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ABSTRACT

A novel ternary composite photocatalyst, Bi,O,-CdO-CdCO,, was synthesized via a solvothermal
method, followed by heat treatment at various temperatures with and without glass wool (GW).
Characterization using X-ray diffraction (XRD), UV-Visible diffuse reflectance spectra, Brunauer—
Emmett-Teller, scanning electron microscopy, and X-ray photoelectron spectroscopy confirmed
the formation of nanomaterials. Photocatalytic activity was assessed by measuring the photo-
discoloration of Indigo carmine dye under visible light and compared to CdO, Bi,0O,, and TiO,-P25.
Remarkably, the highest efficiency was achieved with the GW-coated material treated at 400°C. XRD
analysis revealed the presence of four phases in the non-calcined material, irrespective of GW pres-
ence. However, the 400°C treatment induced phase transformation, resulting in six phases in the
material without GW and three phases in that with GW. Notably, GW presence influenced this trans-
formation, yielding three dominant phases: Bi,O,, CdO, and CdCO,, accounting for approximately
52%, 24%, and 24%, respectively, in contrast to the case without GW. The coexistence of these three
phases on GW fibers significantly enhanced photocatalytic efficiency and longevity under visible

light compared to the non-calcined material and material without GW.

Keywords: Photocatalyst; Ternary composite; Bi,0,-CdO-CdCO,; Visible light; Indigo carmine

1. Introduction

Currently, metals oxides semiconductors have attracted
wide scientific and technological research interest for their
various applications such as photocatalysis [1], optoelec-
tronics [2], photovoltaic [3,4] and more. Semiconductors
are characterized by a valence band (VB) and a conduction
band (CB). When the photonic energy is higher than band
gap of semiconductor hence the latter absorbs this photonic
energy, leading to the migration of an electron (e”) from
VB to CB, and the creation of a hole (h*) on the VB [1]. As
a result, strong active species, such as free radicals (HO",
O;~ and HO;), can be formed at the semiconductor surface

* Corresponding author.

from physisorbed molecules, such as H,O and O,. These free
radicals and electron-hole pair can lead to redox reactions
with pollutants at the solid-solution interface [5,6].

Related to their energy of their bandgap, some semi-
conductors are more photoactive under UV irradiation like
(TiO,, ZnO, ZnS, SnO, and SrTiO,) than others more reactive
under visible light as Bi,O,, Fe,0,, CdS, Bi,WO,. Besides,
others are chemically unstable such as ZnO and CdS, even
though they are widely applied as thin films in solar cells
[7,8]. Moreover, as photocatalysts under visible light, CdS
is more efficient than ZnS because the latter is very active
only under UV. Nevertheless, CdS has low photocatalytic
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efficiency due to its low chemical stability in a slightly
acidic solution with release of Cd* cations [9].

Cadmium oxide (CdO) is an n-type semiconductor with
interesting properties, including a wide direct band gap of
2.27-2.86 eV [7-10] and a narrow indirect band gap of 0.55 eV
[11,12]. Although CdO’s applications in optoelectronic are
well-documented, its use in photocatalysis has been less
explored and is supported by a limited number of reports
[13,14]. Nevertheless, doped CdO has been found to exhibit
promising properties for antibacterial activity and herbi-
cide degradation under UV irradiation, when combined
with either Ag [15], or Zn [16]. CdO has also been success-
fully associated with other semiconductors in heterogeneous
photocatalysis, such as ZnO for the discoloration of methy-
lene blue under visible light [17], TiO, for the degradation
of an azo dye (Reactive Orange) under UV-A irradiation
[18], reduced graphene oxide (rGO) for methylene blue
degradation under UV light [19], NiO for the degradation
of Rhodamine B (RhB) under visible light [20], and ZnS
for RhB degradation under UV-A irradiation [21].

Thanks to the narrow band gap energy of CdO (2.27-
2.86 eV) [7-10,22] and Bi,O, (2.3-2.84 eV) [23-25] compared
to the medium band gap energy of CdCO, (3.79-3.87 eV)
[7,26,27], as well as unlike the energy levels of the two
conduction and valence bands of the three semiconduc-
tors (CdO, CdCO, and Bi,Q,), it is possible that the ternary
heterostructure material develops high photocatalytic effi-
ciency under visible light due to good separation of the
photo-generated electron-hole pair and minimization of
their recombination.

This wide range in the energy of the band gap depends
on the crystal structure of CdO, Bi,O,, and CdCO,, which
in turn, is influenced by the calcination temperature. For
instance, Jeejamol et al. [22] found values of 2.57, 2.29, and
2.09 for CdO at calcination temperatures of 400°C, 600°C,
and 800°C, respectively. These different values of E_ also
modify the energies of the two conduction and valence bands.

The difference between the energy levels of the valence
and conduction bands of each semiconductor can lead to
efficient separation of the photo-generated electron-hole
pair and minimize their recombination. To our knowledge,
the synthesis of p-Bi,0,/n-CdO-CdCO, as heterostructure
ternary composite has never been reported, so we have
found it very interesting to target the preparation of this
composite by the solvothermal synthesis route. Numerous
composites based on BiO, with other semiconductors
have been reported, p-Bi,O,/n-ZnO [28-31], p-Bi,O,/n-TiO,
[32-34]. To enhance the photocatalytic activity of doped
semiconductors, various supports can be used to disperse
the photocatalyst, increase the specific surface area and
volume of pores, optimize light absorption, and enhance
the interaction with pollutants. Supports like cotton [35],
collagen [36], cellulose [37,38] and minerals like glass fiber
[39-41], zeolites [42] graphene [43-45] and graphene oxide
[46,47] can considerably improve photocatalytic efficiency
compared to semiconductor alone. For the first time, in this
work two novelties are presented, first synthesis of ternary
composite Bi,0,-CdO-CdCO, (CBO) and secondly the glass
wool (GW) working as an optically inactive material and
as a support. The photocatalytic activity under low inten-
sity of visible light (114.6 uW/cm?) of CBO was evaluated

by photo-oxidation of Indigo carmine (IC) as dye model
[5,28] and compared to benchmark materials (TiO,-P25
and Bi,O,).

2. Experimental section

All starting chemicals of analytical purity, cadmium
nitrate tetrahydrate (Cd(NO,), 4H,0); bismuth(Ill) nitrate
pentahydrate (Bi(NO,),;5H,O); wurea (CH/N,O); glass
wool (GW); ethanol (C,H,OH), diethylene glycol (DEG)
((HOCH,CH,),0); Indigo carmine (IC), or 5,5-indigodi-
sulfonic acid sodium salt (C,;H,N,Na,0,S,) were obtained
from Sigma-Aldrich Company and used without any

purification.

2.1. Preparation of materials

All chemicals are of analytical grade and directly used
as received. The preparation of our materials with or with-
out glass wool fibers was carried out by the solvothermal
method according to the following procedure with respect
of Cd/Bi molar ratio of 10: solution A was made by disso-
lution Cd(NO,), 4H,0 (17.04 g, 0.055 mol) in DEG (10 mL),
solution B: Bi(NO,), 5H,0 (2.68 g, 0.0055 mol) dissolved in
DEG (10 mL), solution C: glass wool (GW) (100 to 500 mg)
and urea (20.0 g, 0.333 mol) were dispersed in DEG (20 mL)
using a 50 kHz Netzspannung ultrasound device. Solutions
A, B and C were mixed and transferred into a Teflon-lined
stainless-steel autoclave (100 mL) and placed in an oven
at 150°C for 24 h. The obtained precipitate was separated
by centrifugation (Hettich Rotofix 32) at 4,000 rpm for
10 min, washed thoroughly with deionized water (20 mL
four times) and then with ethanol (10 mL once) and dried
at 60°C for 24 h. The dried powder was then calcined in a
muffle furnace at different temperature during 2 h. The
obtained materials were named as CBO, CBO-GW, CBO-T
and CBO-GW-T (according to cadmium; carbon; bismuth;
oxygen, glass wool and T for calcination temperature).

2.2. Characterization of the prepared materials

Powder X-ray diffraction data were collected with mono-
chromatic Cu Ko, radiation (A = 1.54056 A) at 40 kV and
30 mA using an Empyrean PANalytical diffractometer. The
N, adsorption—-desorption experiments at 77 K were car-
ried out using a Micromeritics TriStar 3000. Samples were
first treated to desorption at reduced pressure (<10*Torr)
at 150°C for 5 h. The specific surface area (SSA) was cal-
culated using the Brunauer-Emmett-Teller (BET) method
based on the adsorption isotherm and pore size distribution
was calculated using the Barrett-Joyner-Halenda method
on desorption isotherm branch. The morphologies of the
prepared materials were observed by scanning electron
microscopy (SEM) on Hitachi S-4800. The diffuse reflectance
spectra (DRS) of the powder samples were recorded in the
region of 200-1,000 nm on a UV-Visible spectrophotometer
(Jasco V-670) equipped with an integrating sphere (Jasco
PIN-757) using BaSO, as reference. X-ray photoelectron
spectroscopy (XPS) data were obtained using an ESCALAB
250Xi Thermo electron spectrometer with monochromatic
source of Al Ka (1,486.6 eV) radiation.
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2.3. Study of heat treatment effect

Heat treatment at different temperatures has an effect
on crystal and surface properties. These properties will
have an effect on the photocatalytic properties of the
obtained materials. The heat treatment was carried out in
a muffle furnace at different temperatures (200°C, 300°C,
400°C, 500°C and 600°C) for 1 h. The photocatalytic effi-
ciency was verified with 100 mg of each material in 100 mL
of aqueous solution of IC at 44 mg/L. The magnetically
stirred suspension was exposed to visible light. The result
in the form of photo-discoloration yield was determined
after separation by centrifugation and analysis of the super-
natant by spectrophotometry at 610 nm using a JASCO
V-730 UV-Visible spectrophotometer. The discoloration
efficiency was determined by Eq. (1).

Abs, — Abs,

yield(%) = x100 1)

So

2.4. Photocatalytic activity evaluation

The photocatalytic activity of CBO-GW was evaluated in
comparison with the commercial TiO,-P25 Degussa, Bi,O,,
CdO and CBO. In fact, under visible light irradiation, the
photocatalytic discoloration experiments were conducted
with 200 mL of Indigo carmine solution at different initial
concentration, at natural pH 6.1 and with 1 g/L of solid/solu-
tion ratio using a 500 mL open Pyrex cylindrical beaker as
photo-reactor. The latter was placed in a cooled bath with
circulating water to keep the temperature stable at room
temperature. The pH was measured at the beginning but
not adjusted during the experiments. No oxygen was bub-
bled into the solution. Before lighting the lamp, the suspen-
sion was stirred in the dark during 30 min to establish the
adsorption—-desorption equilibrium. For each photocatalyst,
the evaluation was achieved when the discoloration was
done. The visible light lamp was positioned 17 cm above
the beaker. The characteristics of the lamp used in this
study are mentioned in our previous work [5,23,28].

2.5. Identification of active species

In order to determine which species are active in the
photo-discoloration of Indigo carmine under visible light,
four radical scavengers were used: ascorbic acid (2 mmol/L)
to trap the superoxide anion radical, ethanol (2 mmol/L)
to scavenge the HO* radical, disodium ethylenediaminete-
traacetate (Na,EDTA, 1 mmol/L) to inhibit holes (h")
activity, and AgNO, (1 mmol/L) to trap electrons (e")
[5,23,28,48,49]. The experiments were conducted using
100 mg CBO-GW-400 and 100 mL dye solution at a concen-
tration of 44 mg/L and at a natural pH of 6.1. After sam-
pling and centrifuging the aliquots, the dye concentration
in the supernatants was determined.

2.6. Reusability study

The stability and longevity of the best photocata-
lyst namely CBO-GW-400 was evaluated for an initial

concentration of Indigo carmine of 44 mg/L at natural pH
6.1 with a photocatalyst concentration of 1 g/L. After con-
tacting under magnetic stirring in the dark for 30 min, the
suspension was then exposed to visible light until com-
plete discoloration after 30 min. Then the photocatalyst was
separated from the mixture by centrifugation and dried at
100°C for 3 h, unground then added to a new IC solution
at the same concentration as the first and under the same
conditions. The stability of the photocatalyst was thus
verified in the photocatalytic discoloration of the IC five
times.

3. Results and discussions
3.1. Heat treatment temperature effect

In order to determine the optimum temperature for heat
treatment, calcination of CBO was carried out at different
temperatures and the resulting calcined photocatalysts
were tested. Fig. 1 presents the results in a histogram form,
showing the effect of heat treatment on the photocatalytic
discoloration efficiency of IC at an initial concentration
of 44 mg/L. The material treated at 400°C (CBO-GW-400)
showed the highest efficiency, achieving complete discol-
oration after just 30 min of visible light irradiation. In con-
trast, CBO-GW (uncalcined), CBO-GW-200, CBO-GW-300,
CBO-GW-500, and CBO-GW-600 achieved only 45.83%,
72.56%, 83.67%, 97.09%, and 80.56% discoloration, respec-
tively. There may be several explanations for this differ-
ence in efficiency: heat treatment above 400°C probably
modified the crystalline phases by, perhaps initiating the
transformation of CdCO, to CdO, altering surface proper-
ties such as specific surface area and pore diameter, and
probably the alteration of optical properties such as band-
gap energy. Consequently, only materials prepared with
and without GW and treated at 400°C were characterized.
In addition, the study of photo-discoloration of IC was
continued with CBO-GW-400 and CBO-400.
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Fig. 1. Heat treatment effect on photocatalytic efficiency.
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3.2. Characterizations of materials
3.2.1. Powder X-ray diffraction analysis

In diffractograms (Fig. 2A and B) of materials before
calcination without and with GW, respectively, the indexed
peaks are characteristic of a mixture of four composites: bis-
mutite Bi(CO,),0, (JCPDS 25-1464), otavite CdCO, (JCPDS
42-1342), bismuth trihydroxide Bi(OH), (JCPDS 01-0898)
and the rhombohedral phase of bismuth metal Bi (JCPDS
44-1246), with a slight dominance of two composites — bis-
mutite and otavite — according to the intensity of their dif-
fraction peaks plans (103) for bismutite and (012) for otavite.
The thermal treatment at 400°C led to significant crystallo-
graphic changes, particularly the formation of oxides and
the disappearance of bismutite, Bi and bismuth trihydroxide,
(Fig. 2C and D). However, in the absence of GW, character-
istic peaks of four phase is observed: CdO (JCPDS 75-0594),
CdCO, (JCPDS 42-1342), Bi,Cd,,0,, (JCPDS 49-1763),
monoclinic a-Bi,0, (JCPDS 29-0236) and tetragonal B-Bi,O,
(JCPDS 41-1449). Differently, for the material prepared with
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GW, the diffractograms show characteristic peaks of only
three composites, namely CdO, CdCO, and B-Bi,O,, with a
predominance of the latter, as indicated by the peak of Ikl
plane (201). Additionally, the characteristic peaks of CdCO,
appear with slightly higher intensities than those of CdO.
Therefore, the presence of GW and heat treatment at 400°C
lead to the formation of a ternary composite comprising
B-Bi,0, CdCO,, and CdO. In a study by Lim et al. [50], an
a/B phase heterojunction of Bi,O, electrospun nanofibers
was synthesized, and they found that only the p phase was
obtained at room temperature up to 325°C, with the trans-
formation of the B phase to a achieved by thermal treat-
ment from 350°C. Here, the B phase remains stable up to
400°C when GW was used in the solvothermal synthesis.

The estimated compositions based on the most intense
peak of each phase is 52% B-Bi,O, 24% CdO, and 24%
CdCO, for CBO-GW-400. In contrast, CBO-400 exhibited
six phases with a composition of 22.7% B-Bi,O,, 30.44%
CdCO,, 23.34% CdO, 10.50% Bi, ,Cd,, O, ., 7-24% a-Bi,O,,
and 5.78% Bi,0,.
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Fig. 2. XRD patterns of CBO (A), CBO-GW (B), CBO-400 (C) and CBO-GW-400 (D).
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It is evident that the material prepared with GW has a
significantly higher proportion of B-Bi,O, compared to the
other phases. This observation may favor its photocata-
lytic activity under visible light, as -Bi,O, has a narrower
band gap energy compared to other present phases.

The crystallite size (D) was calculated from the most
intense pick of each phase using Scherrer’s formula pre-
sented in Eq. (2):

094
Bcos6

@

where 1 is the wavelength of X-ray radiations (A = 1.5408 A),
0.9 is the Scherrer’s constant, 8 is the Bragg angle between
the incident ray and the diffracted plane, and B is the full
width at half maximum (FWHM) of the peaks. It seems
that there is no general trend that can be deduced from
reported crystallite size values in Table 1 concerning any
effect of GW.

Table 1
Phase composition and crystallite size
Phase type CBO-400 CBO-GW-400
Y% D (nm) % D (nm)
B-Bi,0, 22.7 58.05 52 87.84
CdO 23.34 59.17 24 31.80
CdCO, 30.44 37.94 24 36.96
a-Bi,0, 7.24 0
Bi7.79Cd0.21011.90 105 0
Bi,0O, 5.78 0
321 (A)  cBO-400
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3.2.2. BET specific surface area analysis

Fig. 3A and B show the N, adsorption-desorption iso-
therms at 77 K for CBO-400 and CBO-GW-400, respec-
tively. Both isotherms exhibit type IV forms with H, type
hysteresis loops, indicating a mesoporous structure for
both photocatalysts. The BET surface area, pore size, and
total pore volume of both materials are summarized in
Table 2.

The presence of GW in the synthesis of CBO-GW-400
has no impact on the BET surface area that is similar in
both cases SSA ~ 10 m?g. The external surface area of
CBO-GW-400 was more than double that of CBO-400, indi-
cating a higher degree of surface roughness in CBO-GW-400.
The addition of GW also led to an average pore size that
was 20% smaller, which should be taken into consideration
when analysing the photocatalytic performance. Similar
observations were reported by Benyamina et al. [28] and
Mansour et al. [23].

3.2.3. SEM analysis

Comparison of the morphology and shape of GW
before photocatalyst (Fig. 4A) synthesis, CBO-GW-400
(Fig. 4B) and CBO-400 (Fig. 4C and D) observed by SEM,
shows that CBO-GW-400 has irregular flake-like struc-
tures of photocatalyst attached to the surface of the GW
fiber (Fig. 4B). Different shapes specific to the three com-
pounds are also observed next to the fiberglass. For CBO-
400, different particles shapes are tentatively attributed to
sand-roses-of Bi,O,, irregular cube for CdO and cauliflow-
er-like particles CdCO, (Fig. 4C and D), Similar observa-
tions have been reported by Jia et al. [51] for CdO prepared
using a solvothermal process with an ethylene glycol/H,O
solution.
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Fig. 3. N, adsorption—desorption isotherms of (A) CBO-400 and (B) CBO-GW-400.

Table 2

Textural properties of prepared composites obtained from adsorption—desorption of N, at 77 K

Samples Ay (m?/g) A, (mY/g) V, (cm¥/g) M. (cm’/g) Vu (cm®/g) Pores size (nm)
CBO-400 9.41 4.33 0.051 0.048 0.002 34.88
CBO-GW-400 10.25 9.1 0.044 0.044 0.0006 28.31
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3.2.4. UV-Vis DRS analysis

Analysis by UV-Vis diffuse reflectance spectroscopy
(Fig. 5) was used to determine the band gap energy and
the electronic transition type (according to the Kubelka—
Munk (K-M)) model as a function of reflectance (R)
Eq. (3) proposes two constants o (absorption coefficient)
and s the diffusion coefficient [52-54],

K
5" (3)

» | R

2R

where K and S are the K-M absorption and scattering coef-
ficients, respectively and, o is related to the wavelength and
the energy of the band gap (E,), according to Tauc’s equa-
tion [Eq. (4)]. where i, v, and B are the Planck’s constant (J/s),

kmeuv'&,‘

c-4800 x5.00k:

Fig. 4. SEM images of (A) virgin GW, (B) CBO-GW-400, (C) and
(D) CBO-400.

K. Manseri et al. / Desalination and Water Treatment 308 (2023) 137-149

the light frequency (s™) and the proportionality coefficient,
respectively.

(o) =p(ho-E, ) @)
The n value depends on the electronic transition type
between the valence and conduction bands and can be
1/2 or 2 for a direct or indirect transition, respectively.
Eq. (5) can be modified as Eq. (6), where a can be
replaced by F(R).

(F(R)hv)zﬁ(hv—Eg)n )
And
In[F(R)hv]=Inp+ nln[(hv - E;)} 6)

The determination of the electronic transition type
according to several authors [55] can be carried out in two
steps which can be followed in order to determine the value
of n. First, the K-M function (F(R)) will be plotted vs. hv
energy and then the extrapolation of linear part of the plot
to x-axis gives the assumed value of band gap energy (E).
Second, plotting logarithm of modified Tauc’s equation vs.
logarithm of hv Eq. (6) allows us to determine the mathe-
matical equation of linear part of the plot. The slope of the
equation represents the value of n. Thus, plots of the first
step are shown in Fig. 5A for CBO-GW-400 and in Fig. 5B for
CBO-400. Then those of the second step are in Fig. 5C and D,
respectively.

The values of the slopes ~0.65 indicates an indirect elec-
tronic transition, that is, n = 0.5. Based on these results, the
energy values of band gap of the prepared materials were
determined by plotting (F(R)-hv)? vs. hv (Fig. 5E and F)
and are 2.25 and 2.27 eV for CBO-GW-400 and CBO-400,
respectively. The effect of GW during the synthesis leads
to a slightly reduced band gap for material prepared
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Fig. 5. Kubelka-Munk plot vs. hv (A and B), logarithm modified Tauc function plot vs. In(hv) (C and D) and plot of indirect

electronic transition (E and F) for prepared photocatalysts.
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without GW which may be beneficial for photocatalysis
under visible light.

3.2.5. XPS analysis

The chemical state of atoms and their composition on
the surface of the prepared materials was carried out by
XPS. After deconvolution, the XPS spectra of Bi 4f, Cd 3d,
C 1s and O 1s of the two calcined materials are presented
in Fig. 6. For the values of the binding energies of Bi 4f5/2
are 163.89 and 164.36 eV and those of Bi 4f7/2 are 158.58 and
159.04, respectively CBO-400 (Fig. 6A) and CBO-GW-400
(Fig. 6B). The Bi 4f (E Bi 4f) core level increases from 0.5 eV
towards higher binding energy for CBO-GW-400 compared
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to CBO-400. The positive shifts to higher binding energies
probably indicate that the bismuth oxide species for the
CBO-GW-400 material are strongly bound to the GW sur-
face or else strong interactions are present between CdO
and CdCO, when GW was used. The Cd 3d spectral line
revealed two intense peaks at 412.1 and 405.3 eV for CBO-
400 (Fig. 6C) and at 412.5 and 405.8 eV for CBO-GW-400
(Fig. 6D) attributed to 3d,, orbitals and 3d,,, respectively.
Same observation made for Cd than Bi, the Cd 3d core level
increases by 0.3-0.5 eV towards higher binding energy
for CBO-GW-400 compared to CBO-400. This shift to high
binding energies likely indicates that the cadmium oxide
and cadmium carbonate species for the CBO-GW-400 mate-
rial are strongly bonded to each other and between Bi,O,
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Fig. 6. Deconvoluted XPS spectra of Bi 4f (A and B), Cd 3d (C and D), C 1s (E and F) and O 1s (G and H).



144 K. Manseri et al. / Desalination and Water Treatment 308 (2023) 137-149

and possibly are tightly bonded to the GW surface com-
pared to the material without the GW (CBO-400). The C 1s
level (Fig. 6E and F) shows the presence of three different
carbon environments in the two photocatalysts with also
varied intensities between the materials. First, the bind-
ing energy at 284.8 eV for CBO-400 and at 284.5 eV for
CBO-GW-400 is attributed to C-C [56-59] of the adven-
titious carbon. Moreover, the C 1s intensity at 284.8 eV
is higher for the CBO-400 material than that at 284.5 eV
for CBO-GW-400. This leads us to suppose that first the
organic carbon impurities are lower in CBO-GW-400
than in CBO-400 and secondly are somewhat different
288.5 eV to C=0O and 285.5 eV correspond to C-O. Besides,
the binding energy at 289.8 eV in CBO-400 and 289.9 eV
in CBO-GW-400 correspond to O-C=0 [43-47]. However,
the peak intensity at 289.8 eV is higher in CBO-400 than
that at 289.9 eV in CBO-GW-400, a difference attributed to
higher CdCO, content in CBO-400 than in CBO-GW-400 in
agreement with X-ray diffraction (XRD) results (Table 1).
The deconvoluted O 1s spectrum (Fig. 6G and H) shows
three distinct peaks at 529.7, 531.2 and 532.0 eV in CBO-
400 and at 529.7, 531.7 and 533.1 eV in CBO-GW-400 are
assigned, respectively to the Bi-O, Cd-O and O-C bonds
[5,23,28,31,51].

3.3. Photocatalytic activity study
3.3.1. Comparative study

A comparative study was conducted to determine the
photocatalytic efficiency of CBO-GW-400 and CBO-400,
as well as reference materials CdO, Bi,O,, and TiO,-P25.
The efficiency was determined by the discoloration of an
aqueous solution of IC with a concentration of 44 mg/L
under visible light at room temperature. IC was chosen
as an appropriate model dye in comparison to the results
obtained in our previous work [5,28]. The results pre-
sented in Fig. 7 demonstrate that both CBO-GW-400 and
CBO-400 exhibited higher photocatalytic efficiency than
the other tested photocatalyst.

It is clear from the histogram of Fig. 7 that GW exhibits
the low removal rate probably due to adsorption, because
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Fig. 7. Comparative study between prepared and benchmark
materials on photocatalytic discoloration under visible light
after 30 min of IC at 44 mg/L.

GW is an optically inactive silica oxide-based material.
Moreover, TiO, is known to be highly effective only under
UV irradiation, which is why the discoloration rate obtained
with TiO, is low compared to other photocatalysts under
visible light. On the other hand, despite that Bi,0, and CdO
are photocatalysts with narrow bandgap energies, they also
exhibit low photo-discoloration rates under visible light,
which could be explained by the rate of e7/h* recombination
that can be high according to the literature [60-64].

3.3.2. Kinetics of photo-discoloration

Kinetic of discoloration is shown in Fig. 8A and B for
CBO-GW-400 and CBO-400, respectively, by plotting the
C/C, ratio vs. contact time. A slightly higher dye adsorp-
tion prior to photodegradation is observed for CBO-400
compared to CBO-GW-400. However, the photodegrada-
tion kinetics, are faster with CBO-GW-400 than with CBO-
400, with 97.42% discoloration achieved after 20 min for
CBO-GW-400 and only 81.75% for CBO-400. Furthermore,
total discoloration is achieved after 30 min in the pres-
ence of CBO-GW-400, compared to only 87.09% achieved
in the presence of CBO-400.

3.3.3. Kinetics modelling

The parameters of the photocatalytic discoloration kinet-
ics were determined by applying the pseudo-first-order
kinetic model, as described by Eq. (7):

Ci corr
In| == =k, t @)
t

where C, and C, (mg/L) are respectively the dye concen-
tration at time  and the corrected initial dye concentration
(after adsorption in the dark). The k (min™) represents
the kinetics constant. From plots of ln(C /C) vs. time t
(Fig. 8C and D) for respectively CBO-GW- 400 and CBO- 400,
the kinetic constant for each dye concentration was deter-
mined. These values are also plotted in histogram form
(Fig. 8E). The kinetic constant of CBO-GW-400 is approxi-
mately 1.4 to 2 times higher than those obtained with CBO-400.

The CBO-GW-400 material exhibits higher photocat-
alytic efficiency than CBO-400. This difference is likely
attributed to several factors, even though both materials have
almost identical bandgap energy of about 2.2 eV. Notably,
CBO-GW-400 possesses an external surface area twice as
large as CBO-400. Furthermore, XRD results indicate that
CBO-400 consists of six phases, while CBO-GW-400 contains
only three phases. This compositional difference in phases
between CBO-400 and CBO-GW-400 may account for the
lower efficiency observed in CBO-400. In CBO-GW-400,
both CdO and CdCO, are present at 24%, whereas in
CBO-400, the CdCO, level is higher (30.44%) than that in
CBO-GW-400. Addltlonally, the rate of the B-Bi,O, phase is
more than double compared to CBO-400.

3.3.4. Identification of active species

Four main radical species can be at the origin of the
photocatalytic efficiency of the material acting individually
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Fig. 8. (A and B) Kinetics of photo-discoloration under visible

light at different concentrations of IC by CBO-GW-400 and CBO-

400 respectively, (C and D) modeling the kinetics of photo-discoloration for CBO-GW-400 and CBO-400 respectively, and

(E) evolution of K, asa function of IC initial concentration.

or mutually. These radicals can be identified by add-
ing the scavengers for each species, the superoxide rad-
ical, the hydroxyl radical, the photo-generated holes
and electrons each.

The C/C, plots vs. contact time in Fig. 9 exhibit the
effect of each scavenger on the yield of photocatalytic effi-
ciency of CBO-GW-400. It should be noted that complete

discoloration was observed after 30 min when no scavengers
were added. Furthermore, the same result was obtained in
the presence of ascorbic acid (a scavenger of the superoxide
anion radical). This radical is formed by the reaction between
oxygen (O,) and the electron (e”) in the conduction bands.
The fact that the presence of ascorbic acid had no effect
on the yield indicates that the superoxide anion radical is
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Fig. 9. Identification of the radical species responsible for the
IC dye photo-discoloration under visible light by CBO-GW-400.

absent in the photo-discoloration mechanism. This absence
can be explained by the non-reaction between oxygen and
electrons from the conduction bands of the three semicon-
ductors present in the CBO-GW-400 material. Indeed, when
the AgNO, (electron scavengers) was added, the photocata-
lytic efficiency did not drop compared to the case without
scavengers. However, the photo-discoloration efficiency
drops to 33.56% in the presence of ethanol (a scavenger of
hydroxyl radicals, HO®) and down to 23.35% when EDTA
(a hole scavenger) is added. The results obtained from this
study indicate that the h* species contributes significantly
to the photo-discoloration of the IC dye, while the hydroxyl
radical plays a moderate role. The contribution of the super-
oxide anion radical is found to be absent. Therefore, pho-
to-discoloration in the presence of CBO-GW-400 occurs
in a mutual manner between holes and hydroxyl radicals.

3.3.5. Suggested photocatalytic mechanism

Looking at the CBO-GW-400 photocatalyst as a mate-
rial containing three semiconductors; namely Bi,O,, CdO,
and CdCO;; as indicated by the XRD results. These three
semiconductors have band gap energies with values of 2.84,
2.57, and 3.79 eV, respectively, according to the literature
[7,22,23]. Consequently, their energy levels at the conduction
and valence bands can be calculated using Egs. (8) and (9):

Eyy =% - Ec +05E, ®)

E=E,—Ey )
where E_ is the energy of free electrons on the scale of
hydrogen, around 4.5 eV. And ¥ is the absolute electro-
negativity of the samples represents the absolute elec-
tronegativity of each photocatalyst determined by the
geometric mean of the electronegativity of each atom cal-
culated according to Mulliken scale. Thus, the value of x
of CdO, CdCO, and Bi,0,, are respectively 5.77, 6.55 and
6.12 eV. According Eqs. (8) and (9); the value of E , and E
are respectively 2.555; -0.015 eV for CdO; 3.94, 0.158 eV
for CdCO, and 3.04, 0.2 eV for Bi,O, (vs. NHE). A dia-

gram illustrating the energy levels of the conduction and
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Fig. 10. Diagram illustrating the diagram of the energy levels of
the conduction and valence bands of the three semiconductors
making up the CBO-GW-400.

valence bands of the three semiconductors constituting
the photocatalyst can be proposed in Fig. 10.

The fact that the bandgap energy (E =3.78 eV) of CdCO,
is greater than the photonic energy coming from the vis-
ible lamp (A > 400 nm or E < 3.2 eV), this implies that the
electrons of the valence bands (VB) of Bi,0, and CdO only,
will be excited and migrate to the conduction bands (CB).
This process creates the electron/hole (e7/h*) pairs (R1).

It is assumed that the oxidation reactions of the IC
dye would occur through the h* in the VB of CdCO,, Bi,O,
and CdO, as they possess high energy levels (R2).

Moreover, H,O molecules would react with the holes in
the VB of all three semiconductors, as the potential of the
HO*/H,O pair with a value of 1.99 eV (vs. NHE) is much
lower than that of the VBs of all three semiconductors (R3).
As a result, the hydroxyl radical (HO*) will oxidize the IC
dye (R4). However, dissolved oxygen should not act as an
oxidant by accepting electrons from the CBs to form the
superoxide anion radical (O;"), as the potential of the O,/
O, couple (-0.044 eV vs. NHE) is lower than the energy lev-
els of the CBs of the three semiconductors comprising the
CBO-GW-400 material. This could explain the absence of
the O;~ radical species in the IC dye degradation process, as
supported by the results of the scavenger’s study effect on
the degradation efficiency. Electron-hole (e7/h*) recombina-
tion seems absent or negligible (R5). Thus, the mechanism
of photo-discoloration of IC dye by CBO-GW-400 could be
suggested as a combination of the following reactions:

CBO - GW —400 + hv — CBO—GW—400(e’,h*) (R1)
h* +Indigo Carmine — by-products (Major reaction) (R2)
h*+H,0—>HO' +H" (R3)

HO® + Indigo Carmine (R4)
— by-products (Moderate reaction)

h+e” - (e’,h*) (Negligible recombination reaction) (R5)
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3.3.6. Stability and longevity study

The stability of the CBO-GW-400 was assessed after five
uses (Fig. 11), revealing a slight decrease in effectiveness
after the fourth use. Specifically, a reduction of approxi-
mately 3.68% was observed after four uses, with a further
4.5% decrease after five uses. However, these changes are
within acceptable limits for photocatalysts, in CBO-GW-400
is stable photocatalyst that retains its effectiveness even
after five uses. This can be attributed to the good separa-
tion e”/h* pairs and a low recombination rate.

4. Conclusion

This study demonstrates the solvothermal preparation
of the heterostructure CdO-Bi,O,-CdCO, ternary in DEG/
water medium. An optimal thermal treatment at 400°C has
been determined, higher or lower temperature leading to
less efficient materials. The high efficiency of visible light
photodegradation is attributed to the combination of three
components: 52% B-Bi,0, 23.8% CdO and 24% CdCO,.
Additionally, using glass wool as a cheap, non-toxic support
has the potential to slightly improve efficiency. Indeed, this
improved efficiency with longevity of five uses obtained
with the photocatalyst prepared with GW is probably due
to the presence of the -Bi,O, phase at 52% in CBO-GW-400,
against 22.7% in the sample prepared without GW.
Additionally, the lower level of CdCO,, 24% in CBO-GW-400
compared to 30.44% in CBO-400, could also contribute to
this improvement. Thus, the presence of twice as much
f-Bi,O, phase in CBO-GW-400 than in CBO-400 could pro-
vide an advantage in terms of efficiency. Moreover, the use
of GW allows an increase in surface properties and the for-
mation of three compounds, which led to photocatalytic
enhancement compared to the material prepared without
GW (which contained five compounds). IC photo-discol-
oration in the presence of CBO-GW-400 occurs in a mutual
manner between holes and hydroxyl radicals. Accordingly,
under visible light irradiation, holes and hydroxyl radicals

played a key role in the degradation of IC. The absence of
the role of the superoxide anion radical (O;") in the deg-
radation mechanism of IC dye has been demonstrated
through scavenger studies and supported by the diagram
showing the higher energy levels of the conduction bands
of the three semiconductors composing the photocatalyst by
relative to the potential of the O;7/O, couple. Accordingly,
under visible light irradiation, holes and hydroxyl rad-
icals played a key role in the degradation of IC by
CBO-GW-400.
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