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ARTICLE INFO ABSTRACT

Keywords: Bismuth oxyfluoride (BiOF) is an emerging class of material with notable chemical stability,
Semiconductor unique layered structure and striking energy band structure. Bi-based semiconductor materials
B,iOF and reduced graphene oxides (rGOs) have attracted considerable attention due to their broad
SRli:;irce d graphene oxide spectrum of potential applications. Herein, we successfully synthesised an efficient photocatalyst
Photocatalyst comprising BiOF-rGO nanocomposites with embedded Ag nanoparticles using a simple hydro-

Photodegradation thermal method. The synthesised nanocomposites were characterised through Fourier-transform
infrared spectroscopy, X-ray diffraction (XRD), field emission scanning electron microscopy and
ultraviolet (UV)-visible spectroscopy. The XRD results indicated the crystalline structures of the
BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites. Photocatalytic activity assessments
focused on the degradation of methylene blue (MB) and methyl orange (MO) dyes under UV-light
and sunlight irradiation. The Ag-doped BiOF-rGO composite exhibited significantly enhanced
degradation efficiency, achieving 61.81 % and 74.25 % degradation of MB and MO, respectively,
after 300 min under UV-light irradiation. On the contrary, pure BiOF demonstrated only 17.63 %
and 48.29 % degradation for MB and MO, respectively, under similar conditions. Furthermore,
under sunlight irradiation, the Ag-doped BiOF-rGO composite exhibited an MB removal effi-
ciency of 43.87 % after 300 min, whereas pure BiOF showed only 27.47 % under identical
conditions. These results underscore the potential of Ag-doped BiOF-rGO composites as highly
efficient and adaptable photocatalysts for the photodegradation of organic dyes in industrial
wastewater.

1. Introduction

Environmental challenges such as pollution and global energy demand have been the most pressing concerns for humans [1].
Environmental contamination arises from the cumulative impacts of certain human actions over time. This has created a looming
problem, jeopardising all forms of life on Earth. Increasing water contamination is one of the most serious issues due to rapid
industrialisation and population growth and is a leading cause of fatalities and diseases globally [2]. A large quantity of hazardous
organic and inorganic substances has accumulated in water bodies, posing a significant threat to human health [3]. In general,
inorganic contaminants comprise cadmium, arsenic, chromium, fluoride, lead, mercury, etc., while organic contaminants include
acrylamide, phenol, carbon tetrachloride, benzene hexachloride and various organic dyes such as Congo red, methylene blue (MB) and
methyl orange (MO) [4]. Among these pollutants, organic dyes are toxic, mutagenic and carcinogenic, cause chromosomal fractures
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and respiratory disorders [4] and are primarily discharged from textile industries.

To remove these organic dyes from wastewater effluents, several processes such as separation, precipitation, solvent extraction,
nanofiltration, adsorption and photocatalysis have been employed [5]. The photocatalytic degradation process emerges as the optimal
choice for water filtration because it prevents secondary pollution along with the complete mineralisation of organic dyes [6-9]. With
the integration of a photocatalyst and photons of light, highly reactive species such as hydroxyl radicals (*OH) and superoxide radicals
(*02) are formed during photocatalysis [10]. This process occurs when light of proper frequency and energy (hv > Eg, where Eg is the
energy gap between the valence band (VB) and conductive band (CB)) falls on the semiconductor and electrons are excited from the VB
to the CB, leading to the formation of electron-hole pairs in the semiconductor [10]. Until now, titanium dioxide (TiO3) has been the
most extensively studied semiconductor-based photocatalyst. However, it can only utilise less than 5 % of the total solar energy
impinging on the Earth’s surface due to its wide band gap (3-3.2 eV) [11]. Various methods have been employed to enhance the light
absorption of photocatalysts in the visible (vis) spectral region, including modifications of both TiO and non-TiO2 semiconductors
[11].

Bismuth (Bi)-based semiconductors have attracted research interest owing to their unique photocatalytic properties and appli-
cations [12-14]. Bi-based compounds possessed hybridised band structures involving the lone-pair electrons of Bi* [15]. Hybridised
states not only decrease the effective masses of holes and electrons but also facilitate a longer travelling distance for excited carriers
[16], effectively reducing the band gaps and enhancing light absorption in the lower-energy region, thereby improving photocatalytic
activities [17]. Despite their different crystalline structures, Bi-based photocatalysts exhibited improved photocatalytic activity. These
include perovskite, scheelite, pyrochlore, Aurivillius and Sillen structures corresponding to NaBiOs [18], BiVO4 [19], Bi,MNbO7 (M =
Al, Ga, In, Fe and Sm) [20], Bi;MoOg [21] and Bi oxyhalide (BiOX) (X = Cl, Br and I) [22], respectively. Among them, the Sillen
structure compounds BiOX (X = Cl, Br and I) exhibit more excellent photo-oxidation activity and interesting structure-related prop-
erties due to the existence of an active (Bizoz)2+ layer [17]. To investigate the structural effects of BiIOX compounds, Sijia Zou et al.
[15] reported that layered BiOFs have an internal electric field (IEF) perpendicular to the [BizO2] 2+ and fluorine anionic slabs, thereby
favouring the efficient separation of photogenerated electrons and holes. The synergetic effect of surface structure and bulk IEF
significantly improves the activity of Bi oxyfluoride (BiOF) nanosheets. They found that 79.3 % of rhodamine B (RhB) dye is degraded
by BiOF after 60 min of ultraviolet (UV) light irradiation, while only 33.7 % of RhB is degraded by commercial rutile TiO,. These
results indicate that a rational modification is required to enhance the photocatalytic activity of BiOF. Doping is one of the most
extensively used methods for increasing the photocatalytic activities of metal oxide semiconductors [23]. It has been concluded that
semiconductor doping significantly and effectively influences the optical and charge dynamics characteristics, as well as the band
structures of semiconductors, and has garnered considerable attention. Recently, Ag has attracted considerable interest as a promising
dopant for semiconducting metal oxides owing to its unique features and applications [24]. The influences of Ag metal loading on the
crystal structure, morphology, surface chemical state and photocatalytic efficiency of BiOF nanoparticles (NPs) were investigated
using X-ray diffraction (XRD) and scanning electron microscopy (SEM) for the photodegradation of organic pollutants (MB and MO).
Conversely, reduced graphene oxide (rGO) exhibits remarkable advantageous properties such as superior chemical stability, strong
adsorption ability and excellent electronic and conductive properties [14,25]. Additionally, the large electron storage capacity of rGO
improves the photocatalytic efficiency by accepting photogenerated electrons from the conduction band of metal oxides at the het-
erojunction interface of metal oxides and rGO [26]. Therefore, the formation of rGO is usually chosen in the synthesis of photocatalyst
materials [24,27-31].

Herein, an Ag-doped BiOF-rGO composite is fabricated using a one-step hydrothermal method. To the best of our knowledge, this is
the first report on the use of a hydrothermal method to prepare an Ag-doped BiOF-rGO nanocomposite photocatalyst. The photo-
catalytic performances of the synthesised composites are investigated using MB and MO dyes under UV-light and sunlight irradiation.
This study aimed to establish a relationship between Ag-doped BiOF and rGO and their photocatalytic activities by comparing their
crystal structures, morphologies, optical properties, specific surface area and electron-hole separation effects.

2. Experimental section
2.1. Materials

All chemicals and reagents were of analytical grade and were used without further purification. Bi nitrate pentahydrate [Bi
(NO3)3-5H,0], silver nitrate (AgNO3) and ammonium fluoride (NH4F) were procured from Nova Chemicals, India and used as Bi, Ag,
and F sources, respectively. Sulphuric acid (H2SO4), MB and MO were purchased from Nova Chemicals, India. Sodium hydroxide
(NaOH), potassium permanganate (KMnO4) and sodium nitrate (NaNOs) were procured from Merck, India. Graphite powder,
hydrogen peroxide (H205) and ethanol (CH3CH;OH) were purchased from Sigma Aldrich. Moreover, deionised water and distilled
water were used in all experimental works.

2.2. Sample preparation

2.2.1. Preparation of Ag-doped BiOF-rGO composites

The Ag-doped BiOF-rGO composite was synthesised via the in situ hydrothermal method. Initially, GO was prepared from graphite
powder using the modified Hummers’ method, as described in our previous report [5]. The as-prepared GO was used to prepare the
Ag-doped BiOF-rGO nanocomposite. To obtain a homogeneous suspension of exfoliated GO (A), 0.1g of the prepared sample was
dispersed in ethanol (10 mL) under ultrasonication for 1 h. To prepare the Ag-doped BiOF-rGO nanocomposite photocatalyst, a
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solution (B) of Bi nitrate pentahydrate (0.4951 g) and silver nitrate (5 wt%) was prepared by dissolving them in 15 mL of ethylene
glycol (EG) in a 50 mL beaker and stirred at 300 rpm. In another beaker, NH4F solution (C) was prepared by adding 0.3037 g of NH4F to
5 mL of EG under vigorous stirring. Afterwards, GO suspension A, solution B and solution C were mixed for 1 h of sonication (Pow-
ersonic 405, Hwashin Technology Co., Korea) to achieve homogeneous dispersion. The reaction mixture was then decanted into a
Teflon-lined stainless steel autoclave and kept for 16 h at 180 °C. Finally, the resultant precipitate of Ag-doped BiOF-rGO was washed
and dried at 70 °C in a vacuum oven for 5 h. For comparison, a pure BiOF photocatalyst was prepared by dissolving Bi nitrate pen-
tahydrate and ammonium fluoride in EG solution. A schematic flow diagram of the preparation of the Ag-doped BiOF-rGO nano-
composite photocatalyst by the hydrothermal method is presented in Fig. 1.

2.3. Characterisation of prepared samples

The morphological characterisation of the photocatalysts was conducted by field emission SEM (FE-SEM, JSM-7600F, JEOL, Japan)
at an accelerating voltage of 10 kV. Fourier transform infrared (FTIR) analysis was performed using an IR-Prestige-21 spectropho-
tometer (Shimadzu Corp., Japan) using KBr as a standard to determine the presence of various functional groups and the formation of
samples. Optical absorption spectra were obtained using UV-vis spectroscopy (UV-1800, Shimadzu, Japan) at a wavelength range of
200-800 nm. XRD analysis was performed using a Shimadzu XRD-6000 diffractometer equipped with Cu-Ka radiation with a
wavelength (1) of 1.54056 A. The analysis was conducted at 40 kV with a scan rate of 0.02° over the 20 range of 10°~90° at 25 °C. This
provided valuable insights into the confirmation of crystal structures. The Scherrer formula was applied to the most intense diffraction
peak to calculate the average crystalline size.

2.4. Photocatalytic activity tests

The photocatalytic performances of the prepared samples were evaluated by degrading MB and MO dyes under UV-light and
sunlight irradiation. Controlled experiments were conducted using a rectangular aluminium foil-supported wooden reactor equipped
with a 60 W low-pressure mercury lamp (A = 254 nm, irradiance = 30 mW/cm?) as the UV-light source and a 200 W tungsten lamp
(2150 Im with a wavelength range of 500-620 nm) as the vis-light source. In this experiment, 50 mg of the photocatalyst was dispersed
in 100 mL of a 10 ppm aqueous solution of dye (MB or MO) at room temperature under continuous stirring. The solution was stirred in
the dark for 1 h to achieve adsorption-desorption equilibrium between the photocatalysts and dye.

In the degradation studies, approximately 3 mL of the aliquot solution was collected at regular intervals (every 30 min) and then
centrifuged. The supernatant solution was then investigated by UV-vis spectroscopy (UV-1800, Shimadzu, Japan). The maximum
absorption peaks of the MB and MO solutions were observed at 664 and 464 nm, respectively. The photodegradation efficiency (%) of

‘ Ethanol Bi(NO;);.5H,0 Ethylene Glycol NH,F
+
AgNO, \‘

- Pl Stirring
Sealed in .
autoclave 16 h, 180 °C
— —————%
Hydrothermal Ag-doped BiOF-rGO
Reaction

Sonication

Fig. 1. Schematic flow diagram of the preparation of the Ag-doped BiOF-rGO nanocomposite photocatalyst using the hydrothermal method.
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the dyes (MB/MO) was calculated as follows [5].
Efficiency (%)= (Co — C:)/Co x 100~ (A, — A,) /A, x 100 @

where Ay is the absorbance of the dyes (MB/MO) before treatment and A; is the absorbance after treatment at time t.
3. Results and discussion
3.1. XRD analysis

The phase structure and crystallinity of the prepared samples were analysed by XRD. Fig. 2 shows the XRD patterns of pure BiOF,
Ag-doped BiOF and Ag-doped BiOF-rGO composites. All composites show some common characteristic peaks, although several peaks
have very low intensity for pure BiOF, located at 26 values of 27.78°, 28.84°, 29.24°, 30.87°, 33.78°, 38.26°, 39.39°, 43.88°, 44.8°,
48.72°, 50.56°, 56.66°, 62.69°, 64.65°, 70.33°, 72.35° and 77.660°, corresponding to the (101), (002), (401), (20-3), (110), (102),
(004), (003), (112), (200), (201), (211), (212), (104), (114), (213) and (301) planes of the zavaritskite-type tetragonal phase of BiOF
(JCPDS no. 01-086-1648; space group: P4/nmm:2), respectively, which agrees well with previous reports [15,32]. No peaks related to
the fcc Ag crystal are observed for Ag-doped BiOF, indicating that Ag ions successfully substituted into the zavaritskite BiOF lattice [33,
43]. For Ag-doped BiOF, no characteristic peaks of Ag are observed, but an additional peak at 23.50, marked by ‘*’, characteristic of the
rGO (002) crystalline plane of the hexagonal structure is obtained [34-36], confirming that GO was completely reduced to rGO. In
addition, to identify the crystalline phase, XRD data were used to estimate the average crystallite size, D, calculated from the peak
half-width g, using the Scherrer equation [25].

kA

D:ﬂ cos 0 @

where k is the shape factor of the particle and A and 6 are the wavelength and incident angle of the X-rays, respectively. Based on the
Scherrer equation, the average crystal sizes of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites are 31.89, 43.91 and
14.65 nm, respectively.

3.2. FTIR analysis

The FTIR spectrum is characteristic of a particular compound, providing information about its functional groups, molecular ge-
ometry and inter/intramolecular interactions. Fig. 3 depicts the FTIR spectra of the GO, BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO
composites. For the BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites, the characteristic peaks at 513 and 644 cm™! are
attributed to the stretching and asymmetrical stretching vibrations of the Bi-O bond, respectively [10], confirming the presence of
BiOF in the composite. This is consistent with the XRD data of the formation of BiOF. Moreover, the broad bands at 3400-3500, 2346
and 1530 cm ™! are assigned to the O-H stretching vibrations of adsorbed water molecules on particles, stretching vibration of the C=0
bond of atmospheric CO2 molecules and asymmetric stretching vibration of N-O bonds, respectively [10,37]. For Ag-doped BiOF and
Ag-doped BiOF-rGO, no significant peaks were observed for Ag NPs. This absence of peaks can be attributed to the development of
organic or inorganic capping through complexations with functional groups [38]. Additionally, in the Ag-doped BiOF-rGO composite
shown in Fig. 2, the bands associated with oxygen functionalities [39] were nearly absent in the spectra. This confirms the effective
reduction of GO sheets.
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Fig. 2. Combined XRD patterns of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites.
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Fig. 3. FTIR spectra of GO, pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites.
3.3. FE-SEM analysis

The morphologies of the as-prepared samples was analysed using FE-SEM. Here, Fig. 4(a—c) show the FE-SEM micrographs of the
BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO catalysts. The image in Fig. 4(a) shows that BiOF mainly comprises aggregated
nanoflakes and rod-like nanoplates. As shown in Fig. 4(b), the fabricated Ag-doped BiOF demonstrates spherical shaped Ag NPs
congregated on the BiOF surface with few modifications of the morphology of the host BiOF. Spherical shaped Ag NPs for Ag-doped
BiOF-rGO catalysts [Fig. 4(c)], as indicated by rectangular boxes, were deposited on the surface of rGO, consistent with previous
research [33]. This morphology is characterised by wrinkled, transparent and ultrathin paper-like rGO sheets, similar to those reported
previously [40]. Moreover, BiOF exhibits an aggregated morphology in Ag-doped BiOF-rGO, indicating the presence of Ag NPs, as
shown in the previous graph [Fig. 4(b)]. To obtain elemental information about the synthesised composites, EDS spectra were
collected. Fig. 4(d) depicts the EDS spectrum of the BiOF composite, which reveals the presence of Bi, O and F and confirms that the
synthesised composite is indeed BiOF. In addition, Fig. 4(e) and (f) depict the presence of Ag, Bi, O and F in Ag-doped BiOF and Ag, Bi,
O, F and C in Ag-doped BiOF-rGO composites, respectively, confirming the successful preparation of Ag-doped BiOF and Ag-doped
BiOF-rGO composites. Percentages of the atomic compositions of the synthesised photocatalysts are presented in Table 1.

3.4. UV-vis absorption spectra

The optical performances of synthesised semiconductor materials were characterised through UV-vis absorption spectroscopy.
Fig. 5(a) shows the UV-vis absorption spectra of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO nanocomposites dispersed in
absolute ethanol. Among all samples, BiOF and Ag-doped BiOF-rGO exhibit almost identical absorption peaks at 222 and 308 nm. For
Ag-doped BiOF, the first peak at a lower wavelength is completely similar to that of BiOF. However, the next peak is almost 24 nm less
blue-shifted than that of the band gap absorption of bulk BiOF at 308 nm, which might be explained by the quantum confinement effect
of the smaller feature size of BiOF [25]. The band gap of the prepared composites was calculated using the Tauc equation [5].

. :K(hzzh; E,) @)

where a is the optical absorption coefficient, K is a constant, Eg is the band gap, hv is the photon energy and n can be 0.5 or 2 depending
on the transition, i.e. direct or indirect [41]. BiOF displays a direct band gap [42]. Thus, Equation (3) can be expressed for the direct
band gap as follows:

(ahw) =K (hv — E)*° )
After modification, Equation (4) becomes
(ah)® =K? (hv — Ey) 5)

The optical band gaps of the produced samples were determined by extrapolating the linear portion of the Tauc plot (ahv)? versus
hv, as illustrated in Fig. 5(b). The calculated band gaps of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites were
calculated to be 4.50, 3.15 and 2.90 eV, respectively. The Ag-doped BiOF-rGO composite exhibited a lower band gap, indicating
enhanced photocatalytic activity in both vis and UV regions compared with pure BiOF and Ag-doped BiOF catalysts.
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Fig. 4. FE-SEM images of (a) BiOF, (b) Ag-doped BiOF and (c) Ag-doped BiOF-rGO composites; EDS spectra of (d) BiOF, (e) Ag-doped BiOF and (f)
Ag-doped BiOF-rGO composites.

Table 1
Elemental analysis of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO nanocomposites.
Samples M (Bi) K (0) K () L* (Ag) K* (O
wt% at% wt% at% wt% at% wt% at% wt% at%
Pure BiOF 90.81 45.45 3.80 24.83 5.40 29.72
Ag-doped BiOF 89.50 45.05 3.63 23.88 5.34 29.58 1.53 1.49
Ag-doped BiOF-rGO 11.73 0.78 9.55 8.30 0.19 0.14 0.13 0.02 78.38 90.76
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Fig. 5. (a) UV-vis absorption spectra of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites; (b) calculated band gaps from Tauc plots of
pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO photocatalysts.

3.5. Photocatalytic activity assessment

To determine the photocatalytic activities of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites under UV-light and
sunlight irradiation. Both MB and MO were selected as model pollutants. The details are discussed in the following sections.

3.5.1. Degradation of the MB dye under UV light

Fig. 6(a) shows the photodegradation efficiency of the MB dye under UV-light irradiation of the BiOF, Ag-doped BiOF and Ag-doped
BiOF-rGO composites. Fig. 6(b) shows the gradual changes in absorbance at the characteristic wavelength of 664 nm for the MB dye in
the presence of the Ag-doped BiOF-rGO composite under UV-light irradiation. As shown in Fig. 6(a), after 5 h of UV-vis irradiation,
pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO exhibited efficiencies of 17.63 %, 21.69 % and 61.81 %, respectively. The blank
test confirmed minimal MB degradation, indicating insignificant self-photolysis of MB. These results suggest that the Ag-doped BiOF
sample displayed slightly higher photocatalytic activity than pure BiOF in the degradation of MB. However, the introduction of rGO
into Ag-doped BiOF improved the photocatalytic activity (61.81 % efficiency) for MB dye degradation. A similar result was also found
in a previous study [43], attributed to the introduction of rGO into Y-doped BiOF. In that study, while pure BiOF and Y-doped BiOF
showed only 15.25 % and 12.54 % MB dye degradation, respectively, the composite Y-BiOF/rGO exhibited the highest MB degra-
dation. This was attributed to the support provided by rGO, which extended the lifetime of photogenerated electron-hole (e /h™)
pairs.

In addition, the photocatalytic activity of the MB dye follows pseudo-first-order reaction kinetics as follows [5].

(a)
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> |—e— Ag-BiOF _
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8 ]
i S0
I < 0.
5, 204
[
o

03
0 50 100 150 200 250 300 350 500 550 600 650 700
Irradiation Time (min) Wavelength (nm})

Fig. 6. (a) Photocatalytic activities of pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO photocatalysts on methylene blue (MB) under ultraviolet
(UV)-light irradiation; (b) UV-visible spectra for degradation of MB with the Ag-doped BiOF-rGO photocatalyst under UV-light irradiation (catalyst
dose: 50 mg, dye concentration: 10 ppm, temp.: 25 °C + 2 °C). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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In(C,/Co)= — kK= —kgpp t ©)

where kg, is the apparent pseudo-first-order rate constant (min~1) and Cy and C, are the initial and final concentrations of MB at
reaction time t, respectively. The values of rate constants (k) can be found by plotting of —In(C;/Cy) as a function of reaction time, as
shown in Fig. 7(a). As shown in Fig. 7(b), the rate constant follows the order Ag-doped BiOF-rGO (0.0029 min 1) > Ag-doped BiOF
(0.00072 min™1) > BiOF (0.00050 min~!). Ag-doped BiOF-rGO exhibits the best photocatalytic efficiency with a rate constant
considerably higher than those of the other photocatalysts under UV-light irradiation for MB dye degradation.

3.5.2. Degradation of the MO dye under UV light

The photocatalytic activities of the synthesised samples were also determined by degrading the MO dye. Fig. 8(a) shows the
degradation efficiency of MO with respect to degradation time of all prepared composites, and Fig. 8(b) shows the gradual changes in
the absorbance of the MO dye solution in the presence of the Ag-doped BiOF-rGO composite under UV-light irradiation. As shown in
Fig. 7(a), pure BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites displayed efficiencies of 48.29 %, 49.90 % and 74.25 % after
5 h of UV-light irradiation, respectively. In this case, a blank test was also performed and no significant change in the self-
photodegradation of the MO dye was observed. These results confirmed that the Ag-doped BiOF-rGO composite exhibited
enhanced photodegradation (74.25 %) compared to pure BiOF and Ag-doped BiOF composite for the degradation of MO dye. Although
there have been a few works related to Bi oxyfluoride-based photocatalysts such as Y-BiOF/rGO [43], Ag-BiOF/g-C3N4 [32] and
BiOCl/BiOF [44] applied for the remediation of contaminants, our synthesised composite Ag-doped BiOF-rGO is entirely novel and
efficient for degrading MO and MB dyes (section-3.5.1) compared to pure BiOF and Ag-doped BiOF. The reasons mainly stem from the
narrow band gap, smaller particle size and lower recombination rate of the photogenerated electron-hole (e”/h™) pairs.

Additionally, Fig. 9(a) shows the plot of —In(Ct/Cy) as a function of reaction time to investigate the photodegradation kinetics of
the prepared samples with MO dye. According to Fig. 9(b), the rate constant follows the order Ag-doped BiOF-rGO (0.0035 min~!) >
Ag-doped BiOF (0.0021 min~!) > BiOF (0.0021 min~1). Therefore, the Ag-doped BiOF-rGO composite exhibits superior photocatalytic
efficiency, as characterised by a rate constant that significantly exceeds those of the other photocatalysts, when subjected to UV light
for the degradation of MO dye.

3.5.3. Degradation of MB and MO dyes under sunlight

The photocatalytic capabilities of the fabricated samples were further investigated by observing the degradation of MB and MO
dyes under sunlight exposure. In this system, the Ag-doped BiOF-rGO nanocomposites also showed better photocatalytic performance
(43.87 % degradation efficiency) under sunlight irradiation for 5 h compared to the BiOF photocatalyst, which only showed 27.47 %
efficiency under the same conditions for MB degradation [Fig. 10(a)]. Moreover, the Ag-doped BiOF-rGO and BiOF nanocomposites
degraded only 17.08 % and 11.50 %, respectively, of MO under the same conditions (sunlight irradiation for 5 h), as depicted in Fig. 10
(b). According to previous work [32], pure BiOF exhibits minimal MB degradation efficiency (12 %) after 6 h of vis-light irradiation,
while the efficiency significantly increases after modification of BiOF.

3.5.4. Comparative discussion

The photodegradation efficiency depends on the recombination rate of e~ /h™ pair generated by UV or vis-light illumination as well
as the light absorption ability of the photocatalyst [45]. Based on this statement and the above findings, Ag-doped BiOF-rGO exhibits
efficient photocatalytic activity (MO: 74.25 %, MB: 61.81 %) compared to pure BiOF and Ag-doped BiOF composites, which showed
only 48.29 % and 49.90 % MO dye degradation and 17.63 % and 21.69 % MB dye degradation, respectively, after 5 h of UV-light
irradiation. Moreover, the Ag-doped BiOF-rGO composite exhibited better photocatalytic performance under sunlight irradiation

104 (a) 2 2100504 (b)
N < 0.0025 4
4 o I
y r =
S A =
s ¥ £ o000
S = BiOF S - = |
©Q 064 g =
g o Ag-BIOF ' £
= A Ag-BIOF-rGO 00015 1
T 3
0.4 3
A @ 0.0010 -
: 8
0.2 AL PR
a1 — 0.0005
o _ .
ke e ° .
0.0 . v T T T T 0.0000
0 50 100 150 200 250 300 Bl Ag-BIOF Ag-BIOF-1GO
Time (min) Catalyat
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than those of pure BiOF (section 3.5.3). The enhance photocatalytic activity of the Ag-doped BiOF-rGO composites was mainly due to
their lower bandgap [5] (section 3.4) and smaller particle size [5] (section 3.1) than those of pure BiOF and Ag-doped BiOF composites.
Moreover, the Ag-doped BiOF-rGO composite can transfer a photogenerated electron towards the rGO sheet and reduced the
recombination rate of e /h™ pairs [27]. The Ag-doped BiOF-rGO catalyst is positively influenced by the favourable band structure of
BiOF and exhibits a layered structure of [Biz02]*" and fluorine anionic slabs [15]. Between the layers has a perpendicular IEF that is
believed to induce effective separation of the photogenerated e /h™ pairs [15], which is also responsible for the improvement of the
photocatalytic performance of the Ag-doped BiOF-rGO composite [44]. The photocatalytic efficiencies of the Ag-doped BiOF-rGO
composite and previously reported photocatalysts are compared in Table 2.

3.6. Proposed possible degradation mechanism

A plausible mechanistic pathway for the photocatalytic degradation of MB by the Ag-doped BiOF-rGO composite was elucidated
based on the above findings and is shown in Fig. 11. The mechanism is described as follows. The Ag-doped BiOF-rGO composite
exhibits improved photocatalytic performance because of its synergistic effect, which enhances the effective separation of photo-
generated e /h" pairs. In accordance with related reports, it is hypothesised that rGO contributes to the separation of e /h" pairs by
directing them towards the interface, thereby augmenting the photocatalytic activity of the photocatalysts [14]. Pure BiOF and
Ag-doped BiOF exhibit low photocatalytic efficiency owing to the minimal contribution of e /h™ pairs in the photochemical reaction.
In contrast, the Ag-doped BiOF-rGO composite mitigates e /h* pairs recombination by channelling electrons towards the rGO sheet.
When the BiOF is exposed to light irradiation, it generates charge carriers (€ /h™), with electrons from the VB of the BiOF being excited
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Table 2
Comparison of the photocatalytic efficiencies of different photocatalysts for dye degradation.
Catalyst Model Pollutant Conc. Light Source Time (min) Degradation (%) Ref.
BiOBr MO 10 mg/L Visible 90 50 [46]
BiyInTaO; MB 42 mg/L Visible 170 27.9 [46]
BiOBr RhB 60 mg/L uv 30 55 [46]
BiOF/g-C3N4 MB 7.5 mg/L Visible 300 45 [32]
BiOI MB 40 mg/L Visible 120 43 [14]
Ag-BiOF-rGO MB 10 mg/L uv 300 61.81 This work
Ag-BiOF-rGO MO 10 mg/L uv 300 74.25 This work
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to the CB. The presence of Ag" ions in the BiOF lattice enhances the excitation rate. Subsequently, the electrons are transferred to the
rGO sheet, extending the lifetime of the photoexcited electron-hole pairs. Concurrently, electrons (e¢7) in the rGO sheet reduce the
molecular oxygen (O3) to *Oz, leading to the degradation of the dye molecules. Simultaneously, photogenerated holes (h™) in the VB
contribute to the production of *OH radicals from water, further facilitating the successful degradation of MB into harmless
by-products [47-49]. Additionally, the interfacial defects of photocatalysts enhance the overall photocatalytic activity by trapping
electrons when the trap depth is not too deep, which retards the recombination process [50]. In contrast, the co-trapping of both
electrons and holes reduces the activity by accelerating the recombination rate of photogenerated e /h™ pairs [51]. However, the
photocatalytic mechanism involved the synergistic effect of the Ag-doped BiOF-rGO composites. Therefore, the Ag-doped BiOF-rGO
composite exhibits enhanced photocatalytic activity under both UV-light and sunlight irradiation.

4. Conclusions

Herein, the fabrication of BiOF, Ag-doped BiOF and Ag-doped BiOF-rGO composites was successfully achieved using an uncom-
plicated hydrothermal method. The synthesised composites were characterised by XRD, UV-vis spectrophotometry and FTIR spec-
troscopy. The FTIR results confirmed the effective conversion of GO to rGO in the Ag-doped BiOF-rGO nanocomposite. These prepared
materials were employed for the degradation of industrial pollutants, specifically MB and MO, serving as model dyes under both
UV-vis-light and sunlight irradiation. Among all the composites, Ag-doped BiOF-rGO demonstrated superior photocatalytic perfor-
mance, attributed primarily to its large surface area (resulting in a smaller particle size of only 14.65 nm), a narrow band gap of 2.90 eV
and efficient charge separation facilitated by the shifting of electrons towards the rGO sheet, functioning as an electron collector and
transporter. Consequently, this process extends the lifetime of charge carriers. These findings emphasise the distinctive quality of the
rGO-based Ag-BiOF composite, highlighting its excellent photocatalytic properties, which mitigate the recombination of photo-
generated electron-hole pairs. This study unveils new possibilities for developing highly efficient vis-light-driven catalysts suitable for
the photodegradation of organic dyes.
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