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ARTICLE INFO ABSTRACT

Keywords:

A new nanocomposite of the type ZnO fence with graphene quantum dots GQD/ZnO has been synthesized by the

Zn0 hydrothermal method. The crystallinity, structural and morphological properties are characterized by XRD, FT-

Graphene quantum dots
Photocatalysis

Reactive oxygen species
Antibacterial activity

IR, Raman, FESEM, TEM, DRS and PL techniques. Interestingly, the prepared GQD/ZnO nanocomposites act as
photocatalyst for the degradation of the phenol solution with a maximum of 79% under UV light irradiation. The
effect of pH for photodegradation of the catalyst has also been investigated in detail. Further, the antibacterial

activity of GQD/ZnO has been investigated against P. aeruginosa and the results show enhanced activity, even at

low concentration.

1. Introduction

Graphene belongs to renowned carbon nanomaterials, which have
received much attention due to their remarkable electrical and me-
chanical properties that can be exploited to improve the properties of
host materials for various applications [1-4]. Graphene is a two-
dimensional platelet which comprises carbon atoms that are tightly
packed in the honey-comb like structure. Semiconductor-mediated
photocatalysis has attracted worldwide attention for its potential in
environmental and energy-related applications [5-8]. Carbon-
-semiconductor based hybrid materials become a new class of photo-
catalysts, which has recently attracted lots of attention. However, the
rapid recombination rate of photogenerated electron-hole pairs within
photocatalytic materials results in its low efficiency, thus limiting its
practical applications. Therefore, the suppression of recombination of
charge carriers is the key to the enhancement of photocatalytic activity
of semiconductor photocatalysts [9-13]. Recently, functionalized
graphene-based semiconductor photocatalysts have attracted a lot of
attention due to their good electron conductivity, large specific surface
area, and high adsorption [14-19].

During the past decade, a variety of strategies have been employed to
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increase the photocatalytic performance of semiconductor photo-
catalysts, for example, via suitable textural design [20-25], doping
[6,26-28], noble metal loading [29-31] and forming semiconductor
composites [32,33]. Furthermore, the semiconductor has been made to
combine graphene to form photocatalyst composite material to improve
their photo-catalytic performance [16-18,34-36]. The ZnO based
nanomaterial has been broadly studied, due to their excellent properties
such as high redox potential, nontoxicity, low cost, and environmentally
friendly feature [37,38]. Even though ZnO creates a band gap (3.37 eV)
and great exciton binding energy (60 meV) [39], the small size nano-
particles have a larger surface area compared to bulk particles. This
dissimilar property is used in many application fields such as nano-
medicine, bio-nanotechnology, and biosensor, etc. However, photo-
catalyst action of ZnO is moderate under UV or sunlight, due to the
quick recombination of the excited electron from the conduction band to
the valence band [40]. To overcome such difficulties, modification of
morphological change, surface defects, creating oxygen vacancies,
doping or preparing composite material, and finally tuning the band gap
of semiconductor material [41] have been conducted.

The synergistic effect of ZnO nanorods on photocatalytic perfor-
mance and biological activity of graphene nano sheets has been reported
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recently by A.F.Ghanem et al [42]. Graphene oxide/TiOzcomposite are
synthesized and their photocatalytic degradation against Rhodamine B
and acid green 25 dyes has also been studied by M.S.Adly et al [43]. In
2017, M. Yadav et al reported the rGO/W-doped TiO; composite by the
sol-gel method and reduction of GO was carried out with the help of
TiOg in UV light. The efficiency of the composite was evaluated by
degrading an organic pollutant (p-nitrophenol) in the presence of light
[44]. X. Wan and his co-workers have described that the Nano-silicon/
graphene composites are synthesized directly from silicon and
graphite mixture as the raw materials with a one-step process under
atmospheric pressure by the thermal plasma approach [45]. Nithya and
co-workers reported on Chitoson-silver nanocomposite, green synthe-
sized without the aid of any external chemical reducing agents studied
their surface plasmonic effect, photocatalytic, and antibacterial activity
in detail [46]. Green and facile synthesis of graphene nanosheets/
K3PW;2040 nanocomposites with enhanced photocatalytic activities has
been reported by H.Yang et al [47]. Zirconium substituted magnesium,
cobalt ferrite (ZrxMg 2xCop s.xFe204) nanoparticles, and their nano-
hetero-structures with graphene are synthesized by co-precipitation
and ultra-sonication route respectively by A. Shabbir et al [48]. Many
important research findings have reported entitled graphene-based
semiconductor photocatalysts and consequently, GQD/ZnO nano-
composite, which has a dual function of photocatalytic and antibacterial
action, has been taken for the present research.

In the present research, the nanocomposite (GQD/ZnO) namely GQD
makes a fence as a decorated on ZnO has been prepared by the hydro-
thermal method. The synthesized nanocomposite GQD/ZnO and ZnO
are subsequently characterized by XRD, FT-IR, Raman, FESEM, TEM,
DRS, and PL techniques. Further, the photocatalytic activity of GQD/
ZnO was investigated under UV light radiation for the degradation of
phenol with various pH solutions. In addition, the antibacterial activity
of both GQD/ZnO nanocomposite and pure ZnO nanoparticles has been
carried out in dark condition and the mechanism of action against
Pseudomonas aeruginosa bacteria has also been studied in detail.

2. Experimental section
2.1. Materials

Zinc acetate dihydrate (99%), Cetrimide (99%), Citric acid (99%)
and sodium hydroxide (NaOH) have been purchased from Merck
chemicals. All the other chemicals used are of analytical grade pur-
chased from Merck chemicals.

2.2. Preparation of GQD/ZnO

GQD/ZnO nanocomposite was synthesized by the following litera-
ture procedure [49]. In short, 0.001 M of citric acid was put in a beaker
and heated to melt at 200 °C using a heating mantle. After 25-30 mins,
the orange color was formed indicating the formation of graphene
quantum dots. The pH of this solution was adjusted to 7 using 1.5 M
solution of NaOH. This solution was added with a mixture containing
0.02 M of Zinc acetate and 0.0005 M of cetrimide and dissolved in 30 mL
of double distilled (DD) water. Then, it was stirred for an hour. In this
solution, 0.05 M of NaOH was dissolved slowly in 25 mL of DD water and
allowed to stir for an hour. Then, the mixed solution was moved to
Teflon lined autoclave and heated for 5 hrs at 170°C. The resulting
precipitate was finally filtered and washed several times with water and
ethanol and dried at 60°C. Finally, the sample was annealed at the 350°C
in a muffle furnace for 2 hrs and it was labeled as GQD/ZnO. The same
procedure was followed for the preparation of pure zinc oxide as shown
in Fig. 1.

2.3. Characterization techniques

X-ray diffraction measurements were carried out using PAN
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Fig. 1. Flow chart for the preparation of ZnO and GQD/ZnO nanocomposite.

diagnostic X’Pert Pro with Cu Ka radiation (A = 1.5418 1°\) using 20 mA,
with an accelerating voltage of 40 kV at a scanning rate of 2°/min.
Raman spectra were recorded using Micro-Laser Raman (Seiki, Japan).
The chemical nature of the sample was analyzed using SHIMADZU 8400
FT-IR Spectrometer using KBr pellet method. Morphology and micro-
structure investigation of the samples were carried out using a JEOL
JSM-6380 LV scanning electron microscope (FESEM), operated at an
accelerating voltage of 20 kV provided with Energy Dispersive Spec-
troscopy (EDS). Transmission electron microscopic images were taken
using JEOL/JEM 1200 EX II. UV-Vis Diffuse Reflectance spectra (DRS)
were recorded on a Shimadzu UV-2450 Spectrophotometer equipped
with an integrating sphere. The photoluminescence spectra were
recorded wusing a Varian Cary Eclipse photoluminescence
spectrophotometer.

2.4. Photocatalytic experiments

The photo-catalytic experiments were carried out in a cylindrical
reactor (100 mL) with continuous stirring under UV light (365 nm, Hg
lamp, 30 Watts). In short, 100 mg/L of phenol was taken in a 100 mL
reactor and 1g/L of catalyst was added. Then, the solution was kept in
dark condition for 30 mins to reach adsorption equilibrium. After this,
photo-catalytic degradation was started by turning on the UV light
illumination. UV-Vis absorption spectra of phenol were monitored at
270 nm by taking 5 mL of the samples for every 30 mins.

2.5. Antibacterial activity

The antibacterial studies of the GQD/ZnO and ZnO were analysed
against gram-negative bacteria of Pseudomonas aeruginosa by agar disc
diffusion method. The Minimal Inhibitory Concentrations (MIC) of
testing volatile portions was resolved by utilizing Mueller Hinton broth
(LB) dilution strategy with Tween 80 (5%). The tubes of LB containing
extracts of different concentrations were vaccinated with 10 mL of 10
CFU/mL of standardized microorganism suspensions. Control tubes
without testing samples were tried, all the while. All preliminaries were
done in triple time estimation of normal one. The antibacterial activity
behavior of ZnO and GQD/ZnO was carried out against P. aeruginosa
cultured using the nutrient broth for 24 h at 310 K. Disc plates were
incubated day and night and then, inhibition was measured on the next
day. After the effects of MIC investigation, the tube demonstrating a
total absence of development was identified and incubated at standard
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time and temperatures. The zone of inhibition distance was measured by
vernier caliper in millimeters.

3. Results and discussion
3.1. XRD analysis

Fig. 2 shows the X-ray diffraction patterns of GQD/ZnO nano-
composites and bare ZnO samples in the range 20 = 20-80°. The
diffraction peaks observed at 20 values 31.8°, 34.5°, 36.3°, 47.6°, 56.6°,
62.9°,66.4°, 67.9° and 69.1° correspond to (100), (002),(101), (102),
(110),(103),(200), (112) and (201) planes of ZnO. All the diffraction
peaks in the XRD pattern of pure ZnO nanoparticles match well with the
hexagonal phase of wurtzite ZnO [JCPDS No. 36-1451]. The 26 values
observed for GQD/ZnO nanocomposite was found to be the same for the
pure ZnO, except the marginal changes in the intensity of the peaks. The
diffraction peak observed at 20 values, 25.5° and 43.2° for GQD/ZnO
corresponds to (002) and (1 00) plane for GQD, indicating the presence
of GQD in GQD/ZnO nanocomposite (Fig. 2) [50-52]. The weakened
peaks of ZnO in GQD/ZnO nanocomposite compared to bare ZnO indi-
cate that the addition of GQD induces the defects in a crystal which is
probably connected with the lattice disorder and strain induced in the
ZnO lattice [53]. In addition, the crystal defect of GQD/ZnO is higher in
addition to GQD as indicate in the peak 101 in Fig. 2. The crystallite sizes
of ZnO and GQD/ZnO nanocomposite calculated from the Scherrer’s
formula are found to be 73 nm and 65 nm, respectively. The dislocation
density and micro-strain have been calculated for ZnO and GQD/ZnO
nanocomposite and displayed in Table 1.

3.2. FT-IR spectral analysis

The chemical nature of ZnO and GQD/ZnO nanocomposite has been
studied by FT-IR spectral analysis as shown in Fig. 3. The spectrum of
GQD/ZnO showed band at 512 cm™! which corresponds to Zn-O
stretching vibrational mode [54]. The peak at 2349 cm ™" is due to the
absorption of atmospheric carbon dioxide. The band at 3456 cmis due
to O-H mode of vibration. The weak C = O stretch mode vibration
observed around 1722 cm ™! indicates the carboxylic group [55]. These
peaks indicate the decomposition of acetate group after the preparation
of GQD/ZnO. The stretching mode of vibration of graphene sheet C =C
is detected at 1622 cm ™! [56]. The peak C = C and C = O peaks are
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Fig. 2. XRD patterns of GQD, ZnO and GQD/ZnO nanocomposite.
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Table 1
XRD parameters of pure and GQD/ZnO nanocomposite.

Samples Crystallite size D = Dislocation density =1/  Micro strain ¢ =
0.9)/pcos® (nm) D? (x 10** Lines/m?) Beost/4 (x 104
ZnO 73 3.214 4.933
GQD/ 65 3.976 5.404
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Fig. 3. FT-IR spectra of ZnO and GQD/ZnO nanocomposite.

broader in GQD, when the addition of ZnO in GQD, peak reduced due to
interaction of GQD and ZnO. It reveals that, the formation nano-
composites show all the corresponding bands of GQD/ZnO and they
indicate that the functional groups are responsible for this interaction
between ZnO and GQD. The introduction of GQD fence on ZnO which
can be attributed to the synergistic interaction between semiconductor
and graphene support [57].

3.3. Raman analysis

Raman spectra of pure ZnO and GQD/ZnO nanocomposite are shown
in Fig. 4. The characteristic peaks of GQD are observed at 1340 and
1580 cm ! of GQD/ZnO represented D-band (disordered sp2 carbon)

1142
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T T 1 T
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Raman shift (cm™)
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Fig. 4. Raman spectra of ZnO and GQD/ZnO nanocomposite.
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and other G-band (ordered graphite), respectively. The peak intensity
ratio of D-band to G-band, which is a measure of the disorder, is found to
be 1.02, 1.2 for GQD and GQD/ZnO, respectively, This intensity ratio
increase due to the decrease in the size of sp® hybridization reduction. It
reveals that interaction between ZnO and graphene sheets and also it
confirms the formation of GQD sheets. Meanwhile, the phonon modes of
pure ZnO are observed in the range of 1142 cm ™. Here, the intensity of
this peak in GQD/ZnO is lower than ZnO. The ZnO peak observed at 437
em™!, corresponding to the high frequency mode of E, of wurtzite
structure, but GQD/ZnO peak somewhat lowered by the interaction of
the graphene with the ZnO. The structural defects in ZnO are repre-
sented by the peak at 583 cm ™!, and a small shoulder peak at 384 cm ™!,
which is assigned to E; longitudinal optical (LO) mode and A; transverse
optical (TO) mode frequencies, respectively [58]. The GQD/ZnO nano-
composite holds all the characteristic peaks of graphene and ZnO and it
further provides evidence for the formation of GQD/ZnO
nanocomposite.

3.4. Morphological analysis

The morphological features of both ZnO and GQD/ZnO nano-
composite were analyzed by FESEM and TEM and the representative
surface micrographs are shown in Fig. 5. From the FESEM images, it can
be seen that the bare ZnO and GQD/ZnO have a smooth and spherical
shaped particle, though some agglomerations are observed in some parts

100 pm* EHT = 3.00kV
WD = 7.4mm

Date :01Sep2020

Mag= 10000 KX Time :1723:17

&nf"' EHT = 300KV
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(Fig. 5a and b). TEM images of bare ZnO nanoparticles reveal the uni-
form crystallite size of hexagonal wurtzite structures in Fig. 5c. This
observation also complements with the XRD results. After making
nanocomposite, the GQD makes a fence as a decoration on ZnO nano-
particles. Because, ZnO has electro negative element of ‘O’ and graphene
have sp? hybridization with a mobile © bond electron, form a bond be-
tween ZnO and GQD. So, the result indicates that the ZnO nanoparticles
are well bound with graphene quantum dots, as shown in Fig. 5d.

3.5. Optical study

The prepared catalyst is subjected to UV-Vis diffuse reflectance
analysis to find the band gap of the photocatalyst. The UV-Vis absorp-
tion spectra of GQD/ZnO and ZnO reveal as the typical absorption onset
at 385 and 384 nm, and extends up to 360 nm, as shown in Fig. 6 (a),
respectively. Tauc plot is used to calculate the direct band gap using the
formula Egap = hu/A and hva o (hy -Egap)n and it is found to be 3.25 eV
for GQD/ZnO and 3.20 eV for ZnO. The ZnO band gap is somewhat
tuned due to the addition of graphene quantum dots in GQD/ZnO as
shown in Fig. 6 (b). A transition graph of indirect band gap values of
3.16, 3.17 eV for GQD/ZnO and ZnO, respectively, are shown in Fig. 6
(c), [59]. There is no more change in the value of direct and indirect
band gaps of ZnO materials. It reveals that the indirect band gap of both
the sample momentum of electron energy state is the same in the con-
duction and valence band, but it can be possible to convert from direct

Signal A = SE2 Date :30 Jun 2020
WD = 73mm Maa= 100.00 K X Time :16:10:47

Fig. 5. FESEM images of (a) ZnO and (b) GQD/ZnO; TEM images of (c) ZnO (d) GQD/ZnO nanocomposite.
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Fig. 6. (a) UV-DRS-absorbance (b) Direct band gap (c) Indirect band gap of ZnO and GQD/ZnO nanocomposite.

band to indirect band by applying an electric field [60].

3.6. Photoluminescence studies

The Photoluminescence emission spectra of GQD/ZnO and ZnO
nanocomposite are recorded at room temperature at an excitation
wavelength of 325 nm. The luminescence spectrum exhibit emissions at
401, 444, 488 and 520 nm, respectively, as shown in Fig. 7. [61]. The
emission peak at 401 nm is attributed to the exciton recombination
identified with the closest band edge emission of the ZnO [62]. The
emission band at 444 nm is attributed to the violet emission which arises
from the zinc interstitial defects. The next lower energy absorption
bands such as blue 488 and green 520 nm emission bands are attributed
to the surface conditions of the oxygen vacancy position in ZnO. The
emission intensity of GQD/ZnO diminishes compared to pure ZnO by
indicating that the excited electrons are transferred to the graphene
quantum dots and it retards the exciton recombination in ZnO [63,64].

3.7. Photocatalytic activity

The efficiency of the GQD/ZnO nanocomposite has been evaluated
against the degradation of phenol under UV radiation. The various
processes of pure ZnO, GQD/ZnO and absence of catalyst in the reduc-
tion of the organic compound of phenol are initially evaluated and the
quantity of catalyst is 1 g/L, pH 7.2 Further, the phenol concentration of
100 mg/L and the data of the photo-catalyst is illustrated in Fig. 8(a).

80

401

— GQD/Zn0O
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T T
450 500
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T
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Fig. 7. PL spectra of ZnO and GQD/ZnO nanocomposites.

The degradation efficiencies of the absence of a catalyst, pure ZnO,
and GQD/ZnO nanocomposite are insignificant for the degradation of a
phenol molecule through adsorption. The phenol has degraded only
10% in the absence of catalyst and it can be increased in pure ZnO up to
52%, but a GQD/ZnO nanocomposite decomposition of phenol the
reached rate was 79% after 4 hrs. In GQD/ZnO nanocomposites, GQD
enhances the photocatalytic properties with ZnO. In this case, the
presence of UV light generates electron holes in ZnO when these excited
electrons are captured by GQD and then, inhibit the recombination of
electron-hole pair [65].The phenol degradation has been investigated at
different pH conditions on GQD/ZnO nanocomposite are as shown in
Fig. 8(b). The initial pH 7.2 is then changed to pH 4.5 and 9.5 corre-
sponding to the degradation efficiency decreased to 73% and 68%,
respectively. The phenol degradation efficiency is reduced highly in
acidic and alkaline medium, but it has favored in neutral pH. The pH
may have affected the catalyst surface adsorption capability of phenol
where as it is an important consideration of photocatalytic degradation
of phenol [66].

The point zero charges of at different pH (pHpzc) of the ZnO catalyst
range is at 9.0 £+ 0.1 [67]. So, the catalyst surface is in positive charge
condition at pH < pHpzc, negatively charge condition at pH > pHpzc,
and another neutral condition at pH = pHpzc.

ZnO + H' - ZnOH™"
ZnO + OH™ — ZnO(OH)

Where, ZnO, ZnOH™' and ZnO(OH)  are the neutral, positive, and
negative groups, respectively. This property not only affects adsorption
significantly, but also depends on pollutant property. In aqueous media,
pollutant phenol has a pKa value 9.9 at 25 °C and it indicates that the
solution at pH < PKa, a phenol structure occurs in the molecular form of
CeHsOH. But, at pH > PKa, the phenol is de-protanate and becomes a
negatively charged form of CcHsO (ph’) [68]. As a result, the adsorption
depends on electric charge of both substrate and catalyst. The affinity of
phenol is higher than pH 9.5 and ZnO(OH) and (ph’) ions are negative
charge repulsion between both substrate and catalyst. So, the neutral
medium is pH 7.2, the higher affinity of phenol occurs on the catalyst
and finally, the degradation is higher in neutral medium. But in acidic
medium, pH 4.5 slightly decreases due to positive charge ZnOH" and
phenol.

Table 2 shows some reported metal oxide nanoparticles and nano-
composite for photocatalytic degradation of phenol is tabulated and the
degradation rate of the catalyst mainly depends on catalyst loading, pH,
phenol concentration, time and UV light.

3.7.1. Recycling of the catalyst
The reusability of both the catalysts for phenol photodegradation
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Fig. 8. (a) Photocatalytic activity of GQD/ZnO, and pure ZnO degrades phenol under UV light irradiation (phenol 0.1 g/L, catalyst 1 g/L and pH = 7.2). (b) The
effect of the pH on the photocatalytic degradation of phenol by GQD/ZnO.

Table 2
Studies with some metal oxide nanocomposite for the Phenol degradation.
Catalyst Phenol Light source Degradation Ref.
Concentration rate & Time
with pH
TiOy/Gr/ 50 mg/L, pH = Visible light 91%, achieved [65]
30PW =1 3.2, (100 W in6h
g/L, tungsten lamp)
ZnO/MMT/ 30 mg/L, pH = UV light (254  80.9%, [69]
UV/H,0, 6.97 nm, Philips 40 achievedin4h
=1g/L W UVC lamp)
7.5% GZnTi ~ 60mg/L,pH=4 UV light (254  100%, [70]
=0.6 g/L nm, Philips 40 achieved in
W UVC lamp) 160 min
Zn0O/ 0.1 mg/L, pH = Sunlight 100%, [71]
rGO,70 °C 4 achieved in 20
=100 mg/ mins
L
Zn0, =1.5g/ 200 mg/L, pH = UV light (125 60%, achieved [72]
L 2.5 W UV lamps, in 120 mins
Black light
Mercury HgV).
GO/TiO; = 14.4 mg/L, pH UV light (254 100%, [73]1
1.48 g/L =6.10 nm, two 8 W achieved in
UVC lamps) 180 mins
GQD/ZnO = 100 mg/L, pH = UV light (365 79%, achieved = Present
1g/L 7.2 nm, Philips 30 in4h work

W lamp)

under UV light has been represented in Fig. 9. After each cycle, the
phenol concentration is adjusted to the initial concentration of both the
catalysts. The GQD/ZnO Sample dye degradation activity is gradually
decreased from the third cycle compared to ZnO. But, the ZnO sample is
minor and gradually decreases the activity from the 2nd cycle to the
fourth cycle. The reusability of phenol degradation of GQD/ZnO sample
gets good stability upto fourth cycle because the degradation rate
decreased by 3.5% in the fourth cycle. Furthermore, in order to inves-
tigate the crystalline structure of GQD/ZnO after four cycles, the XRD
has been tested again. The final observation of all characteristic peak
positions and intensities are the same as in Fig. 2 and even the crystal
structure are unchanged after four cycles. Therefore, the as-prepared
GQD/ZnO nanocomposite has a good reusable quality and it is a high-
ly stable catalyst in the practical benefits like wastewater treatment.

Removal ratio

1st

2nd
Cycle number

3rd 4th

Fig. 9. Reusability results of the ZnO and GQD/ZnO in the phenol removal
process under during the consecutive four cycles.

3.8. Antimicrobial activity

Antibacterial studies were carried out against Pseudomonas aerugi-
nosa due to its better reaction towards nano-ZnO in our previous work
[74]. The antibacterial activities of both GQD/ZnO and ZnO are per-
formed against P. aeruginosa with Tetracycline as standard. The con-
centrations of the nanocomposite are varied between 1 mg and 1 pg and
the graph is plotted against MIC values with different concentrations
(Fig. 10). The result has revealed that GQD/ZnO has better antibacterial
activity compared to ZnO and standard.

3.8.1. Reactivity of Zn?" ion- microbe’s interaction mechanism

The bacteria P. aeruginosa contains outer layer flagella, helical like
structure which can help for the locomotion of bacteria as shown in
Fig. 11. In the course of the antibacterial action of ZnO, dissolved ZnO
forms Zn®" ion which interacts bacteria pilus at the time of bacteria
moving from one place to another under dark condition. This pilus is a
rigid fiber and contains a protein that protrudes the bacterial cell sur-
face. The outer membrane of gram-negative bacteria contain lip-
oteichoic acid, which contain a high amount of polyphosphate anion,
creates a negatively charged cell wall in the outer membrane of bacteria,
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Fig. 10. Antibacterial activities of the ZnO and GQD/ZnO nanocomposite.

thereby, the Zn?* ion is attracted by polyphosphate anion of the outer
membrane [75,76]. In bacteria, active transports of vitamins, minerals,
and ions are formed in the form of diffusion method and for this reason,
the bacteria produce ATP. Cytoplasmic zone is present in between the
outer and inner membrane and consists of a thin layer of peptidoglycan
which possesses a gel similar regularity. Such a peptidoglycan layer
helps allow and transport sugars, amino acids, and other ions into the
cells. Here, the transition metal ion diffuses the outer membrane to the
inner cytoplasmic membrane reaching through the peptidoglycan
mechanism which has not yet been clearly explained. When the Zn" ion
is absorbed by peptidoglycan (PGN), it induces the initiations of the
production of autolysins. This excessive production of autolysins sub-
sequently induces the dramatic autolysin mediated lysis and this process
has been considered to enhance the inhibitions of peptidoglycan elon-
gation with bacteriolysis and the destruction of P. aeruginosa peptido-
glycan cell wall [77]. Then, the diffusion of Zn?' ion through the
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cytoplasm reaches to the ribosome and mitochondria. Zn?* ion reduces
the activity of protein synthesis from the ribosome and prevents Nico-
tinamide Adenine Dinucleotide Hydrogen (NADH) activity in mito-
chondria. Furthermore, the NADH activity of an electron carrier, energy
production and distribute energy in all parts of the body are inhibited
[78]. Both ZnO and GQD/ZnO samples after dissolution to form Zn3t
ions move through the outer membrane or Porin to reach cytoplasmic
and then, kill the chromosomes of bacteria cell.

3.8.2. Mechanism of ROS

In a solution medium, ZnO nano materials move from the bacterial
cells with the help of osmotic pressure. Aerobic bacteria get energy from
respiration, using molecular oxygen (O2) or oxidation of nutrients. The
bacterial cell promotes oxidative stress and it is induced when diffused
ZnO generates antimicrobial activity mechanism [79]. As a result, the
reduction of oxygen molecules causes oxygen demand forming in bac-
teria cells. The surface of nanoparticles crystal has oxygen defect sites
which can enhance Reactive Oxygen Species (ROS) production and
antibacterial activity in dark condition [80]. From PL data, sample
GQD/ZnO nanocomposite electrons are excited and quick recombina-
tion level inhibition occurs better than ZnO. These excited level elec-
trons are donated to respire oxygen besides producing super oxide of
(ROS). Hence, the excited electrons are easily collected by GQD and
more ROS radicals are produced. A higher concentration of ROS radical
is produced in GQD/ZnO and it enhances the antibacterial activity than
the ZnO. Consequently, the ROS provides an admirable antibacterial
activity causing excessive damage to the inner functional group of
bacteria. Hence, ROS moves through the cytoplasm and it causes dam-
age to mitochondria, lipids, ribosome’s and chromosomes. The same
mechanism may be possible that specific nanoparticles enter into the
inner body bacteria and then, gets energy from intracellular metabolism
to make ROS radical.

At the same time, ZnO/GQD the partially excited electron moved to
GQD fence and also inhibit the recombination of excited electron. This
fence electrons were possibly captured by electronic acceptors adsorbed
(03), in order to form a superoxide radical anion (03), it is represented as
GQD-ROS [81,82] as shown in Fig. 11. Furthermore, The production of
ROS in the dark light, especially in nano ZnO, involving superoxide
species facilitated by surface defects noted in PL and XRD spectra.
Hence, the ZnO surface electron adsorbed (O5), and formation of ROS
radical (03), it is represented as ZnO-ROS. [83-85]. Moreover, GQD

Fig. 11. Schematic illustration of ZnO and GQD/ZnO nanocomposite antibacterial mechanism of Gram-ve Pseudomonas aeruginosa bacteria.
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interaction with bacteria functional group (COOH, OH) formation of
OH® of ROS radical, it is represented as GQD-ROS. [86]. Additionally,
ZnO dissolution with solvent or bacterial acid to the formation of Zn2*
ion. Finally, all ROS and Zn®" enter the bacteria and damage the bac-
teria cell. From above this mechanism GQD/ZnO sample only produces
more ROS radical with help of GQD fence and enhances the antibacterial
activity than ZnO. So that, the GQD/ZnO has MIC value and the lowest
concentration GQD enhances the observable inhibit in the growth of
bacteria [87]. Furthermore, the nanocomposite of GQD/ZnO shows
higher activity than tetracycline and ZnO Compound for MIC at 1 pg/mL
against P. aeruginosa (Fig. 10). It reveals that GQD/ZnO nanocomposites
produce Zn?t, GQD-ROS and ZnO-ROS to three ways possible attacks to
Pseudomonas aeruginosa than two-way attack of Zn?*, ZnO-ROS for ZnO.

4. Conclusions

In the present work, the facile syntheses of GQD/ZnO nanocomposite
from the hydrothermal method are described. The characterizations of
the GQD/ZnO nanocomposite are accomplished by various spectral and
physico-chemical methods. The XRD and TEM images have also pic-
turised that the ZnO sample has hexagonal particle structure and GQD/
ZnO has formed GQD fence layer on ZnO. The PL spectra indicate the
GQD/ZnO has graphene act as an electron sink for the accumulation of
charges from defect levels of ZnO and it controls the recombination of
charge carriers. Furthermore, the GQD/ZnO nanocomposite has been
proved to be an effective photocatalyst for the photocatalytic activity of
the degradation of phenol (79%) in aqueous media under UV light. In
addition, GQD/ZnO inhibits the growth of various microorganisms
markedly by exhibiting higher antimicrobial activity against Gram-
negative bacteria. GQD/ZnO has followed three-way antibacterial
mechanisms of Zn?>*, GQD-ROS, and ZnO-ROS of destroying the com-
ponents of bacteria and providing an end way of killing the bacteria. But,
ZnO sample follows Zn?*, ZnO-ROS only. For this reason, GQD fence on
ZnO has better MIC value and hence, it is used in the surface coating of
medical devices and nanomedicine.
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