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ABSTRACT

Gallium oxide (Ga,0,) nanoparticles (NPs) were fabricated using chemical method. We looked at
how two distinct graphene concentrations in a gallium oxide-graphene (Ga,O,/graphene) hetero-
structure nanocomposite affected the photocatalytic degradation of the methyl blue dye. Raman
spectroscopy was used to evaluate some of the prepared Ga,0, NPs’ physical characteristics. On
the basis of interactions between Ga,0, and graphene, the effect was examined. Ga,O, included
the laser-induced graphene. The production of disordered graphene and the phase of oxides
and graphene were both validated by Raman spectra. Ga,0, was used to examine the effects of
graphene content at 5 and 10% wt. The results of the photocatalysis measurements showed an
improvement, but a 10% addition of graphene led to a remarkable improvement. The results
indicated that the photocatalytic application of the binary phase of Ga,O,/graphene toward the

methyl blue decomposition is promising.

Keywords: Ga,O, heterojunction; Binary nanocomposite; Graphene; Methyl blue; Photocatalytic;
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1. Introduction

All areas of research have been affected by nanotechnol-
ogy, with occasional successes being noted. When a mate-
rial is reduced to nanoscale, it acquires an excessive num-
ber of additional specifications, including those related to
edge density, internal structure, lattice symmetry, and cell
characteristics [1]. In recent years, metal oxide nanoparti-
cles have gained popularity due to their distinctive char-
acteristics, such as their huge surface area, enhanced activ-
ity, and electrical properties [2,3]. Semiconducting oxides
based on the photocatalytic process have drawn a lot of
interest as an environmentally beneficial, economically
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feasible, and long-lasting water purification method [4].
It has long been known that improved oxidation technol-
ogy can eliminate microorganisms and persistent organic
pollutants from water [5]. The process takes place on the
surface of a photocatalytic layer, in accordance with the
streamlined Langmuir-Hinshelwood kinetic model [6].
Therefore, any increase in active surface area or modifica-
tion of the geometry of the oxide’s structure will improve
the performance of the oxide. Finding methods to remove
methylene blue (MB) from wastewater is crucial since it is a
chemical with a complex aromatic makeup that is resistant
to degradation. Due to their significant features, including
as high surface area, carbon-based materials, like graphene
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and low graphene oxide (RG), are essential in a variety of
fields, including lithium-ion batteries, nanosensors, and
energy storage applications [7-10]. In instance, the indi-
rect semiconductor Ga,0, monolayer has a broad band
gap of 2.752 eV and a high hole mobility of 4,720 cm?/V's.
By using applied strain and layer control, its band gap
may be controlled flexibly across a wide range. In the UV
region, it has strong absorption coefficients (>10° cm™)
[11]. Because to the formation of potent reactive radicals
including hydroxyl radicals ("OH) and superoxide radicals
*Q,;, it is a good material for photocatalytic reactions. Due
to 1ts high E_value, it can only function in the presence
of UV light, makmg insufficient use of visible light [12].
Due to the increased number of active sites, several differ-
ent dimensional configurations, including nanoparticles
(0-D), nanowires/nanorods/nanotubes (1-D), nanoflakes/
nanosheets (2-D), and nanospheres/nanoflowers (3-D), have
been identified as promising photocatalysts [13]. To inves-
tigate the impact of heterojunction of graphene and Ga,O,
content on the performance toward two MB concentrations
of 5 and 10 mg/L. Ga,0,/5%Gr and Ga,0,/10%Gr hetero-
structure nanocomposites are created in this work. The
Raman spectroscopy is used to analyze the structural com-
position. The Raman spectroscopy is used to analyze the
structural composition. To clarify the impact of the binary
composition, the efficiency was calculated for a variety of
compositions.

2. Experimental technique
2.1. Materials preparation

In the current preparation procedure, 25 mL of a 0.2 M
copper nitrate solution (Ga(NO,),26H,0) and 25 mL of
a 0.2 M urea (CO(NH,),) water solution are combined in a
beaker. This mixture was heated in a microwave system for
less than 10 min. Ga,0, NCs are retrieved as a fine, black
powder after this time inside the microwave. This powder
is centrifuged several times while being rinsed with dis-
tilled water. The CO, laser equipment was used to create the
graphene nanopowder. A CO, laser device with a 40 W max-
imum power and 400 mm/s maximum speed was employed.
First, 170 m (5.0 mol) of DuPont Kapton Polyimide Film
(TapeCase, USA) was thoroughly cleaned. The sheet was put
on the laser cutter and subjected to 7.5 W of power traveling
at 40 mmy/s. A sizable amount (in mg) of graphene powder
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7.5 W/40 mm/s

Polyimide (170 um)

! /
-
-

y
i

xr for L

/

was produced after the polyimide sheet was exposed to the
laser beam over a sizable area Fig. 1 [14]. The oxide mate-
rials were next combined with graphene powder at various
weight percentages, such as 5.0% and 10% of graphene. The
combination was thoroughly ground for 5 min in the mor-
tar, changing the color of the mixture to a light black hue.
The product underwent an hour-long sintering procedure
in an electric furnace set at 400°C.

2.2. Characterizations

A confocal Raman spectrometer (LAB RAM-HR800) cou-
pled to a charge-coupled detector was also used to analyse
the products (CCD). 20 mW of HeNe excitation light with
a wavelength of 633 nm was employed. A backscattering
setup with a spectral resolution of 0.8 cm was used for the
Raman spectroscopy studies at room temperature. At var-
ied irradiation times, the photocatalysis characteristics of
MB were methodically examined. The absorbance spectra
of the MB have two peaks at 490 and 970 nm. The calibra-
tion curve between the absorbance on the X-axis and dye
concentration on the Y-axis was constructed using various
dye concentrations of 5.0-10 mg/L of dye.

3. Results and discussions
3.1. Raman spectroscopy

Raman spectroscopy is sensitive to the lattice disor-
der of crystals as well as their degrees of crystallinity [15].
Three important vibrations appear that describe the surface
defects of graphene as a carbonaceous material, identifying
the impurities, and multilayers formation. The three vibra-
tions appear in three bands: D, G, and 2D, respectively.
The apparent D-band in graphene up to a certain level is
due to the layered formation and further indicates crystal-
line defects. From Fig. 2, it is observed that the D band is
higher compared to the G band. In the present graphene, the
D/G intensity ratio expresses the induced high disordered
layers [15]. The 2D to G intensity ratio indicates the multi-
layered carbon in the as-prepared graphene [16,17]. The
2D- and G-bands are appearing strongly for Ga,O,/10%Gr.
For 30 min the combined samples were calcined at 400°C.
This may reduce the disorder of the graphene that was
surrounded by the oxide materials. It was observed that
the redshift occurred for the 2D- and the D-band after the

illing 5 min ——

Calcination for 1h.

Fig. 1. Steps for preparing graphene powder by using a CO, laser machine and preparing the Ga,O,-graphene composites.
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addition of the oxide. Table 1 shows all Raman vibrations
observed for the samples, and vibration modes reported in
the literature [15,18,19]. However, the observed shift in the
D-band and the 2D-band may be attributed to the inter-
ference between the oxide and the graphene at the inter-
faces, which may lead to the occurrence of new vibrations,
as shown by the band observed at 1,050-1,094 cm™.

3.2. Degradation studies
3.2.1. Dual adsorption and absorption studies

It is well knowledge that the amount of dye degradation
is directly correlated with the optical absorbance values at
a specific wavelength. A first experiment was conducted to
determine the precise and direct correlation between this
dye’s concentration and absorption for this purpose. The
association between the various MB concentrations and the
absorbance calculated at that concentration for the primary
peak of 664 nm is shown in Fig. 3. It was discovered that
there is a linear, straight-line relationship between concen-
tration and absorbance. The line is straight and goes through
the origin; its slope is 32 + 0.19 mg/L, and its correlation
coefficient R?is 0.99.

575

(c) Ga,0,/10% Gr &

—

Normalized Intensity

(a) Graphene

500 1000 1500 2000 2500

Fig. 2. Raman spectra for the prepared graphene, gallium
oxide, and graphene-mixed gallium oxide.

Table 1
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The UV-vis spectrophotometer recorded this calibra-
tion curve. During the measurement of the UV-vis spectra,
the dye concentration is directly given based on the cali-
bration curve.

The efficiency (1) of MB was calculated by the expres-
sion [20].

CU—CmeO:AO—A
C A

0 0

£ x100

n% = )

where C: initial MB concentricity, C;: residual MB con-
centricity after time, A : initial MB absorbance, A residual
MB absorbance after time.

The adsorption studies have been done for 180 min,
the efficiency (1) was calculated using equation 1 for MB
on the nanocomposites of Ga,0,/5%Gr, Ga,0,/10%Gr
with two different concentrations of methyl blue of 5 and
10 mg/L. This calculated efficiency is illustrated in Fig. 4.
The figure shows that with increasing shaking time, the effi-
ciency increases until reach to 26%, 25%, 32%, and 35% for
Ga,0,/5%Gr/5SMB, Ga,0,/5%Gr/10MB, Ga,0,/10%Gr/5MB
and Ga,0,/10%Gr/10MB, respectively. For improving the
degradation, a new step has been done which is photo-
catalytic study. The photocatalytic action of Ga,O,/5%Gr
and Ga,0,/10%Gr nanoparticles (NPs) was examined by
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Fig. 3. Concentration vs. absorbance calibration curve for
methylene blue dye in water solution our previous work [29].

Raman vibration modes observed for graphene, Ga,0,/5%Gr, Ga,O,/10%Gr nanocomposites

Vib. mode (cm™) 527 697 1,050 1,094 1,335 1,365 1,575 2,660 2,727
Sample
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following the debasement of MB as an essential contamina-
tion display. It was discovered that the concentration of MB
decreased as the illumination time increased, demonstrat-
ing the potential of Ga,0,/5%Gr and Ga,0,/10%Gr NPs to
degrade MB under UV light. Additionally, the debasement
process does not modify the position of MB’s peak absorp-
tion wavelength (664 nm), which exposes the full debase-
ment of the color without moving into additional toxic
compounds [1]. This calculated efficiency is illustrated in
Fig. 4. The figure shows that with increasing UV irradia-
tion time, the efficiency increases until reach to 45%, 57%,
27% and 50% for Ga,0,/5%Gr/5 MB, Ga,0,/5%Gr/10 MB,
Ga,0,/10%Gr/5 MB and Ga,0,/10%Gr/10 MB, respectively.
Typically, in a photocatalytic process, photo-induced
molecular transformation or response happens at the sur-
face of the NPs. When a photocatalyst is exposed to energy
over its band gap, electrons move to the conduction band,
and holes form in the valence band, which is the hypothe-
sized mechanism of photocatalytic response on the produc-
tion of an electron-hole pair and its aim. Hydroxyl radicals,
which are highly oxidizing in nature, can be produced by
the holes. Where the debasement process takes place, the
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Fig. 4. Adsorption followed by photocatalytic efficiency
of methylene blue on the nanocomposites of Ga,0,/5%Gr,
Ga,0,/10%Gr with two different concentrations of methyl blue
of (a) 5 and (b) 10 mg/L.

holes may react with dye and dynamic electrons [20]. As
a result, the present sample instantly starts to deteriorate
when exposed to light. Due to the formation of holes (h*) in
the conduction band and electrons (e7) in the valence band,
this will occur. Strong oxidizing and reducing agents are
regarded as h* and e, respectively. While the electrons work
to diminish the oxygen adsorbed on the catalyst, the hole will
either directly react with MB or it will react with water that
has been added to our samples to form OH- radicals [1,21].
The reaction is represented by the following equations:

catalst+ h’2—>e” +h" (2)
e +0,-0, ®)
h™ + MB — degradation compounds 4)
h*+H,0—>OH +H" ®)
OH™ + MB — degradation compounds (6)

Methyl blue mass degraded per unit of NPs (g, mg/g)
at a fixed time and at equilibrium state were calculated [22]:

|4

9. = (Cy - C[)W (7)
4

9.=(C-C)yy ®)

where g,: quantity of degraded MB capacity at time (t), mg/g,
q,: quantity of degraded MB at equilibrium state, mg/g, C;:
initial concentration of MB solution, mg/L, C,: concentration
of degraded at time (t), mg/L, C: equilibrium concentra-
tion of degraded MB, mg/L, V: solution volume, L and W:

mass, g. Fig. 5 shows the effect of the contact time on the
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Fig. 5. Effect of the contact time on the adsorption capacity of
methylene blue in the presence of Ga,0,/5%Gr, Ga,0,/10%Gr
with two different concentrations of methyl blue of 5 and
10 mg/L.
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adsorption capacity of MB in the presence of Ga,O,/5%Gr,
Ga,0,/10%Gr with two different concentrations of methyl
blue of 5 and 10 mg/L. It shows that, with increasing shak-
ing time the adsorption capacity of MB increasing, more-
over, the Ga,0,/10%Gr shows the highest adsorption
capacity of MB.

3.2.2. Adsorption studies

For analyzing the results in the first 180 min, there are
three models; pseudo-first-order, and (ii) second-order as
well the intraparticle diffusion models were used [23].

log(qe - qt) =logg, - K, L Pseudo-first-order model (9)
2.303

t 1 t

—= - +— Pseudo-second-order model (10)

a9 (Kg) 4.

g, =K di“\/; +C Intraparticle diffusion (11)

Fig. 6 shows the pseudo-first-order kinetics model
for the adsorption of MB in the presence of Ga,0,/5%Gr,
Ga,0,/10%Gr with two different concentrations of methyl
blue of 5 and 10 mg/L. On the other hand, the pseudo-sec-
ond-order kinetics model for the adsorption of MB in the
presence of Ga,0,/5%Gr, Ga,0,/10%Gr with two different
concentrations of methyl blue of 5 and 10 mg/L as shown
in Fig. 7. Moreover, Fig. 8 illustrates the intraparticle dif-
fusion model for the adsorption of MB in the presence of
Ga,0,/5%Gr, Ga,0,/10%Gr with two different concentra-
tions of methyl blue of 5 and 10 mg/L. As a comparison of
the R? values, it is concluded that the value of R? of pseu-
do-first-order kinetic model is higher than that values of
pseudo-second-order kinetic model. Moreover, the dif-
ference between the determined and experimental for the
pseudo-first-order is less than of the pseudo-second-order
kinetic model as listed Table 2.

10 m Graphene/5% Ga,0,/5 mg/L of MB 7
® Graphene/5% Ga,0,/10 mg/L of MB
1.5 H A Graphene/10% Ga,0,/5 mg/L of MB % ]
v Graphene/10% Ga,0,/10 mg/L of MB
_20 1 1 1
0 50 100 150 200

Time (min.)

Fig. 6. Pseudo-first-order kinetics model for the adsorption of
methylene blue in the presence of Ga,0,/5%Gr, Ga,0,/10%Gr
with two different concentrations of methyl blue of 5 and
10 mg/L.

The Elovich equation is a different suggested equa-
tion for analyzing the adsorption of the researched sub-
stance. The afore-mentioned equation, Eq. (7), is frequently
used in studies of the chemisorption of gases onto solids.
Additionally, it can be used to research the solutes that are
adsorbing from a liquid solution. The following expression
represents the Elovich equation [24]:

. 1n(oc|3)ﬁ+ ln(t)

where a: initial sorption rate (mg/g:min), B: parameter
of surface coverage and activation energy for chemisorp-
tion (g/mg). Fig. 9 shows plots of g, vs. In(t) vs. time (t) of
MB in the presence of Ga,0,/5%Gr, Ga,0,/10%Gr with
two different concentrations of methyl blue of 5 and
10 mg/L. The MB adsorption parameters in the presence of
graphene/5%Ga, O, and graphene/10%Ga,O, illustrates in

(12)

50 T T T
®  Ga,0,/5% Grin 5 mg/L of MB
® Ga,0,/5% Grin 10 mg/L of MB

20l Ga,0,/10% Grin 5 mg/L of MB :
v Ga,0,/10% Grin 10 mg/L of MB

30

g
20
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0 1 1 1
0 50 100 150 200
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Fig. 7. Pseudo-second-order kinetics model for the adsorption
of methylene blue in the presence of Ga,0,/5%Gr, Ga,0,/10%Gr
with two different concentrations of methyl blue of 5 and
10 mg/L.

u éazozls% Grin 5I mg/L ofIMB

®  Ga,0,/5% Grin 10 mg/L of MB
10 H Ga,0,/10% Grin 5 mg/L of MB
v Ga,0,/10% Grin 10 mg/L of MB

q; (mg/g)

6 8 10 12 14 16
Time"? (min.)"?

Fig. 8. Intraparticle diffusion model for the adsorption of
methylene blue in the presence of GaZOZ/S%Gr, Gazoz/lo%Gr
with two different concentrations of methyl blue of 5 and
10 mg/L.
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Table 2

Two different concentrations of methylene blue adsorption parameters in the presence of Ga,0,/5%Gr and Ga,0,/10%Gr

Elovich kinetic

Intraparticle diffusion

Pseudo-second-order kinetic model

Pseudo-first-order kinetic model

Adsorbent

B. Al-Fagqiri et al. / Desalination and Water Treatment 296 (2023) 111-118

model

kinetic model

RZ

RZ

R? kdiff

k, x 10

5.18
2.96
6.64
2.39

Teexp ™ ecal
0.74
1.40
0.65
1.33

RZ qe/cal

kl

qe,exp - qe,cal

0.5
0.92
0.67

qe/exp qa,cal
2.

MB (mg/L)

5

0.98
0.99
0.98
0.98

1.01
0.56
0.99
0.42

0.35
0.47
0.75
0.90

0.97
0.96
0.92
0.95

0.546
0.734
0.957
1.418

0.29
0.49
0.32
0.68

0.99
0.99
0.99
0.99

5.04
8.40
5.62

0.95
0.99
0.94
0.97

0.017

3.80
6.08
4.30
8.10

4.30
7.00
497

GaZOZ/S%Gr
Ga,0,/5%Gr

0.018

10
5

0.021

Ga,0,/10%Gr
Ga,0,/10%Gr

11.90

0.014

47

10.57

10

Table 2. The adsorption process may be broken down into
a number of processes, including (i) solution bulk trans-
port, (ii) film diffusion, (iii) particle diffusion, and (iv) par-
ticle and solid’s surface sorption and desorption [25]. While
occurring quickly, the processes (ii) and (iii) are referred to
as rate-limiting processes. Boyd recommended using the
following mathematically written model to study the dif-
fusion mechanism during the adsorption process [26]:

B =-0.4977 - ln[l - %) (13)

e

Eq. (8) is a mathematical function of (g,/g,), this ratio pro-
vides the adsorbate adsorbed fraction at different shaker
times. Plots of B, vs. the time (t) of MB in the presence of
Ga,0,/5%Gr, Ga,0,/10%Gr with two different concentra-
tions of methyl blue of 5 and 10 mg/L is shown in Fig. 10.
In the event that a linear plot of B, vs. t passes through the

12 T T T
®m Ga,0,/5% Grin 5 mg/L of MB
® Ga,0,/5% Grin 10 mg/L of MB
101 4 Ga,0,/10% Grin 5 mg/L of MB b
v Ga,0,/10% Grin 10 mg/L of MB
8+ 4
°
2 o :
=2
4+ 4
2+ 4
0 1 1 1
2 3 4 5 6

In (t)

Fig. 9. Plots of g, vs. In(t) vs. time (t) of methylene blue in the
presence of Ga,0,/5%Gr, Ga,0,/10%Gr with two different con-
centrations of methyl blue of 5 and 10 mg/L.

5 . .
= Ga,0,/5% Grin 5 mg/L of MB ' .
® Ga,0,/5% Grin 10 mg/L of MB E

41 4 Ga,0,/10% Grin5mglL of MB R .
v Ga,0,/10% Grin 10 mg/L of MB 1

Kl 1 1 1
0 50 100 150 200

Time (min.)

Fig. 10. Plots of B, vs. the time (t) of methylene blue in the
presence of Ga,0,/5%Gr, Ga,0,/10%Gr with two different con-
centrations of methyl blue of 5 and 10 mg/L.
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Table 3

Degradation efficiency of methylene blue using Ga,0,/5%Gr, Ga,0,/10%Gr in this study was compared to previously published work

Samples Methylene blue Degradation (%) Irradiation Time (min) References
29 Adsorption 200
5 mg/L o
Ga.0./5%Gr 45 UV irradiation 120
22 25 Adsorption 200
10 mg/L . -
22 UV irradiation 120 Current
S i S
irradiation
Ga,0,/10%Gr N . e
35 Adsorption 200
10 mg/L e
50 UV irradiation 120
55 NIR light
WO, NPs 10 mg/L 3 UV 50 [30]
ZnO at 0.15 Torr 81
ZnO at 0.30 Torr 80
1x10° imul 1
700 at 070 Torr x10° M 65 Sun simulator 90 [31]
ZnQO at 1.00 Torr 56
ZrO, NPs 30
Zr0O,/G5 NPs 5 mg/L 30
ZrO,/G10 NPs 80
UV light 240 29
71O, NPs 20 '8 291
Zr0,/G5 NPs 10 mg/L 60
Zr0,/G10 NPs 60

origin, the Boyd model states that. This indicates that the
particle diffusion process is under process control. On the
other hand, the diffusion might be thought of as the process’s
rate-limiting step. The two different concentrations of MB
adsorption parameters in the presence of graphene/5%Ga,O,
and graphene/10%Ga,O, illustrates in Table 2.

3.2.3. Comparison of performance with reported metallic
oxides NPs

This section illustrates a comparison between the current
work and the photocatalytic degradation of MB in the pres-
ence of several nanomaterials. Since graphene is thought to
be robust, thin, and chemically resistant, previous research
have referred to it as the “ultimate” RO membrane [27]. The
production and application of graphene oxide nanocom-
posites for heavy metal, toxic organic pollutant, and anti-
bacterial applications has attracted a lot of attention. After
90 min of exposure to direct sunlight at 2 x 10° M MB con-
centrations and Ti-5-500 nanoparticle samples, 44% of the
degradation is reached [28]. In contrast, 80% of the G10 for
MB concentrations of 5 mg/L would degrade in the current
samples if the time limit was 240 min [29]. Table 3 compares
how MB dye degrades catalytically for various materials.
In comparison to other published materials, the outcome
provided here exhibits a superior behavior.

4, Conclusions

In conclusion, the phase of the Ga,O,-graphene het-
erostructure nanocomposite was fabricated to examine the
interaction between the oxide and graphene heterojunction

on the degradation of the methyl blue dye. A CO, laser
was used to create the flawed graphene, which was then
embedded with Ga,O,. With a heterojunction of Ga,0O,, the
impact of graphene content was examined at 5% and 10%
weight. The findings of catalysis tests showed that the het-
erojunction of Ga,0, with an appropriate concentration of
graphene resulted in an improvement. The findings indi-
cated that the photocatalytic application of the binary phase
of Ga,O,/graphene toward the decomposition of methyl
blue is promising.
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