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Abstract

Undoped and graphene-doped CuO-SnO::F thin films were synthesized using spray pyrolysis
technique with varying graphene ratios (Gr/(Gr + Cu)) of 2%, 4%, and 6%. These thin films
were thoroughly characterized using X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), UV-Vis-NIR spectrophotometry, and
impedance spectroscopy. Their performance was evaluated for photocatalytic degradation of
various pollutants, including Green Malachite (GM), Rhodamine B (RdhB) and Methylene
Blue (MB) dyes under sunlight irradiation, as well as for gas sensing of ammonia (NHs) in the

concentration range of 5-25 ppm at 250°C.

The photocatalytic activity was significantly enhanced in the case of the 6% graphene-doped
CuO-SnOz:F thin film. This improvement is attributed to the substantial reduction in the
bandgap energy, from 3.092 eV to 2.238 eV for SnO::F and from 1.500 eV to 1.450 eV for
CuO, upon graphene doping. These bandgaps narrowing facilitate to improve absorption of
sunlight, resulting in higher photocatalytic efficiency. Similarly, the 6% graphene-doped CuO-
SnO::F sensor demonstrated superior gas sensing performance, which can be explained by the
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increase of the porosity and conductivity introduced by graphene. These changes promote
efficient charge transfer and improve the adsorption of ammonia molecules on the sensor's

surface, leading to higher sensitivity and faster response and recovery times.

Based on the advantages indicated above and the benefits of its simple structure, cost-effective
fabrication, and the inherent advantages of the p-type semiconductor properties, the 6%
graphene-doped CuO-SnO::F thin film presents a promising dual-functional material. It offers
a high photocatalytic performance for pollutants degradation under sunlight and an excellent
gas sensing capability for detecting low concentrations of ammonia (5-25 ppm), making them

highly suitable for environmental and industrial applications.

Keywords: p-type CuO-SnO2:F thin films, graphene doping effect, physical properties,

ammonia gas sensing, environmental applications, spray pyrolysis.

1. Introduction

Air and water pollution are two of the most pressing environmental challenges of our time,
posing serious threats to ecosystems, human health, and biodiversity. These forms of pollution

disrupt natural cycles and contribute to global crises [1-3].

Water pollution arises from contaminants like plastic waste, industrial discharge, and
agricultural runoff, severely harming aquatic ecosystems and limiting access to clean drinking
water. This pollution threatens marine life and human health, prompting the scientific
community to seek effective, sustainable solutions [4-5]. Among the most promising
approaches for water pollution mitigation is solar-powered photocatalysis using metal oxide
thin films [6]. These materials, known for their chemical stability and ability to degrade organic

pollutants, offer a low-cost and eco-friendly method to combat water contamination [7].



However, challenges remain, as many metal oxide semiconductors can only absorb ultraviolet

light, restricting their industrial applicability and flexibility [8].

To address the difficulty of activating metal oxides in the visible spectrum, extensive research
efforts have focused on narrowing their band gaps. One effective strategy has been doping,
which introduces impurities into the metal oxide structure to alter its electronic properties and
enhance its performance. Upadhyay et al., in their pioneering work, highlighted the potential of
graphene-doped metal oxide composites, including CuO, SnO:, TiO2, and ZnO, in advancing

water treatment technologies [9].

Graphene, a two-dimensional carbon-based material with exceptional electrical, thermal, and
mechanical properties, plays a multifaceted role in these composites. Firstly, graphene acts as
a corrosion inhibitor, preventing the degradation of metal oxides and ensuring their long-term
stability in aqueous environments [10]. Secondly, it limits the dissolution of metal oxide
nanoparticles into the water, which is crucial for minimizing environmental and health risks

associated with nanoparticle contamination [11].

Furthermore, graphene significantly improves photocatalytic efficiency by mitigating the
electron-hole recombination process, which is a major limitation in traditional photocatalysts

[12-15].

By serving as an electron acceptor, graphene facilitates the separation of photo-induced charge
carriers increases the lifetime of reactive species, such as hydroxyl radicals and superoxide ions.
These reactive species are essential for degrading pollutants and breaking down organic

contaminants in water [16].



The synergistic interaction between graphene and metal oxides not only enhances
photocatalytic activity under visible light but also broadens the application scope of these

materials in sustainable water purification systems [17].

Similarly, The emission of harmful gases in the atmosphere, especially ammonia (NHs), has
significantly increased over recent decades due to intensive human activities such as over-
fertilization in agriculture, food processing, and emissions from automobiles Ammonia
exposure poses serious health risks, including irritation of the eyes, nose and throat, respiratory
issues and in severe cases lung damage [18]. Given these dangers, the development of highly
efficient gas-sensing devices capable of detecting NHs even at low concentrations have shoved

the researchers to enhance the sensing capabilities of metal oxide semiconductors. [19].

Metal oxide semiconductors (MOSCs) are widely studied for gas-sensing applications due to
their sensitivity and tunable properties. However, the utilization of MOSCs for ammonia
detection faces significant challenges, such as high NHs concentration thresholds required for
detection, prolonged response and recovery times, and reduced performance in practical
environments [20-24]. Notably, the World Health Organization (WHO) has set the exposure
limit for ammonia concentration at 25 ppm, highlighting the need for sensors capable of

operating reliably at trace levels [25].

Recent advancements have demonstrated that graphene-doped metal oxides are promising
materials for gas-sensing applications, owing to graphene's exceptional physical and chemical
properties [26]. Graphene can modify the electronic structure and surface properties of metal
oxides enhances their interaction with gas molecules and improving detection capabilities [27].
In this context, Graphene doped WO3 nanocomposite has been successfully elaborated by
Salama et al [28]. The results show a better gas sensing performance for ammonia gas compared

with Undoped WOs3 nanoparticles [28].



In this study, improved NH3 gas sensing activities and photocatalytic performance have been
demonstrated at the first time for graphene doped CuO-SnOz: F thin films using spray pyrolysis

technique, offers a low cost , green and stable material in the time [29, 30].

This work aims to detect ammonia gas at trace level concentrations and remove organic
pollutants (Green Malachite (GM), Rhodamine B (RdhB) and Methylene Blue (MB)) from
water using solar energy-driven photocatalysis technique based on graphene doped CuO-

SnO2:F mixed oxide thin films to preserve the environment for future generations.

2. Experimental details

Undoped and graphene doped CuO-SnO:z:F mixed oxide thin films were deposited on glass
substrates by spray pyrolysis technique. All required chemical materials (CuClz, SnCla,
Methanol) have been purchased from Sigma Aldrich with high purity(>99%) ensuring

fabrication of good quality thin films.

Firstly, the glass substrates (2.5 % 2.5 cm) are cleaned in an ultrasonic bath for 15 min. Then we
prepare two solutions of copper and tin oxides. The SnOa:F solution (0.2 M) was prepared using
2.3 ml of SnCls, 0.7 ml of H20 and 97 ml of methanol as precursors . Fluorine doping is
achieved by adding 0.12 g of ammonium fluoride (NH4F) to the total spray solution of 100 ml

following these chemical reactions [31]:

SnCl, + 2H,0 - Sn0, + 4HCI (1)

0" +F > 0+ F + e~ ()

The CuO solution (0.2 M) was made by dissolving 3.4 g of copper chloride dehydrate (CuCl,)

in 100 ml of de-ionized water pursuing this chemical reaction [32]:

CuCl, + H,0 — Cu0 + 2HCl 3)



After that, both solutions were mixed with a molar ratio ([Cu] sol/ [Sn] so1) equal to 3 [32-35].
The two solutions were mixed thoroughly for 15 minutes to ensure complete homogenization
and facilitate uniform interaction between the components, which is essential for consistent

results in the subsequent process.

[GT]
[cul+[GT]

Graphene was added to the resulted solution as doping, with a ratio 0,2,4 and 6% .The

spray nozzle is located at 27 cm above the substrate, the flow rate is maintained at 10
ml.min! and the deposition temperature is fixed at 350°C for all samples during the
experimental process [35]. The as-prepared thin films carried several characterizations
such as X-ray diffraction measurement (XRD) using a diffractometer system equipped
with Cu as an anode material with radiation Cu-Ka (A= 1.5406 A). The measured
patterns were recorded in the scanning range of 10°< 26 < 80°. Surface morphology was
performed using Cari Zeiss GmbH T3447 scanning electron microscopy (SEM) and
JEOL JEM-2010 Transmission Electron Microscopy (TEM), which facilitate the
investigation of the morphology and crystallinity of the thin layers. In addition, optical
properties were studied through aPerkin Elmer Lambda 950 spectrometer in the
wavelength range from 250 to 1800 nm. Furthermore, Impedance measurements were
operated by applying two electrodes on the film’s edges using silver paste. The
impedance data was collected employing E4980A analyzer with a frequency ranging

from 2 KHz to 2 MHz at room temperature.

In photocatalytic process, the as-prepared samples were immerged in 40 ml of diverse aqueous
solutions containing various pollutants (Green Malachite (GM), Rhodamine B (RhB) and
Methylene Blue (MB)). The suspension was agitated for 30 min in dark before being exposed
to sunlight, in order to achieve the maximum adsorption of our organic pollutants onto catalysts.

The degradation process was controlled by an UV-VIS-NIR spectrophotometer.



To study the sensing performance of the homemade devices, all samples are annealed at 500°C
in air during 2 hours. After that, electrodes, which are made from gold and chromium with
thickness of 100 nm and 5 nm, respectively were deposited on undoped and graphene-doped
CuO-SnOz: F based sensors by magnetron sputtering method. Gold offers good stability at high

temperatures, and chromium is used to enhance the adhesion of gold on the substrate [36-37].

The measurements were carried out in a closed test chamber using a Keithley 2450 Source

Meter model data acquisition system.

3. Results and discussions

3.1 Structural properties

The material phases and crystallite properties of undoped and graphene doped CuO-SnOz: F
coupled oxide thin films elaborated at different doping levels were analyzed using X-ray
diffraction (XRD) measurements in 20 scanning range of 10° to 80°, as shown in Figure 1. The
distinct diffraction peaks observed at 20 = 26.21° and 38.33° corresponded to the crystal planes
(110) and (200) of the tetragonal structure of SnO2: F (JCPDS # 88-0287), respectively [32].
Additionally, a polycrystalline character related to the monoclinic structure of CuO was
identified by the dominant peaks (110), (-111) and (020) located at 26 = 33.1°, 35.2° and 51.8°
respectively (JCPDS # 89-5895) [38]. The presence of both CuO and SnOz: F phases confirm
the successful synthesis of CuO-SnOz: F coupled oxide thin films without any other secondary
phases for all samples. At first glance, Graphene doped-CuO-SnO2:F with different doping
concentrations (2%, 4%, 6%) shown the absence of graphene peak in XRD patterns, which can
be explained by two possible scenarios: the low amount of graphene or its high dispersion in
the nanometer size range that is difficult to appear in XRD chart [39]. It is important to highlight

that at a doping level equal to 6%, the preferred orientation was changed from (110) for both



CuO and SnO2:F to (-111) for CuO and (200) for SnO2:F accompanied by an increase in

crystallinity (Fig.1).

The average crystallite size (D) was calculated based on the widening of the diffraction peaks

using the Scherrer’s relation [40]:

kA
b= Bcos(6)

C))

Where k represents the Scherrer’s constant (k=0.9), A is the wavelength of the X-ray beam (A=

0.15406 nm), © is the Bragg angle and f is the full width at half maximum.

To delve deeper into the crystal structure of the material, we conducted calculations to

determine dislocation density (d) according to the following relation [41]:

6= — 5)

The crystallite size and dislocation density are reported in Tablel. According to this table, we
notice that the average size of the crystallites increases by increasing graphene concentration.
The maximum crystallite size (21 nm) is observed for the 6% graphene-doped thin film,
which gives a minimum value of dislocation density equal to 2.27 x 10 >nm™ . As a bi-
dimensional material graphene can act as a nucleation site for the growth of larger grains [42-

43].

In gas sensing, the improve of stability by reducing the number of defects helps to maintain
consistent sensor performance over time. Similarly, for catalysis, making them advantageous

for long-term and efficient catalytic processes [44].



3.2 Morphological study

The morphological images of undoped (Fig.2.a) and 6% graphene-doped CuO-SnOz:F samples
(Fig.2.b) were collected by SEM analysis at different magnifications (1um and 300 nm) are
presented in figure 2. The results reveal different morphologies, including nano-cubic structure
corresponding to CuO , and nano-sphere structure corresponding to SnO2 [45] (Fig.2.c and
Fig.2.d). After doping with graphene, we observed the formation of additional voids. This
change in morphology is beneficial for catalytic and gas sensing applications [46]. The increase
of voids and porosity create more surface area and expose more active sites, which are critical
for enhancing interactions with target gases. The presence of graphene, with its high aspect
ratio and exceptional mechanical strength, likely contributes to these morphological changes,
facilitating the formation of voids and improving the adsorption capacity [47]. This type of
microstructure is advantageous for gas detection and photocatalytic applications, as it promotes

better sensitivity and efficiency in detecting and interacting with gases [48-49].

The TEM spectra of undoped and 6% graphene-doped CuO-SnO2:F thin films (Fig.2.e and
Fig.2.f) provide valuable insights into the structural and morphological characteristics of the
composite material [50]. The analysis reveals that, with increasing graphene doping, a
noticeable increase in the crystallite size was observed, which is in accordance with XRD
results [51]. This growth in crystallite size suggests improved crystallinity and structural
ordering, which is advantageous for enhancing the stability and electronic properties of the thin
films. These structural modifications are highly beneficial for applications in gas sensors and

catalysis [52].

3.3 Optical properties



The knowledge of the optical properties of materials holds great significance in the design and
analysis of optoelectronic devices. The optical transmission T (A) and reflection R () spectra
of undoped and graphene doped CuO-SnOz2: F coupled oxide thin films elaborated at different
doping levels in the wavelength range of 250—1800 nm are shown in Fig.3 ((a) and (b)). In the
wavelength of 250-1800 nm, the transmission intensities of all samples exhibit a low
transparency coefficient between 20% and 45 % in the visible range [300-900] nm and
increased sharply to reach 66 — 75 % in the NIR (Fig.3 (a)). The transmission is found to be
maximal for the undoped CuO-SnOz: F thin films and it decreases with an increase in graphene
(Gr) content. This may be attributed to the increase in surface charge due to the presence of Gr.
Furthermore, Strong absorptions were observed in the wavelength region of 800-900 and below
600 nm which correspond to the band gap of the individual CuO and SnO: phases, respectively
[53]. The reflection spectra of the undoped and graphene doped CuO-SnOz: F thin films at
different doping levels is depicted in (Fig.3 (b)). The behavior of reflection as a function of
wavelength is the same for all synthesized films and the average reflectance is less than 20 %

in the visible range.

As a means to evaluate the band gap energy (Eg) of all synthesized films, we used two methods.
First, the Tauc formula which involves plotting the relationship between the absorption
coefficient (o) and the photon energy (hv), and then extrapolating the linear portion of the (cthv)?
curve to the x-axis (photon energy) intercept as depicted in Fig.4. The point where the
extrapolated line intersects the x-axis represents the optical band gap energy of the thin film

material [54]:
ahv= A (hv—E )" (6)

Where A is a constant related to the material, h is Planck's constant; n corresponds to 2 for

direct transitions and 2 for indirect transitions, and o was calculated using this equation [55]:
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Where e is the film thickness. Second, Eg was evaluated by the differential of the Transmission
spectra of the layers for undoped and Gr-doped (2%, 4% and 6%) CuO-SnOz:F thin films. In
Fig.5 (a, b, c and d) are presented the dT/dA versus wavelength for undoped and Gr-doped (2%,
4% and 6%) CuO-SnOx2:F thin films. This method is used to confirm the band gap values. From
Table 2, it is evident that both Tauc and Differentiate methods yield approximately the same
band gap values, which strongly validates the accuracy and reliability of the obtained values

[56].

The presence of two distinct band gaps for our samples indicates the coexistence of two phases,
CuO and SnOz, which is correlated with XRD spectra. The Undoped CuO-SnOz: F thin films
revealed two band gaps of 1.501 eV for CuO phase and 3.092 eV related to SnO2 material. The
obtained band gaps have different values than that reported for CuO (1.2 eV) and SnO2 (3.8
eV) [57]. These differences indicated the charge transfer may be occurred between CuO and
SnO:z films, leading to a modification in the electronic structure of both oxides, which ultimately
changed the band gap values. Fig.6 displays the effect of Gr content on the band gap of CuO
and SnOz2 phases. Insertion of 2 wt% Gr decreased the band gap of SnO2 from 3.092 to 2.743
eV. In addition, further decrease was observed for CuO and SnO2 band gaps with increasing
the concentration of Gr from 2 to 6 wt% (Table 2). These values shift from 1.500 to 1.450 eV
and from 2.743 to 2.238 eV, respectively for CuO and SnOz:F. Several factors influence the
band gap of metal oxides such as defects, carrier concentrations, impurities, disorder at the grain
boundaries and particles. In the case of Graphene doping material, the reduction in the band
gap can be attributed to its electronic structure (good electron acceptor) in CuO [58] and donor
in SnO2:F [59]. That can affect the width of the localized regions of conduction and valence

band with the formation of various optically active sub-levels through the band gap, resulting

11



in a decrease in its optical band gap [60]. In fact, Gr reduces the energy band gap by removing
of Burstein—Moss effect and it causes transition of the absorption edge of the SnO: toward
higher wavelengths [61]. According to this approach, the band gap of SnO2 semiconductor is

moving towards a lower energy with increasing electron density in the conduction band [62].

From the reflection-transmission spectra R (A) and T (L), we have calculated different optical
parameters characterizing these thin layers such as the refractive index (n) and the extinction

coefficient (k). The complex refractive index is calculated using the following formula [63]:

n*=n + ik 8)

The real part (n) describes the ratio of the speed of light in a vacuum compared to its value in
the material. The imaginary part (k) represents the extinction coefficient, this describes how
much the light is absorbed or attenuated as it passes through the material. Both real and
imaginary components are calculated by applying the following equations, which are derived

from the fundamental properties of light interacting with matter [64]:

k=2 ©)

4n

h 1+[1- (G2 (1+k3)] /2

1R
G

(10)

The refractive index (n) increases from 1.66 for undoped CuO-SnOz: F to 2.15 for 6% Gr-doped
CuO-SnOz: F as shown in Fig.7 (a). On the other hand, the value of k decreases with increasing

wavelength from ultraviolet (UV) to visible region, after it increases slightly in the near infrared

(NIR) region (Fig.7 (b)).
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The changes in both n and k, depending on graphene doping level and wavelength demonstrate
the versatility of CuO-SnOz: F thin films and their potential for various optoelectronic

applications.

A high refractive index in materials can offer significant advantages for gas sensing and
catalytic applications. In gas sensors, materials having a high refractive index can enhance light-
matter interactions, leading to improve sensitivity and selectivity in detecting gases [65]. This
is especially important for detecting trace amounts of gases like ammonia, where enhanced
optical properties can improve the sensor's ability by increasing gas adsorption. In catalysis, a
high refractive index material can facilitate better light absorption and scattering, promoting
more efficient photocatalytic processes. It can help in concentrating light energy at the catalytic
surface, enhancing reaction rates and overall catalytic performance [66]. Therefore, materials
with a high refractive index are beneficial for both gas sensing and catalytic applications by

improving detection sensitivity and promoting more efficient chemical reactions [67].

3.4 Impedance spectroscopy

The impedance spectroscopy is a powerful analytical technique widely used in materials
science to investigate the electrical properties of materials and their interfaces. By applying an
alternating current (AC) signal over a range of frequencies, it enables the measurement of
complex impedance, which provides insight into processes such as charge transport,

polarization, and relaxation mechanisms within materials [68].

The complex impedance Z*(w) is written as the following relation [69] :

7' (w) =7 (w) —iZ"(w) (11)

where 7’ (w) and Z” () are respectively the real and imaginary parts of the complex

impedance as a function of the frequency w. Next, Z'(») is plotted on the x-axis and Z"(®)
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on the y-axis to create a Nyquist plot, allowing for a deeper understanding of electrical
parameters by using Z-View software. It is observed from that the impedance spectrum of all

thin films represent a single semi-circle that indicates the Debye type of relaxation [70].

The equivalent circuit is composed of two Resistances R1, R2 and a Capacitance C1, as shown
in Fig.8 (a). The impedance spectra of the as-prepared thin films were illustrated in Fig.8 ((b)

and (c)).

The fitting values of the impedance measurements of all thin films obtained via Z-view software
are summarized in Table 1. It was found that the introduction of graphene leads to the decrease
of the semi-circle diameter (Fig.8.c), which means that the conductivity is enhanced by
increasing the graphene doping level [71]. This phenomenon occurs due to several factors.
Firstly, graphene, with its unique two-dimensional structure, serves as an excellent conductor
due to its high electron mobility. When incorporated into the CuO-SnO:2:F matrix, graphene
provides additional pathways for electron transport, reducing the resistance within the film.
Moreover, the presence of graphene can modify the band structure of CuO-SnOz:F thin films,
leading to the creation of defect states that facilitate charge carrier movement. Additionally,
graphene's high surface area-to-volume ratio promotes better contact between the internal
Nano-junction, further improving conductivity by reducing interfacial resistance [72-74].
Overall, doping graphene into CuO-SnOz: F thin films offer a synergistic approach to enhance

conductivity, making them promising materials for various optoelectronic applications.

4. Environmental applications

4.1. Photocatalytic degradation of organic dyes
Methylene blue, green malachite, and rhodamine B are prominent contaminants frequently

detected in water sources, stemming from industrial processes, agricultural runoff, and
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domestic waste. These pollutants not only taint water quality but also pose serious threats to
aquatic life and human health due to their toxic nature and potential carcinogenic effects [75-
76]. Addressing their removal is imperative for environmental sustainability. Solar-powered
Photocatalysis emerges as a promising strategy to degrade pollutants into harmless products.
However, the efficiency of photocatalysis relies heavily on the choice of catalyst material [77].
Therefore, there is a pressing need to innovate and engineer novel materials with enhanced

photocatalytic properties, which is the subject of this study.

Fig.9 ((a) ,(b) and (c)) depicts the photocatalytic efficacy of undoped and Graphene doped CuO-
SnO2:F mixed oxide thin films, after 2 hours of exposure to sunlight. It is evident that the
characteristic absorption peaks of MB, GM, and RdhB at wavelengths of 670 nm, 612 nm, and
567 nm, respectively, exhibit a decrease in peak intensity related to the increase in graphene

doping levels [78-79].

Concerning the reaction kinetics, the degradation reactions of organic pollutants through
heterogeneous photocatalysis typically adheres to pseudo-first-order kinetics. This implies that
the rate of change in pollutant concentration over time is primarily dependent on the

concentration of the pollutant itself, following a first-order reaction rate equation [80]:

c

In (5) =kt (12)

Where ki represents the first-order rate constant, while Co and C denote the initial and final
concentrations of the dye, respectively.

Fig.10 ((a), (b) and (c)) illustrates the plot of In (C/Co) as a function of time. In these plots, all
thin films demonstrate first-order pseudo rate behavior, indicating their efficiency in removing

organic pollutants. The rate constants corresponding to each thin film are shown in Fig.11.

The photo-degradation efficiency of all pollutants are calculated using the following relation

[81]:
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Co—C

effecienty = * 100 (13)

0

All results are illustrated in Table 3. It was found that 6% Gr doped CuO-SnOz: F thin films has
the highest efficiency compared to other prepared samples, with a value equal to 99%, 87% and
91% for MB, GM and RdhB respectively after two hours of sunlight irradiation. Figures 12
represent photo-degradation rates of various pollutants and at various irradiation time ((a)
methylene blue (MB), (b) green malachite (GM) and (c) rhodamine B (RdhB)) using various
catalysts (undoped and graphene doped CuO-SnO:z:F thin films at different graphene

concentration).

The pollutant degradation mechanism of undoped and graphene-doped CuO-SnOz: F coupled

oxide thin films involve several steps.

Upon exposure to sunlight, the semiconductor absorbs photons, generating electron-hole pairs
in both CuO and SnOz:F thin layers. While CuO can absorb visible light due to its narrow band
gap, SnO2:F remains inactive due to its broader band gap (Eq.14) [82]. Subsequently, the photo
generated electrons and holes migrate to the interface between the two semiconductors, where
they are efficiently separated, and preventing recombination. This separation is vital for the
degradation process's effectiveness (Eq.15) [83]. The photogenerated electrons in the
conduction band of SnO2:F and the holes in the valence band of CuO participate in redox
reactions with adsorbed pollutant molecules on the semiconductor surface, leading to their
degradation into harmless products such as carbon dioxide. Reactive oxygen species, like
hydroxyl radicals, are also generated during the process through reactions involving adsorbed
oxygen and water molecules (Eq.16-17), playing a crucial role in organic pollutant degradation
due to their high reactivity. Finally, the degradation of pollutants occurs through surface
reactions facilitated by the active species generated on the semiconductor surface, including
processes like the oxidation of organic compounds by reactive oxygen species or the direct

interaction of pollutant molecules with photo generated charge carriers (Eq.18-19) [84-85].
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CuO/SnO2: F + hv — CuO (e +h") /SnO2: F (14)

CuO (e +h")/Sn02: F — CuO (h")/SnO2: F (¢) (15)
SnOz: F (e—) + O2 — O2+ SnO2:F (16)
CuO (h') + H20 — h' + OH+ CuO +-Ho (17)
Oz + polluants — Products (18)
h* + polluants — Products (19)

Graphene-doped CuO-SnOz:F thin films involve the same mechanism of undoped CuO-SnOz2:F
thin films [86]. However, the excellent dispersion of graphene nanoparticles within the material
surface and the increase of porosity leads to more active sites available for catalytic reactions,
which is correlated, with morphological results. Furthermore, Graphene doped CuO-SnO::F
extend more in the visible range especially for 6% doping level (Fig.3(a)). For those reasons,
Graphene doped CuO-SnOz: F coupled oxide thin films show higher photocatalytic activity

compared to undoped samples [87].

Finally, we have compared the efficiency of our synthesis of thin films with previous studies,
which examined the degradation of pollutants such as methylene blue (MB), green malachite
(GM), and rhodamine B (RdhB) (Table 4) [88-95]. Our composite material demonstrates
superior performance, making it a promising candidate for various industrial applications. Its
enhanced degradation efficiency signifies a potential breakthrough in addressing environmental

challenges associated with pollutant removal.

4.2. Ammonia gas detection

Ammonia (NH3) gas is an hazardous substance commonly found in industrial emissions,

agricultural activities, and various environmental sources. Exposure to high concentrations of
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ammonia can lead to severe health issues such as respiratory irritation, lung damage, and even
long-term chronic conditions [96]. Moreover, ammonia is a major contributor to air pollution,
which can have detrimental effects on both human health and the environment, including the
formation of fine particulate matter and acid rain. Due to its potential risks, there is an urgent
need to develop high-performance sensors capable of detecting even trace amounts of ammonia
gas [96]. Such sensors are crucial for ensuring safety in industrial settings, improving air quality
monitoring, and protecting public health. Advances in sensor technology, particularly with
materials like graphene-doped CuO-SnOz:F thin films, hold great promise in addressing this
challenge by providing sensitive, reliable, and cost-effective solutions for detecting low levels

of ammonia in real-time [97].

The gas sensing properties of undoped and Graphene doped CuO-SnO:2:F samples were
investigated. First, the optimum working temperature (Twork) of the samples was found at
250°C, and then all samples were exposed to different concentrations (5, 10, 20 and 25 ppm)

of NH3 gas for 1min.

The sensor response (S) is related to the type of sensitive material and the type of aimed gas
(Table 5). In our case,it was calculated as follows [98]:

_ Ry
S = (20)

Where Rgis the sensor resistivity in the presence of NH3s and Ro is the initial sensor resistivity

in the absence of the analyte.

Regarding the gas sensing performance, from Fig.13, it is well established that sensing response
is related to dopant amount and it is evident that the highest response was presented by 6%
graphene doped CuO-SnOz:F sensor. This enhancement can be attributed to the presence of

additional sites resulted from the surface defects and the large specific surface area, which are
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promoted by the introduction of graphene. These sites are thermally activated and play crucial
role in the ammonia (NH3) adsorption process. In addition, this phenomena can be explained
by the conductivity enhancement related to the strong interaction exhibited between graphene

and CuO-SnOz:F nanoparticles, which is correlated with impedance analysis.

Fig.14 displays the variation of the resistance of undoped (Fig.14.a) and 6% graphene doped
CuO-SnOz: F (Fig.14.b) at 250 °C towards different ammonia levels. It has been observed that
sensor resistance increases upon exposure to ammonia gas and returns practically to its original
value upon ammonia removal (p type behavior). CuO-SnO:z: F based sensor exhibits p-type
conductivity under ambient conditions, it can transfer electrons to O2 molecules adsorbed on its
surface. The NH3 sensing mechanism of undoped and graphene doped CuO-SnOz:F thin films

involves the following steps [99]:

02 (gas) — O2 (ads) (21)

02 (ads) + & — Ox (ads) (22)
02 (ads) +2 & — 2 O (ads) (23)
02 (ads) + 4 & — 2 O% (ads) (24)

Depending on the working temperature, O2", O", O* oxygen species can adsorb onto the surface
of our thin films [100]. Upon exposer to NH3 in the temperature range of 200-300 °C (the
operating temperature equals to 250 °C), the dominant oxygen species was O, as shown in
(Eq.22). In our case, the reaction between NH3 and CuO-SnOz:F based sensor surface can be

expressed as follow [101]:

30°+2NH; —»>N2+3H0+3¢ (25)
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The electrons released during this reaction (Eq.25) combined with the holes of undoped and
Graphene doped CuO-SnO2:F samples, thereby reducing their hole concentrations and

increasing their resistivity as seen in Fig.14.

To further investigation, the variation of response and recovery times of undoped and 6%
graphene doped CuO-SnO2:F sensors as a function of NH3s concentration is displayed in
Fig.15.Towards 5 ppm of NH3 gas, the response and recovery times of 6% graphene doped
CuO-SnOz: F sensor were about 47 s and 62 s respectively while those of undoped CuO-SnOz:
F sensor were 133 s and 142 s respectively. However, the voids observed on the 6% graphene
doped CuO-SnO:: F thin films (Fig.2.b) helps the film to respond and recover faster. The faster
performance is explained by the quick gas adsorption and desorption due to the higher surface
area [102]. The 6% graphene-doped CuO-SnOz:F thin films stand out due to their balance of
good sensitivity, fast response and recovery times, which could lead to enhanced performance

in real-world applications.

5. Conclusion

in this study, we explored the effect of graphene doping on the physical properties of CuO-
SnOz:F thin films produced by spray pyrolysis. Our findings show that 6% graphene-doped
CuO-SnOz:F films exhibit the best crystallinity, highest conductivity, and strongest absorbance
in the visible region. Under sunlight, the photocatalytic performance of these films is
impressive, with a degradation rate of 99% for methylene blue (MB), 87% for green malachite
(GM), and 91% for rhodamine B (RdhB). Additionally, the graphene-doped thin films show
superior sensing performance compared to the undoped films. Specifically, the 6% graphene-
doped CuO-SnOz:F sensor demonstrated enhanced sensitivity and faster response and recovery

times (47 s and 62 s respectively) for low ammonia concentration of 5 ppm. These results
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suggest that 6% graphene-doped CuO-SnOz:F thin films have great potential for low-cost and
eco-friendly applications in wastewater treatment and environmental monitoring of ammonia
gas levels in the environment. Future research will focus on further optimizing the sample
design exploring the synergetic effects of co-doping and investigating the long-term stability
and the reliability. Additionally, efforts will be directed for enhanced performance and
functionality by investigating on the design and the architecture of photocatalysis and gas

sensing devices based on 6 % graphene-doped CuO-SnO::F thin films grown by spray

pyrolysis.
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Figure captions:

Figure.1: X-ray diffraction patterns of undoped and Gr-doped CuO-SnOz:F thin films.

Figure.2: SEM images at two scales (1 um and 300 nm) of (a) undoped and (b) 6% Gr-doped
CuO-SnOz2:F thin films. Elemental mapping images of (c¢) Copper (Cu) and (d) Tin (Sn) in
CuO-SnOz2:F thin films . TEM images at 10 nm of (e) undoped and (f) 6% Gr-doped CuO-

SnO2:F thin films.

Figure 3:(a) The transmission (T) and (b) reflection (R) spectrum of undoped and Gr-doped

CuO-SnO2: F thin films.

Figure 4: Tauc’s plots for CuO and SnO2 band gap energies of undoped and Gr-doped CuO-

SnO2: F thin films.
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Figure 5: Plots of dT/dA versus A curves of undoped and Gr-doped CuO-SnOz:F thin films.

Figure 6: Influence of Gr doping level on the band gap of CuO and SnO2 phases in CuO-

SnO2:F nanocomposites.

Figure 7: (a) The refractive index n and (b) the extinction coefficient k spectra as a function of

wavelength of undoped and Gr-doped CuO-SnOz: F thin films.

Figure.8: (a)The equivalent circuit for the experimental data of the impedance spectroscopy,
Nyquist plot of complex impedance spectra of undoped (b) and Gr-doped CuO-SnOz: F thin

films(c).

Figure.9:Absorbance spectra of diverse pollutants ((a) methylene blue (MB),(b)green
malachite (GM)and(c) rhodamine B (RdhB)) using various catalysts (undoped and graphene

doped CuO-SnOz:F thin films at different graphene concentration).

Figure.10:Ln(C/ Co) spectra of diverse pollutants((a) methylene blue (MB), (b) green
malachite (GM) and (c¢) rhodamine B (RdhB)) using various catalysts (undoped and graphene

doped CuO-SnOz:F thin films at different graphene concentration).

Figure.11: The rate constants spectra of diverse pollutants( methylene blue (MB), green
malachite (GM) and rhodamine B (RdhB)) using various catalysts (undoped and graphene

doped CuO-SnOz:F thin films at different graphene concentration).

Figure.12: Photodegradation rates of various pollutants and at various irradiation time ((a)
methylene blue (MB), (b) green malachite (GM) and (c) rhodamine B (RdhB)) using various
catalysts (undoped and graphene doped CuO-SnOz:F thin films at different graphene

concentration).
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Figure.13: Gas sensor response of undoped and Gr-doped CuO-SnOz:F samples exposed to

25 ppm of NH3 gas at 250°C as a function of time.

Figure.14: Real-time resistance variation curves of the gas sensors based on (a) Undoped and

(b) 6% Gr-doped CuO-SnO2:F thin films to 5-25 ppm NHzat 250°C.

Figure.15: Variation of response and recovery times of undoped and 6% Gr-doped CuO-

SnO2:F thin films sensors with NH3 gas concentrations.

Table captions:

Table 1: structural (D and o are the crystallite size and the dislocation density) and electrical
parameters (R1, R 2 and C1 are respectively a series resistance, a parallel resistance and the

capacitance) for different synthesized thin films.

Table 2:The estimated values of band gap energy (Eg) for undoped and Gr-doped CuO-SnOz:

F thin films.

Table 3: Rate constant (k) and degradation efficiency of diverse pollutants (Methylene blue
(MB), green malachite (GM) and rhodamine B (RdhB)) using undoped and Gr-doped CuO-

SnOz: F thin films as a catalyst.

Table 4: Comparison table for degradation of methylene blue (MB) , rhodamine B(RdhB) and

green malachite (GM) pollutants using various catalysts.

Table 5: Sensitivity parameters of material type and target gas type.
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Table 1

Thin film D(m) | 5 (*10 *nm?) | Ri(kQ) | Ra(kQ) | C;
Undoped CuO-SnO2:F 10 100 351.691 | 24175 2.8x10712
2 % Gr doped CuO-SnOz:F | 11 | 82.6 45 1124 | 2.67x107
4 % Gr doped CuO-SnO2:F | 13 59.2 3.163 276.720 | 3.65x10™!!
6 % Gr doped CuO-SnO=:F |21 | 22.7 0878 | 63.852 | 1.55x10"




Table 2

Thin Film

E; :Band gap Energy (eV)

Defferentiate method

Tauc method

CuO phase |[SnO; phase |CuO phase SnO; phase
Undoped CuO-SnO2 : F 1.501 3.092 1.501 3.088
2 % Gr doped CuO-SnO2 :F |1.499 2.743 1.50 2.749
4 % Gr doped CuO-SnO2 :F |1.497 2.393 1.499 2.390
6 % Gr doped CuO-SnO2 :F |1.449 2.242 1.45 2.238




Table 3

Sample Rate Constant k Efficiency (%)
MB GM RdhB | MB | GM RdhB
Undoped CuO-SnOz:F 0.0065 | 0.0043 0.0054 |73 72 71
2 % Gr doped CuO-SnO2:F | 0.007 | 0.0055 0.0066 | 88 76 80
4 % Gr doped CuO-SnO2:F | 0.0099 | 0.0078 0.0081 | 94 80 83
6 % Gr doped CuO-SnO2:F | 0.012 | 0.0088 0.0094 | 99 87 91




Table 4

Sample Pollutant Degradation Time (min) Reference
Efficiency(%)

Cu-doped MB 63 180 [88]

TiO2/reduced

graphene oxide

CuO MB 84 120 [89]

nanoparticals

modified ZnO

CdsS MB 89 120 [90]

CuO-Sn0O2 MB 96 135 [91]

CuO nanosheets | RdhB 24 120 [91]

SnO» RdhB 80 180 [91]

multilayered

films

CuO combined | RdhB 80 100 [92]

with trace of

ascorbic acid

CuO-CdO RdhB 73.15 120 [93]

CuO-CdO GM 74.69 120 [93]

CuO-ZnO GM 79.82 120 [93]

Sn02:Zn GM 87 180 [94]

Cr doped SnO2 | GM 63 180 [95]

6%Gr doped | MB 99 120 our work

CuO-SnOq:F

6%Gr doped | GM 87 120 our work

CuO-SnOq2:F

6%Gr doped | RdhB 91 120 our work

CuO-SnO2:F




Table 5

Type of sensitive material Type of aimed gas Response (S)
Oxidizing Rg/Ro
n-type reducing Ro/Rg
Oxidizing Ro/Rg
p-type reducing R¢/Ro
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