light-absorbing capacity. The contribution of GO and rGO reduced
NO’s band gap from 3.47 to 3.4 and 3.35 eV, respectively. Photodegradation
efficiencies of NO, GNO and rNO catalysts against the degradation of RhB
dye were 78, 83 and 92%, respectively. Blending GO and rGO significantly
enhanced NiO'’s ability to prevent bacterial growth. The rGO-embedded
NiO was found to have superior catalytic and antibacterial properties based
on the obtained results, making it a viable option for the aforementioned
applications. Also, in future, by utilising rNO nanocomposite, energy
harvesting and storage, which is a challenging issue to meet the increasing
demand of energy consumption, could be achieved with high performance
with minimal energy loss.
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