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Abstract: The hybrid structure of Graphene and ZnO (Graphene/ZnO) is emerging as a novel
material used to achieve the high performance of photocatalysis. In this study, we examined the ZnO
characteristics that affect the photocatalytic activity of graphene/ZnO using a lamellar structure of
graphene and ZnO thin films. Graphene samples were synthesized via chemical vapor deposition,
and a typical wet process was applied to transfer them on sputter-deposited ZnO thin films with
and without annealing. We confirmed that graphene-deposited ZnO demonstrated more efficient
photocatalytic behavior toward the decomposition of methylene blue (as a model organic compound)
with ordinary sputtered ZnO thin films. Again, ZnO thin films annealed at 1000 °C in an N, gas
atmosphere with graphene performed better than unannealed films. XRD analysis confirmed that
pre-thermal treatment of a ZnO thin film promoted re-crystallization, which had less impact on the
photocatalytic improvement. The attachment of graphene to the film is considered to contribute to
the enhancement. Raman analysis revealed that the graphene coverage areas on the post-annealed
ZnO increased by two times compared to that of an unannealed film where the unannealed film
had a higher graphene layer. The results presented in this study demonstrate that an annealed ZnO
thin film forms a better attachment with graphene, resulting in a larger graphene coverage area with
fewer multilayers, which effectively improves the photocatalytic activity in composite structures.

Keywords: ZnO thin film; graphene; surface annealing; nanoparticles; photocatalytic activity

1. Introduction

Recently, there has been significant interest in the exploration of cutting-edge nanocom-
posite materials and the advancement of their associated technologies [1]. Energy, hydrogen
production, environmental issues, disinfection, and purification are just a few of the many
domains in which a wide range of nanocomposites with various properties have been devel-
oped. These include metal-semiconductor nanocomposites [1], a range of metal oxides [2],
and a combination of inorganic and organic materials [3]. Graphene, a two-dimensional ma-
terial consisting of a honeycomb arrangement of carbon atoms, holds significant potential
in various sectors of the medicinal and energy industries, such as photocatalysis, sensors,
and membranes, due to its expansive surface area, higher conductivity, and chemical stabil-
ity [4-8]. It is also possible to use efficient solar energy in nanotube formation [9,10]. In the
context of photocatalysis applications, integrating monolayer graphene with semiconduc-
tors can enhance light absorption and expand charge-carrier lifetimes, thereby boosting
photocatalytic performance [11]. Among the various methods for producing high-quality
graphene on a large scale [11-16] and the production of a thin layer of graphene, the
chemical vapor deposition (CVD) technique is a widely used and well-accepted technique
in technological fields of materials processing [17-23], allowing to produce high-quality
graphene with large-sized, well-crystallized structures at low cost [24-29].

Due to the exceptional surface reactivity, increased efficiency, and potent oxidation
capabilities for decomposing organic molecules, zinc oxide (ZnO) has drawn interest as
a potential metal semiconductor in the field of photocatalysis [30]. It possesses unique
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physical and chemical characteristics, such as diverse structures, simplified manufacturing
methods, eco-friendliness, and excellent electron mobility [31]. For the effective elimination
of Bisphenol A (BPA), Yujie Wang et al. have effectively created a porous ZnO photocatalyst
with a core-shell structure and a wide surface area [32]. ZnO is also used in sensors,
solar cells, optoelectronic devices, and photocatalytic processes due to its wide range of
properties [33-35]. The amalgamation of graphene and ZnO has been shown to enhance
photocatalytic efficacy. As of now, very few studies have demonstrated the impact of ZnO
properties, such as crystal size, energy bandgap, film thickness, and so forth, in conjunction
with graphene properties, such as surface area, crystallinity, grain boundaries, and layer
count, on the photocatalytic efficiency of ZnO-graphene composites.

In this research study, we explored how the properties of ZnO influence the im-
provement in photocatalytic performance using a basic combination of a ZnO thin film
and graphene. Monolayer graphene was deposited on a ZnO thin film, whose proper-
ties were changed through thermal annealing. The photocatalytic activity was tested via
decomposing methylene blue dyes to discuss the photocatalytic performance of the ZnO-
graphene composites. This article also illustrates the number of layers, grain boundaries,
and graphene coverage areas throughout ZnO film surfaces. The outcome of this study
demonstrates that annealed ZnO thin film forms a better attachment with graphene, result-
ing in a larger graphene coverage area with fewer multilayers, which leads to an effective
improvement of the photocatalytic activity in composite structures.

2. Experimental
2.1. Materials

Copper foil, Acetone (C3HgO), Poly (methyl methacrylate) (PMMA), Iron nitrate
enneahydtrate (Fe (NO3)3-9H,0), and C-plane sapphire substrate were purchased from
“FUJIFILM Wako Pure Chemical Corporation”.

2.2. ZnO Thin Film Preparation

A ZnO target with an RF magnetron sputtering system and an experimental sapphire
substrate—more precisely, a C-plane sapphire—was used within the chamber. The chamber
was evacuated to 5.0 x 10~ Pa of pressure using a diffusion pump while keeping the
substrate and target 50 mm apart. During a 10-min sputtering procedure at a working
power of 100 W, sputtering gases comprising 4.3 sccm of argon and oxygen of 1.1 sccm were
used, which were controlled by a gas flow meter. The resultant substrate was utilized to
cause morphological changes in seed layers after being used as a sample for an experiment.
This sample was annealed in an N2 gas environment at 1000 °C. After that, the annealed
substrate was utilized as a different trial for building composite structures and transporting
them out for more photocatalytic research. The atomic force microscope (AFM) photographs
of seed layers without heat treatment revealed granular surfaces; the size and roughness of
these granules depended on the film thickness. Seed layers treated at 200-600 °C showed
somewhat better crystallinity, according to Qiyan Zhang et al.’s findings [36]. We used
comparable procedures, tools, and conditions to retain the same thickness of the ZnO thin
film for our work. But at temperatures between 800 and 1000 °C, the seed layer surfaces
became smooth and had crystals orientated along the C-axis; this led to better FWHM (full-
width half maximum) values and smoother surfaces overall. Different material qualities and
surface integrity features are characterized by the FWHM (Full Width at Half Maximum)
of XRD profiles [37]. The relationship between crystalline size and FWHM is inversely
proportional, as stated in Scherrer’s equation. It means the physical crystalline structures
of nanoparticles from XRD peaks will be higher if the FWHM becomes lower. The same
relationship has been shown by Mitsuhiro et al. [38]. To develop ZnO-Graphene composites
independently and examine the influences of ZnO thin films on these composites, we had
to decide between two preferences for ZnO thin films—untreated and treated—at 1000 °C
in an N gas atmosphere.
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2.3. Selection of Annealing Temperatures

For the feasibility of understanding, a ZnO thin film has been annealed at 1000 °C
as it is the optimum annealing temperature compared with non-annealed. The reason for
selecting 1000 °C is because Qiyan Zhang et al. had stated in [36] and Mitsuhiro et al. stated
in [38] that the RF magnetron sputtered ZnO thin film annealed at 1000 °C exposes the
highest crystalline size against the minimum of FWHM values in XRD. Those experiments
were carried out at different annealing temperature ranges, i.e., 400 °C, 600 °C, 800 °C,
and 1000 °C. The target of their experiments was to make the c-axis orientation of the ZnO
seed layer. When a temperature higher than 600 °C was applied, the ZnO crystals were
completely c-axis oriented. The structure of ZnO nanorods that were further grown on
such annealed films was 800-1000 °C. Therefore, the temperature stopped increasing by
more than 1000 °C. The lowest values of grain size and agglomeration of the film exhibited
at 1000 °C annealed ZnO, including the surface roughness, are the fewest in Atomic Force
Microscope (AFM) images. From [36], it has been found that for the 50 nm and 150 nm
thick ZnO thin film, with optimum conditions for diameter and densities, the nanorod has
been synthesized from the 1000 °C annealed ZnO thin film. So, the application of films is
also found at their peak conditions at 1000 °C. Due to these behaviors of the ZnO thin film
annealed at 1000 °C, we also chose the same values in this experiment.

The annealing effects of ZnO thin film were irreversible. Hypothetically, if any film
meets the environment (air, water, etc.) after synthesis, then it gets contaminated and
degrades its quality in the case of annealed or unannealed. The ZnO thin film sample we
used for our experiments was always kept inside the vacuum chamber. After the sample,
which was collected from the RF magnetron, was sputtered and after annealing the sample,
we immediately kept it inside the vacuum chamber. The preserved samples inside the
vacuum chamber were used for different experiments at different times. For example, when
synthesized at the same time, some samples were used for some experiments immediately,
and some samples were used for the same or different experiments after a few days. How-
ever, the performance and results of the samples were the same. It means the performance
of the sample was not degraded, and the annealing effects were not reversible. So, we can
say that the annealing effects were irreversible in our experiments.

2.4. Graphene Synthesis via CVD Method

Figure 1 shows a diagram illustrating the CVD configuration used to produce graphene
on Copper (Cu) foil. A copper foil with a surface area of (1 x 1) cm? and a thickness of about
10um was used as the substrate to develop graphene on its surface. The temperature at
which the chemical vapor deposition (CVD) technique was carried out was 950 °C. Specific
gas parameters were used in the CVD process: 100, 80, and 20 standard cubic centimeters
per minute (sccm) of Hy, Ar, and CHy were supplied, respectively. The pressure inside the
CVD chamber was kept at 77 Pa for 15 min when the CVD process was conducted.

Furnace Sample (Copper Foil)
Tube

Vacuum
Pump

Sample Holder Quartz Tube

Figure 1. Chemical Vapor Deposited (CVD) graphene synthesis on cu foil.
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2.5. Exfoliation of Graphene Layer from Copper Foil

Graphene must be separated from copper foil after it has been synthesized and placed
onto a ZnO thin film in order to evaluate the composite structure’s photocatalytic capa-
bilities. Poly (methyl methacrylate) (PMMA) was used as a support in a copper etching
procedure that we used to exfoliate the graphene from the copper foil. The etchant used
in this method was iron nitrate enneahydrate Fe (NO3)3-9H,0O. The procedure is depicted
in Figure 2. First, the graphene-covered copper foil’s upper surface was treated with a
small amount of liquid PMMA (5 pL). The structure was heated on a hot plate for 2 h
at 120 °C to guarantee good adhesion between PMMA and graphene. After that, the
(PMMA + Graphene + Copper) structures were kept undisturbed for 15 h in a row with a
solution of 0.1M Fe (NO3)3-9H,0 added. The structure is normally rather buoyant and can
float in the solutions; therefore, it is imperative to take care at this point to prevent the solu-
tion from coming in touch with the upper surfaces. After this stage, the Fe (NO3)3-9H,0
solution completely dissolved the copper foil, leaving just the (PMMA + Graphene) float-
ing in the solution because of its lightweight. The lower part of the graphene, known as
PMMA + Graphene, was thoroughly cleaned by repeatedly washing it in distilled water
and nitric acid (HNOj3). For the following experimental procedures, (PMMA + Graphene)
was deposited onto the ZnO thin film and heated on a hot plate at 120 °C for 60 min to
ensure a secure attachment to the substrate and prevent it from dissolving in the photocat-
alytic reagent during measurements of photocatalytic activity. Acetone was used to wash
graphene to remove any remaining PMMA and provide a clean top surface. PMMA is suc-
cessfully dissolved using acetone without interacting with graphene. After this procedure,
the ZnO thin-film graphene is prepared for characterization and more research.

_ /f/ Graphene

PMMA coaling @

Dissolving PM _\AAﬁ

Cu etching @

=)

Transfer

PMMA/Graphene membrane

Target Substrate

Figure 2. Copper (cu) etching method to exfoliate graphene.

2.6. ZnO-Graphene Composite Preparations

The synthesized graphene sheets were placed on both annealed and unannealed ZnO
thin films. The ZnO thin film was the substrate in this instance, but the PMMA -assisted
copper etching technique that was utilized to transfer the graphene has been described in
Section 2.5. The process for making ZnO-Graphene composites after graphene exfoliations
is shown in Figure 3. ZnO-Graphene composites were formed by applying two different
conditions to the ZnO thin film to receive the exfoliated graphene. These included the
use of two ZnO thin films: one that had not been annealed at all and one that had been
annealed for 1.30 h at 1000 °C while N, gas was present.
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Graphene ::>

PMMA

Figure 3. Composite structures preparation processes.

2.7. Experimental Setup for Photocatalytic Activity Measurement

The photocatalysis experimental arrangement is shown in Figure 4. It uses a 10-ppm
methylene blue solution as the material for photocatalyst degradation and a small xenon
lamp as the light source. The sample is submerged in the methylene blue solution under
the UV lamp, and light is then detected using halogen and deuterium lamps, respectively,
after passing through a spectrometer. Testing samples for the study come from four distinct
periods: ZnO thin film without post-magnetron sputtering annealing (also called ZnO);
ZnO thin film annealed at 1000 °C while N, gas is present (also called ZnO-AA); ZnO thin
film without annealing with graphene; and ZnO thin film following graphene annealing.

[
-3
14
R
P
1 1)

1 1

> v

Methylene Blue (MB)

Spectrometer Detector

Sample

(Light Irradiation Source: Compact Xenon Light)
Photocatalytic Experimental Setup for ZnO-Gr Composites

Figure 4. Experimental setup for Photocatalytic Activity Measurement.

2.8. Material Characterization Apparatus

X-ray diffraction (XRD) analysis was performed on the acquired products using a
Rigaku Smart Lab X-ray diffractometer fitted with a Cu target (A = 1.5408 A). Using a JEOL-
6700F instrument, manufactured by JEOL, Tokyo, Japan. Scanning electron microscopy
(SEM) (JSM-7800F, manufactured by JEOL, Tokyo, Japan) was used to analyze the sam-
ple’s physical structure. Optical measurements were made using a spectrophotometer
at incidence over 200-800 nm a wavelength range, specifically measuring transmittance
T (A) and absorbance A (A). A Shimadzu UV mini-1240 spectrophotometer was used to
measure the absorbance of the methylene blue solution via UV-Vis absorption to quantify
its concentration and evaluate the outcomes of photocatalyst degradation.
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(a)

3. Results

Optical images and the Raman Spectrum of graphene at three different places are
shown in Figure 5a,b. For clarity, three independent points of various peaks are provided
in the inset of Figure 5b (top to down for points 1, 2 and 3). A minor D peak can be seen at
1345 cm ™!, which is in line with the optimal placements for graphene and 2D Raman peaks
located at 1580 cm ™! and 2685 cm™!, respectively. The strength of the 2D peak is notably
equivalent to or higher than that of the G peak, suggesting that the generated graphene
is not always purely monolayer after the Chemical Vapor Deposition (CVD) procedure.
Graphene can be monolayer or bilayer across the surfaces, or it can show several layers
in some cases, as demonstrated by the I /I54 ratio being below 2. For instance, bilayer or
multilayer graphene is indicated at specific locations where the 2D peak is smaller than
or equal to the G peak. The different ratios of bilayer and multilayer graphene can be
explained by the existence of graphene grain boundaries, which can act as growth sites
for multilayer graphene. On a single-crystalline copper foil, however, a bigger sheet of
monolayer or bilayer graphene was seen. The 2D peak is substantially higher than the G
peak only in a few selected spots, indicating the presence of monolayer graphene.

1500 - —-—
1400
1300

1200

Intensity

1100

)0 1000 1500 2000 2500 3000 3500 -

Raman Shift (cnr?)

0 500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm-")

(b)

1000

900 4

800 4

Figure 5. (a) Raman optical images and (b) Spectrum of graphene.

At higher magnification levels, Figure 6 shows the intricate morphological structures
of the graphene on copper foil. The graphene has been manufactured and maintained with
a high degree of success over the surface of the copper substrate. The graphene produced
by CVD has a diameter of around 10 um and is composed of multilayer structures in
the center and monolayer edges. The existence of graphene grain boundaries at the core
nucleation sites is responsible for this variation.

The XRD data for the ZnO thin film produced by RF magnetron sputtering are shown
in Figure 7a, and b for unannealed and annealed, respectively. The ZnO thin film’s crys-
talline sizes were calculated using Scherrer’s equations. Scherrer’s equation can be used
to determine a crystalline material’s average crystallite size, sometimes referred to as the
crystallite diameter or crystallite domain size. Examining the spreading peaks in its X-ray
diffraction patterns allows for investigation. Scherrer’s equation is given by,

KA

b= B x cos(8)

@
where K = Scherrer’s constant, usually the value of this constant is 0.94 [39]. A is the
wavelength of the X-ray radiation used for diffraction. Here, for copper K-alpha, the
wavelength of the X-ray will be 1.5406 A, the default value of the wavelength of LASER,
which is mostly used in the instrument. 3 is the Bragg angle, full width at half maximum
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Intensity (a.u)

(FWHM) of the diffraction peak (in radians). 6 have been considered from the 26 values
of the XRD graph. The curve fitting was performed first, and then the exact values were
confirmed using Equation (1) to find out the crystalline sizes. Findings show that the ZnO
thin film that was first made, as shown in Figure 7a, has a polycrystalline structure with
a hexagonal (wurtzite) crystal orientation, especially in the (002) direction. The ZnO thin
film’s shape is changed by annealing it again at 1000 °C in an N; gas environment, and
the ZnO-Graphene composites changes are monitored. The ZnO peaks can be seen in both
images at angles of 31.2°, 34.52°, and 72.78°, respectively, at locations like 100, 002, 004,
and a few more. With the JCPDS card No. 05-0664, a comparison of the measured and
standard ‘d” values was carried out. Based on the observation of a strong ZnO peak in both
figures at the 002 position (34.52°), we may deduce that the films have desirable properties,
indicating that they should be investigated further. Moreover, annealing improves the
crystalline sizes and full width at half maximum (FWHM), according to the rise in ZnO
intensity peaks at the same locations following the annealing procedure. Table 1 shows
the FWHM and crystalline sizes of the ZnO thin film for both conditions after performing
the curve fittings. We can observe from Table 1 that when the ZnO thin film is annealed, it
increases in crystalline size from 27.62 nm to 39.27 nm, but its full width at half maximum
(FWHM) value drops. This behavior is probably caused by the heat treatment procedure,
which thickens the flow in the vicinity of the substrate contact, causing the grain size to
reorganize and the crystalline size to rise [40].

>z, S8.

16)»am 668806

Figure 6. CVD synthesized graphene SEM images.
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Figure 7. XRD pattern of ZnO thin film (a) without annealing, (b) annealed at 1000 °C.
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Table 1. Crystalline sizes of ZnO thin film.
Sample FWHM Crystalline Size (nm)
ZnO Thin Flm 0.31458 27.62
Annealed ZnO Thin Film 0.22133 39.27

Graphene was removed from the copper substrate using the PMMA-supported copper
etching approach and then applied to the ZnO surface to form composite structures of
ZnO-Graphene. Figure 8 shows the Raman spectra of the graphene transferred in (a) non-
annealed and (b) post-annealed situations to evaluate the success of the graphene transfer.
From Raman spectra, graphene and 2D peaks are located at different locations, which are in
line with their positions before the exfoliation process. At the same time, the ZnO thin-film
Raman peaks are unaltered, suggesting that the substrate is not harmed. The pre-exfoliation
locations of both peaks on the ZnO thin film are aligned with their placements; nevertheless,
the intensity of the 2D peak is lower than that of the graphene peak. This observation
suggests that graphene was successfully transferred onto the ZnO thin film, although some
wrinkling is still noticeable. There is a little peak that appears to represent PMMA residues
following exfoliation, although it is barely noticeable in comparison to the G and 2D peaks.
Compared to the unannealed ZnO thin film, G and 2D peaks for the ZnO annealed sample
contain graphene, which is more prominent. This property implies that, in comparison to
its unannealed counterpart, annealed ZnO develops better bonding with graphene.

G ———2Zn0O- Graphene
—— Zn0O PA- Graphene

5

s 2b

> |

= PMMA M \\

c | |

,8 /\ M \‘\

c N |

= AN | PMMA
ZnO / \ A )
\JLWWMWJ e T

A S J\r LW”“/} e

T T T T T T T T T T T T T T T T

T
0 500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm™)

Figure 8. ZnO-Graphene Composite Raman Spectrum.

The photocatalytic experiment investigated four different samples. An annealed ZnO
thin film at 1000 °C (ZnO-AA), a sputtered ZnO thin film with graphene (ZnO-WA + Gr),
and graphene with the ZnO thin film after annealing at 1000 °C (ZnO-AA + Gr) are among
them. The photocatalytic performance curves with error bars using normalized data are
shown in Figure 9. The rate constants and photodegradation rates were computed using
the data taken from Figure 9 to create Table 2. Compared to its non-annealed counterpart,
the annealed ZnO thin film demonstrates improved photocatalytic activity, improving the
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concentration ratio by over 1.12 times, according to an assessment of Figure 9 and Table 2.
However, significant improvements in photocatalytic activities are seen when graphene
is added to ZnO thin films of comparable diameters. Meanwhile, a ZnO thin film with
graphene (ZnO-WA + Graphene) shows 1.91 times higher activity than a bare ZnO thin
film. Again, ZnO annealed at 1000 °C with graphene (ZnO-AA + Graphene) reveals more
than 2.25 times more photocatalytic activity than the ZnO thin film. This implies that
enhanced photocatalytic performance is mostly attributed to the addition of graphene to
the ZnO thin film. We will discuss more about the underlying causes of this improvement
in later sections, along with how annealing affects the ZnO thin film when combined with
graphene. Figure 10a,b show the cross-sectional images from SEM to show the thickness
of the ZnO thin film without annealing or after annealing indicated by blue arrows. The
uneven edges and surfaces of the thin film are visible in Figure 10a, giving the impression
that it is not smooth. Additionally, the film’s thickness varies from 150 to 200 nm, showing
non-uniformity in areas less than 150 nm and others around 150 nm. The film is seen to
be almost flat in Figure 10b, with noticeably smoother surfaces and edges because of the
annealing process. Annealing the film at 1000 °C in an N, gas environment results in a
homogenous, high-quality, flat film, even though its thickness reduces. According to this,
annealing helps create a thin, uniform, and flat film surface, which improves adhesion with
graphene and, as a result, improves photocatalytic activity.

0.05 B ZnO Without Annealing
1 ® ZnO After Annealing
0.00 ® A ZnO Without Annealing+Gr
V¥ ZnO After Annealing+Gr
-0.05
-0.10
S 0151
o
c
— -0.20 +
-0.25
-0.30
-0.35
T T T T T T T T T T T T T
0 10 20 30 40 50 60
Time (min)

Figure 9. ZnO-Gr composite photocatalytic activity results.

Table 2. ZnO-Gr composites concentration ratio.

C.R. Enhancement Compared

Sample Constant Rate (C.R.) to ZnO %Photodegradation
ZnO Thin Film 3.91 x 107°/min 1 14%
Annealed ZnO Thin Film 4.36 x 107 /min 1.12 18%
ZnO Thin Film-Graphene 7.45 x 107 /min 1.91 25%

Annealed ZnO Thin Film-Graphene 8.83 x 107°/min 2.25 28%
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Figure 10. ZnO Film thickness (a) without annealing (b) annealed at 1000 °C.

The decrease in the ZnO thin film’s bandgap from 3.28 eV to 3.12 eV upon annealing
is depicted in Figure 11a,b. The absorbance measurements were used to create the bandgap
curve. The arrows have been used to determine the values of bandgap from x-axis. The
reduction of the energy band gap is a significant factor in increasing photocatalytic activity.
The ZnO thin film annealed with high temperature is probably the cause of the energy band
gap fall, as shown in Figure 11. This suggests that greater light absorption capacity and,
thus, higher photocatalytic activity are caused by a lower bandgap between the valence and
conduction bands. The crystal lattice’s expansion and the interatomic bonds” weakening
with rising temperatures may be the causes of this behavior. As a result, less energy is
required to break a bond and elevate an electron into the conduction band. To fully analyze
the factors influencing the enhanced photocatalytic activity, the structural properties of
graphene were thoroughly investigated in conjunction with the ZnO thin film. The impact
of annealing of the film on several factors was examined, including the graphene coverage
area, graphene layers, graphene attachment to the ZnO thin film, the presence of grain
boundaries of graphene, etc.

150 -

125 4

[——ZnOTF-Without Annealing|

1004 [——ZnOTF-After Annealing| (b)

75 4

(ahv)?

50 +

254

o-ﬂ 312eV
y

T T 1 T T T T T T T T !
2.00 225 250 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
Photon Energy (eV)

7T rrrrrr - r-r-rr-rrr-rr-rrrri
2.00 2.25 250 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
Photon Energy (eV)

Figure 11. Energy bandgap of ZnO thin film (a) without annealing, (b) annealed at 1000 °C.

The distribution of graphene in the ZnO-Graphene composites, both for the as-
prepared thin film and after annealing, is depicted in Figure 12a,b using Raman mapping
pictures. This information sheds light on the coverage areas of graphene and layer number
over ZnO. Notably, as shown in Figure 12, the post-annealed ZnO thin film shows more
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extensive graphene covering, perhaps because of the smoother surface attained during
annealing. For both cases, the number of graphene layers and the existence of grain bound-
aries of graphene over ZnO are given in Tables 3 and 4. The graphene attachment to the
unannealed ZnO thin film is comparatively modest, Table 3 shows, occupying only 23% of
the film’s surface area.

1.00477

50.8  0.00450367 0.00737922

() (b)

Figure 12. The coverage area of graphene over ZnO (a) without annealing (b) annealed at 1000 °C.

Table 3. Graphene layer percentages over ZnO.

Sample Single Layer Double Layer Multilayer
ZnO Thin Film-Graphene 11% 28% 61%
Annealed ZnO Thin Film-Graphene 26% 42% 32%

Table 4. Graphene grain boundaries.

Sample Reaction Rate “k” (x10~5 min—1) Perimeter (um)
Zn0O Thin Film-Graphene 7.45 29.59
Annealed ZnO Thin Film-Graphene 8.83 45.24

Most regions of the ZnO thin film do not have graphene superimposed on them.
Moreover, just 11% of the surface has a single layer of graphene, and 28% has two layers,
accounting for about 61% of the surface’s multiple layers. On the other hand, the graphene
coverage area of the annealed ZnO thin film is much larger, covering almost 63% of the
surface. The monolayer percentages of graphene in post-annealed ZnO thin films rise to
roughly 26%, whereas double and multilayers are 42% and 32%, respectively. Table 4 shows
that annealing of the film improves graphene adherence to the film surface, which reduces
graphene wrinkling over the entire film. In addition, post-annealed ZnO thin films have
more pronounced graphene grain boundaries around their periphery than unannealed
films. Here, In Table 4, the reaction rate has been calculated from the photodegradation of
the sample using first-order kinetics. The equation for 1st order kinetic rate is given below:

In[A] = —Kt + In[A], @)

Using this equation and then considering the slope values of the logarithm of output
values, the reaction rate has been found. We considered two different samples, (i) Unan-
nealed ZnO-Graphene and (ii) Annealed ZnO-Graphene, for the comparison to understand
the differences in reaction rate. The absorbance data was taken for 1 h at a stretch by
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keeping the initial values as 1 (reference value), at which every 5 min data of the sample
was considered. Again, the annealed film exhibits graphene grain boundaries of around
45.24 pm in length, whereas the ZnO thin film achieves grain boundaries of about 29.59 pum.
The annealed ZnO thin film surface could be the cause of the decreased presence of mul-
tilayer graphene in the film. Graphene sticks more firmly and does not wrinkle or form
several layers because of its smoother surface and lower, consistent thickness. On the other
hand, wrinkling and the development of multilayer graphene are caused by the unannealed
ZnO thin film’s uneven thickness and rougher surface, which make it difficult to achieve
a strong graphene attachment. For 1 h of UV radiation, graphene containing the ZnO
thin film (both unannealed and annealed) showed better photocatalytic activity than the
as-prepared film. This is because graphene has higher quantities of light absorption, greater
charge carrier separation, and larger amounts of charge transportation, etc. These charac-
teristics of graphene over the film surfaces increased the light absorptions and reduced
recombination of the photo-generated electrons and holes in ZnO; hence, the decomposition
of photodegradation material, i.e., methylene blue has increased, and the photocatalytic
performance also enhanced. Again, the better performance of graphene-containing the
annealed ZnO thin film than the unannealed is because of the better adhesions of graphene
over the annealed ZnO thin film. This results in better attachments and higher coverage
areas of graphene over the film surfaces. Again, poor adhesion for the unannealed film
results in higher wrinkles, which results in a higher number of graphene layers with less
coverage area and, ultimately, poor photocatalytic performances.

From Figure 12, we can see that the larger graphene coverage area and higher number
of monolayer graphene result in higher photocatalytic activity. In this experiment, the
graphene over copper foil after chemical vapor deposition (CVD) synthesis for both cases
was the same before the exfoliations, as in both cases, the same graphene was used. How-
ever, the graphene coverage areas and number of layers over the film after the exfoliations
were different due to the differences in the attachment of graphene over the film. The an-
nealed film exposes higher coverage areas of graphene than the unannealed film, indicating
that better attachment has been achieved due to the annealing of the sample. The layer
numbers, i.e., bilayer or multilayer of graphene, were higher in the unannealed sample.
This has happened due to the poor attachment of graphene with the film surfaces. Because
the unattached graphene was wrinkled and formed layers within the film surfaces, this
also led to the increment of graphene grain boundaries over the film. So, it can easily be
said that the poor attachment of the exfoliated graphene with the film substrates is mostly
responsible for decreasing the graphene coverage area, increasing layer numbers and grain
boundaries; hence, decreasing photocatalytic performances.

4. Conclusions

In conclusion, we have successfully demonstrated the formation of lamellar structures
of ZnO thin films and graphene via a typical wet transfer process. The chemical vapor
depositions (CVD) graphene was successfully synthesized over the copper foil method and
effectively exfoliated from the copper using the supported cu etching method. Annealing
was performed on prepared ZnO thin films to investigate its impact on the photocatalytic
properties of ZnO-graphene composite materials. Annealing the ZnO thin film induced
alterations in its crystalline structure, thickness, and energy bandgap. These modifications
facilitated the formation of a strong interface with graphene sheets, along with achiev-
ing a larger coverage area, an increased number of monolayers, and higher graphene
grain boundaries. The deposition of graphene on a ZnO thin film was observed to pro-
vide a higher photocatalytic activity through decomposing MB dye. Consequently, the
enhancement of photocatalysis is expected to contribute to the overall improvement of
photocatalytic performance.
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