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Keywords: Using a dry impregnation method, the composites were prepared with varying CosO4 loadings (0.5%, 1%, 2%).
Co304 Comprehensive characterization confirmed the successful incorporation and uniform distribution of CosO4 on the
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photocatalytic efficiency is attributed to the synergistic effects between CosOs and hBN, which extend light
absorption and promote charge separation. Our findings demonstrate the potential of Co30s-decorated hBN
composites as effective photocatalysts for environmental remediation. The study provides a foundation for

further exploration of these materials, including their long-term stability and application to a broader range of

pollutants.

1. Introduction

The increasing demand for clean energy and the need for effective
environmental remediation strategies have driven extensive research
into photocatalysis due to its potential for harnessing solar energy to
drive chemical reactions (Herrmann, 1999; Hoffmann et al., 1995;
Naciri et al., 2024; Rueda-Marquez et al., 2020). Photocatalytic mate-
rials, which facilitate these reactions, are crucial in these applications
ranging from the degradation of organic pollutants in wastewater to the
generation of hydrogen fuel through water splitting (Hashimoto et al.,
2005; Jimenéz-Calvo et al., 2024; Li et al., 2016; Naciri et al., 2022).
However, the challenge remains in identifying materials that are effi-
cient and active not only under UV light but also and in particular under
visible light, which constitutes the majority of the solar spectrum.

Recent advancements in material science have introduced innova-
tive solutions for wastewater treatment, particularly through photo-
catalysis and adsorption techniques (Malik et al., 2023; Nazari et al.,
2024). Metal-organic frameworks (MOFs) (Shah et al., 2024) and their
composites, such as ZIF-8 (Ahmad et al., 2024; Nazir et al., 2025) and
sulfur-doped MOF (Anum et al., 2023), have shown effectiveness in
removing pollutants like nicotine and methylene blue dye. Similarly,
biochar-based composites, including Delonix regia biochar-sulfur oxide
(DRB-SO) (Eleryan et al., 2024), demonstrated high adsorption capacity
towards dyes like methyl red and methyl orange.

Further advances in material engineering have resulted in advanced
adsorbents, such as magnetic pomegranate peel-derived activated car-
bon (MG-PPAC), which efficiently removes dyes like Acid Orange 7
(Khalil et al., 2024). MOFs continue to play a significant role in waste-
water treatment (Anum et al., 2024). In this regard, the recent advances
in MOF membranes address synthesis challenges and broaden their
application potential (Shahid et al., 2024). Additionally, MXene nano-
materials and MXene@MOF composites provide promising solutions for
catalytic water splitting and wastewater remediation, leading to high
materials’ stability and great reactivity for diverse environmental ap-
plications (Afzal et al., 2024; Ullah et al., 2024).

Surprisingly, boron nitride (BN), known for its high stability under
oxidative conditions, exhibits catalytic activity. (Grant et al., 2016).
Since the paper by Grant et al. was published in 2016, the development
of boron-based materials as catalysts has become a hot topic. Among
various photocatalytic materials, hexagonal boron nitride (hBN) has
attracted considerable interest in the field of photocatalysis due to its
distinctive properties. With a wide bandgap of approximately 5.7 eV,
hBN exhibits high thermal stability, chemical inertness, and excellent
mechanical strength (Roy et al., 2021; Zhang et al., 2017; Zhou et al.,
2018). These features make it an appealing candidate for harsh envi-
ronmental conditions. Nevertheless, the wide bandgap limits hBN’s
photocatalytic activity predominantly to the ultraviolet (UV) region,
which accounts for less than 5% of the solar spectrum. Therefore,
enhancing the visible light absorption of hBN is a critical step toward
making it a performing photocatalyst for broader solar light-driven
applications.

To overcome the intrinsic limitations of hBN, various strategies have
been explored, including doping with elements, defect engineering, and
coupling with narrow-band gap semiconductors (Sheng et al., 2019;
Zhou et al., 2018). Among these approaches, coupling with a visible
light-active semiconductor seems to be particularly promising. Among
the others, cobalt oxide (Cos04) stands out as a suitable candidate for
this purpose due to its narrow bandgap ranging between 1.5 and 2.75

eV, which allows it to absorb visible light effectively (Subagyo et al.,
2023; Zhao and Ma, 2023). Additionally, CosOs possesses favorable
redox properties and has been widely studied for its catalytic activity in
various reactions, including oxygen evolution and reduction. The inte-
gration of CosOs with hBN leads to the formation of an interesting
composite material with enhanced photocatalytic activity, surpassing
the sum of their individual contributions. This synergy extends the
photocatalytic activity across a broader range of the solar spectrum
beyond what could be achieved with a simple mixture of the two
components.

In this study, we report the synthesis and characterization of CosOa-
decorated hBN composites using a dry impregnation method. The effect
of varying CosOa loadings on the structural, optical, and photocatalytic
properties of the composites was systematically investigated. The
fabricated composites were thoroughly characterized to elucidate the
changes in the crystal structure, chemical bonding, optical properties,
and electronic states induced by Co0sOa incorporation. The photo-
catalytic performance of the composites was evaluated through the
degradation of two model molecules of two important categories:
methylene blue (MB), dyes, and ibuprofen (IBF), drugs, under simulated
sunlight, with a particular focus on understanding the role of CosO4 in
enhancing the visible light activity of hBN. Our findings demonstrate
that the introduction of CosO4 into hBN not only improves the visible
light absorption but also enhances the photocatalytic efficiency of hBN,
making the Cos04-hBN composites promising candidates for solar light-
driven environmental remediation and energy conversion.

2. Materials and methods

Cobalt acetate Co(CHsCOO)2.4H,0 was selected as a precursor for
the cobalt dry impregnation and was purchased from Sigma Aldrich. The
h-BN used in this study was commercial (99.9% metals basis) and also
obtained from Sigma-Aldrich. Methylene Blue (MB, 97%) and Ibuprofen
(IBF, >98 %) were selected as organic pollutants and purchased from
Aldrich.

2.1. Synthesis

Cos04 was incorporated into hBN using a wet impregnation method
(Scheme S1 in SI). Solutions of Co(CHsCOO)2.4H50 at different CosO4
loadings (0.5%, 1%, and 2% by weight (%wt)) were prepared in
deionized water. These solutions were dropwise added into the hBN
powder with continuous stirring until saturation to ensure uniform
distribution. The resulting mixtures were dried overnight at 80 °C and
then calcined at 500 °C for 3 h to obtain CosOs-hBN composites. Pristigle
Co304 was prepared first by dehydrating Co(CHzCOO)2.4H>0 at 120 C
for 2h then calcined at 500 °C for 3 h.

2.2. Characterization

To identify the phases present in the pristine and composite samples,
X-ray diffraction (XRD) analyses were conducted using a PANanalytical
‘X’Pert PRO X-ray diffractometer. The measurements were performed
using Cu Ko radiation (1.54060 A) at a nominal power of 40 kV x 40
mA, with diffraction angles (20) ranging from 10° to 80°. Peak identi-
fication was achieved by comparing peak positions and intensities with
data from the Joint Committee on Powder Diffraction Standards
(JCPDS) database. The crystallite size (d) of the obtained samples was
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calculated from Scherrer formula (Eq. (1)) (Shiraishi and Inagaki, 2003)

K
" pcosd

Eq.1

Here, K represents a constant, A denotes the X-ray wavelength (0.15406
nm), B is the adjusted full width at half maximum (FWHM) in radians,
and 0 is the Bragg angle.

To examine the physical properties of the prepared samples, N2
adsorption-desorption isotherms were recorded at —196 °C using a
Micromeritics Tristar II 3020 instrument. Prior to these measurements,
the samples were degassed at 150 °C for 6 h to remove any adsorbed
moisture and to clean the pores. The specific surface area was calculated
from the adsorption data using the Brunauer-Emmett-Teller (BET)
method. The total pore volume was estimated from the amount of N2
adsorbed at a relative pressure (P/Po) of 0.98. Pore size distribution,
pore volume, and pore diameter were determined using the Barrett-
Joyner-Halenda (BJH) method. Fourier transform infrared spectros-
copy (FTIR) was performed using a Mattson 1000 FTIR spectropho-
tometer. For the analyses, the samples were mixed with KBr and pressed
into disks. The FTIR spectra were collected in transmission mode over a
wavenumber range of 4000 to 500 cm ™, with a resolution of 4 em ™.
The optical properties and light absorption capacities of the composites
were evaluated using a Varian-Cary 100 UV-Vis spectrophotometer
equipped with an integrating sphere. BaSO4 was used as a reference for
these measurements. The optical bandgap energy was determined using
the Kubelka-Munk function, as described in Equation (2)
(Jaramillo-Paez et al., 2017):

A(hung)g:ahu Eq.2

Here, o represents the absorption coefficient, h denotes Planck’s
constant, v indicates the optical frequency, Eg stands for the band gap,
and A is a constant. Both hBN and Co304 have an indirect band gap so n
= 4. X-ray photoelectron spectroscopy (XPS) analyses were conducted
with an X-ray photoelectron spectroscope PHI 5000 Versaprobe II,
ULVAC-PHI (Inc., Kanagawa, Japan), using monochromatic Al Ka ra-
diation (hv = 1486.6 eV). The binding energies (B.E.) were reported
with an accuracy of +0.2 eV. Peak fitting was performed using Gaus-
sian—Lorentzian profiles, with background correction applied via the
Shirley method. Binding energy calibration was done using the C1s peak
at 284.6 eV.

The morphology of the samples was examined using scanning elec-
tron microscopy (SEM) with a Zeiss LEO 1525 field emission microscope
equipped with an Inlens detector. Prior to imaging, the samples were
metalized with chromium. Additionally, Energy Dispersive X-ray Anal-
ysis (EDX) was carried out using a BRUKER system.

Transmission electron microscopy (TEM) images were obtained with
a Philips 208 transmission electron microscope. Sample preparation
involved placing a small drop of the aqueous dispersion on a copper grid
coated with a Formvar film, which was then allowed to evaporate at
room temperature.

2.3. Photocatalytic tests

The photocatalytic performance of both pristine hBN and Co304-hBN
composites with varying Coz0O4 weight ratios was evaluated by exam-
ining the degradation of methylene blue (MB) and Ibuprofen (IBF) under
simulated sunlight. MB, a dye widely used in industries like textiles, and
IBF, a commonly used pharmaceutical, were selected as model pollut-
ants due to their prevalence in wastewater and environmental persis-
tence. Their distinct chemical properties and ease of detection make
them ideal for evaluating the photocatalytic performance of the syn-
thesized materials under simulated sunlight. The photocatalytic tests
were carried out in a batch setup using a 250 mL Pyrex reactor wrapped
with aluminum foil. The reactor was filled with 100 mL of an aqueous
solution containing MB or IBF (10 ppm) and the photocatalyst (1 g/L).
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An Osram Ultra-Vitalux lamp (300 W), emitting a spectrum similar to
sunlight with a peak in the UVA range at 365 nm, was employed for
irradiation. Throughout the experiment, the lamp was positioned 10 cm
above the surface of the MB or IBF solution. To maintain a constant
temperature during the process, the batch reactor was equipped with a
circulating water jacket. Prior to irradiation, the suspension was stirred
in the dark for 20 min to establish adsorption-desorption equilibrium
between the catalysts and the pollutant. The photocatalytic reactions
were conducted for a total duration of 120 min for all samples. At
designated intervals, portions of the suspension were taken, filtered
through a 0.45 pm RC filter, and analyzed. The concentration of MB was
determined by measuring the intensity of its absorption peak at Amax =
664 nm, while the concentration of IBF was measured by HPLC (Shi-
madzu). The analysis was performed using a C18 column with di-
mensions of 4.6 mm x 150 mm and a particle size of 5 pm. The UV
detector was set to 223 nm. The mobile phase was composed of water
(adjusted to pH 2 with phosphoric acid) and methanol in a 1:4 ratio (v/
v), flowing at a rate of 1.0 mL/min. The column was maintained at a
temperature of 50 °C. For comparison, the photolysis of MB and IBF in
the absence of a catalyst was also assessed under illumination.

2.4. Identification of active species

Radical scavenging experiments were conducted to identify the
active species involved in the photocatalytic degradation process. Po-
tassium iodide (KI, 0.3 mM), chloroform (CHCls, 2.4 mM), and isopropyl
alcohol (CsHsO, 0.5 mM) were used as scavengers for holes (h*), su-
peroxide radicals (@02, and hydroxyl radicals (OH@), respectively.
These scavengers were added to a solution of MB containing 1% Co304-
hBN composite, and the experiments were carried out under simulated
sunlight, as previously described.

3. Results and discussion
3.1. Characterization

The XRD patterns in Fig. 1A compare the crystalline phases present
in Cos04, hBN, and 1% Co304-hBN, selected among the others for its
higher photocatalytic activity. The XRD pattern of hBN presents the
characteristic peaks at around 26.6°, 41.6°, 43.8°, 50.2°, 55.1°, and
75.9° (01-085-1068) confirming the presence of hexagonal BN (Zhang
et al., 2017). Furthermore, Co304 displays diffraction peaks at around
31.3°, 36.8°, 44.8°, 59.4°, and 65.2°, characteristic of cobal oxide in
cubic phase (01-080-1541). Additionally, in the XRD pattern of 1%
Co304-BN composite, only the diffraction peaks of hBN are present, as
expected due to the low amount of Co304. The average crystallite sizes
determined using the Scherrer equation are presented in Table 1. It is
worth noting that the crystallite size increased after adding Co3Oa4,
suggesting a good dispersion of cobalt oxide on hBN and potentially
leading to efficient charge transfer and reduced recombination rates
(Kadian et al., 2024).

The nitrogen adsorption-desorption analysis was carried out to
obtain textural properties. The obtained results are given in Fig. 1B. All
materials exhibit low Ny adsorption at a low relative pressure region (P/
Po < 0.1), indicating the absence of micropores. A gradual increase was
observed at a relative pressure between 0.1 and 0.8, indicating the
presence of mesopores (Liu et al., 2016; Thommes et al., 2015). Co304
shows slightly higher adsorption compared to pristine BN and 1%
Cos04-BN, suggesting a larger surface area or better pore connectivity in
Co304. At high relative pressure (P/Po > 0.8) a sharp increase in
adsorption was observed, forming a hysteresis loop, suggesting meso-
porous materials (Thommes et al., 2015). The obtained isotherms for the
3 materials are classified as Type IV according to the IUPAC. Further-
more, the BET surface area, pore volume, and size for the 3 samples were
measured, and the results are summarized in Table 1. 1% Co304-hBN
maintains a pore volume and surface area close to that of pure hBN,
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Fig. 1. (A) XRD patterns, (B) Nitrogen adsorption-desorption isotherms, (C) UV-Vis spectra, (D) FTIR spectra of hBN, Co0304, and 1% Co304-hBN.

Table 1
Physicochemical properties and band gaps of hBN, Co304, and 1% Co304/hBN
composites, respectively.

Samples Crystallite size SBET Pore volume Pore size Eg
D (nm) (m%*g)  (ecm*/g) (nm) (eV)
hBN 16.0 31.0 0.20 25.0 5.9
Co304 25.7 42.5 0.23 18.8 1.5
2.8
1% Co304/ 29.8 30.3 0.21 30.3 2.8
hBN

indicating that the introduction of Co304 does not significantly block the
pores and decrease the surface area. However, the pore size shows an
increase after the addition of Co304, which can be advantageous for
photocatalytic reactions by improving the accessibility of reactants to
the active sites. It is worth mentioning that the increase in pore size for
the 1% Co304-hBN composite can enhance photocatalytic activity by
improving light penetration and reactant diffusion.

The UV-vis diffuse reflectance spectra (DRS) were performed to
analyze the spectral characteristics and optical properties of the syn-
thesized samples. The results are reported in Fig. 1C. As expected, the
Co304 spectrum shows significant absorbance in both the UV and visible
regions. The absorbance features in the visible region are due to 0%~ to
Co?" and Co®* transitions (Liu et al., 2016). In contrast, hBN exhibits a
high absorbance only in the UV region (~200-300 nm) (Gao et al.,
2014; Liu et al., 2018). Furthermore, the 1% Co304-hBN composite

displays a combination of the absorbance features of both BN and Co304.
A slight shift in the absorbance peaks of hBN after Co304 addition was
observed. This shift could indicate an interaction between hBN and
Co304, leading to modified electronic properties and potentially better
performance in photocatalysis. The bandgap energy of the obtained
samples was calculated using the Tauc plot (Fig. S1), with the results
presented in Table 1. The Eg of hBN is around 5.9 eV, in accordance with
the values reported in the literature (Gao et al., 2014; Liu et al., 2018).
The Tauc plot of Co304 displays two band gap energies (Fig. S2). The
highest value (2.75 eV) is due to the transition 0% = Co?* (excitation
from the valence to conduction band), whereas the lower value (1.5 eV)
is attributed to 0>~ — Co°* transition (Co3+ is located under the con-
duction band) (Liu et al., 2016). A sub-band situated inside the energy
gap is due to the presence of Co®" centers in Co304 (Liu et al., 2016;
Wang et al., 2009). The insertion of 1% of Co304 into hBN enhanced the
optical properties of the photocatalyst, resulting in a narrow band gap
(Fig. S3) (2.8eV). The narrowing of bandgap energy could improve
visible light harvesting, and thus, high photocatalytic efficiency can be
expected for composite samples. The photoluminescence (PL) spectrum
of pristine hBN (Fig. S4) mainly appears in the UV region, reflecting its
wide bandgap (~5.8 eV) and limited interaction with visible light,
which restricts its photocatalytic activity to UV light, as noted in pre-
vious studies (Qanbarzadeh et al., 2023). In contrast, the PL spectrum of
Co30a4 (Fig. S5) exhibits strong emission in both UV and visible regions,
reflecting its broad light absorption and moderate bandgap (~2.1 eV),
making it a suitable dopant for improving hBN’s photocatalytic
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efficiency. In fact, the 1% CosOs-doped hBN shows a red shift in the PL
spectrum (Fig. S6) towards the visible range (~400-450 nm), indicating
enhanced visible light absorption. This enhancement is likely due to new
defect states introduced by Co3zO4 doping, which is consistent with
findings from other studies on metal oxide-doped hBN (Fu et al., 2013;
Zhou et al., 2022).

The FTIR analysis was carried out to identify the functional group
present in hBN, Co304, and 1%Co304-hBN. The recorded spectra are
given in Fig. 1D. The FTIR spectrum of Co304 displays a band in the
range of 500 cm™! and 700 cm, typically associated with the Co-O
stretching vibrations (Prabaharan et al., 2017). The FTIR spectrum
corresponding to hBN shows a strong absorption peak at around 1400
em!, ascribed to B-N stretching, and at around 800 cm-!, belonging to
B-N bending (Zhang et al., 2020). The 1% Co304-hBN sample displayed
the same bands of hBN (around 1400 cm-! due to the B-N stretching and
at around 800 cm™! related to the B-N bending). However, the absence
of expected bands corresponding to CosO4 could be explained by the
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amount of Co30s in the composite which might be too low for its char-
acteristic peaks to be detected with sufficient intensity (Nakamoto,
2008).

The XPS survey spectrum of 1% Co304-hBN (Fig. S7) reveals the
presence of B, N, and O elements from hBN, along with Co and O ele-
ments attributed to incorporating Co304 in the composite. These results
confirm the successful addition of Co304 into hBN. The high-resolution
XPS spectra for Bls, N1s, Ols, and Co2p are displayed in Fig. 2a-d. The B
1s spectrum for both pristine hBN (Fig. S8) and 1% Co0304-hBN com-
posite (Fig. 2a) shows a peak at around 190.4 eV, which corresponds to
the B-N bonds in hBN (Shen et al., 2019). Similarly, the N 1s spectrum
(Fig S8 and Fig. 2b) exhibits a peak at approximately 397.8 eV in both
samples, characteristic of nitrogen in the hBN lattice (Shen et al., 2019).
The Co2p spectrum (Fig. 2c¢) indicates the presence of cobalt in the
composite, with peaks observed at approximately 780.3 eV and 795.6
eV, corresponding to the Co 2ps/> and Co 2p./2 core levels, respectively
(Biesinger et al., 2011; Rana et al., 2020). These binding energies are

N1s (b)

Intensity (a.u)

T T T T T T
404 402 400 398 396 394 392 390
Binding Energy (a.u)

Ols (a)

Intensity (a.u)

4

540 538 536 534 532 530 528 526
Binding Energy (a.u)

Fig. 2. High-resolution spectra of (a) B 1 s, (b), N 1s, (¢) Co 2p, and (d) O 1s of 1% Co304-hBN composite, respectively.
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indicative of Co?* and Co®* oxidation states, confirming the presence of
Co30a4 in the composite (Biesinger et al., 2011). The O1s spectrum shows
a notable difference between the pristine hBN and the 1% Co030s-hBN
composite. In pristine hBN (Fig. S8), the O1s peak is minimal, probably
due to surface oxidation or adsorbed oxygen species. However, in the 1%
Co304-hBN composite (Fig. 2d), the Ols peak at 531.2 eV is more
evident, corresponding to the oxygen in CosOa. This difference confirms
the successful incorporation of CosOa into the hBN matrix. Likewise, the
Co2p spectrum of Co304 (Fig. S9) displays two primary peaks corre-
sponding to Co2ps/2 and Co2p+/>, located around 780 eV and 795 eV,
respectively (Biesinger et al., 2011). Similarly, the O1s spectrum shows a
primary peak around 529.5 eV, typically associated with lattice oxygen
in metal oxides, like Co30a (Biesinger et al., 2011).

The SEM images provided detailed insights into the morphological
characteristics of Co304, hBN, and 1%Co0304-hBN materials, as shown in
Fig. 3. The SEM images of Co304, depicted in Fig. 3a and b, show that the
material consists of agglomerated nanoparticles. The granular texture
observed suggests a high degree of aggregation, with individual particle
sizes ranging from approximately 19 nm-26 nm, as measured in Fig. 3b.
The SEM images of hBN, shown in Fig. 3c and d, exhibit a different
morphology compared to pristine CosOs, displaying a layered structure
with well-defined, rounded, or spherical features, significantly larger
than CosOa. particles. Fig. 3c shows a relatively smooth and layered
surface, typical of hBN (Kobayashi et al., 2012; Park and Seo, 2023).
Fig. 3d shows a more detailed view of the hBN structure, showing
densely packed layers.

The TEM images demonstrate the morphological characteristics of
Cos0a4, hBN, and 1% Co0sO4+-hBN composite. Fig. 3g shows CosO4 nano-
particles as smaller, denser regions, while Fig. 3h exhibits the layered
structure of hBN with lighter, larger areas. Fig. 3i and k presents the
successful dispersion of Cos04 nanoparticles on the hBN matrix in the 1%
Co304-hBN composite, highlighting the effective integration of Co3Oa
into the hBN framework.

3.2. Photocatalytic activity

3.2.1. MB degradation

The photocatalytic efficiency of the synthesized samples was evalu-
ated by monitoring the discoloration of methylene blue (MB) under
simulated sunlight irradiation at ambient temperature. The results,
shown in Fig. 4a, compare the MB degradation both in the presence and
in the absence (photolysis) of Co304/hBN composites. The findings
indicate that, without any photocatalyst, MB degradation is negligible.
Moreover, the adsorption experiments revealed that after 120 min, less
than 8% of MB was adsorbed, suggesting that the further discoloration
observed with Co304/hBN is primarily due to photocatalysis. When
pristine hBN was used, less than 25% of MB was degraded after 120 min
of illumination (Fig. 4a). Incorporating Co30O4 into the hBN enhanced
the photocatalytic efficiency. In fact, the photodegradation efficiencies
of 0.5% Co304/hBN, 1% Co304/hBN, and 2% Co304/hBN were 70%,
100%, and 84%, respectively, with the highest efficiency observed for
the 1% Co304/hBN composite, which degraded ~100% of MB in 120
min. When the Co304 loading was 5% the degradation of MB dropped to
54% in 120 min. These results suggest that the Co304 content is a critical
factor in determining the photocatalytic efficiency of the composites,
where adding Co304 to hBN increases activity, but excessive Co3O4 can
have a detrimental effect. The optimal dispersion of Co3O4 on the hBN
structure, facilitated by the appropriate Co3O4 concentration, enhances
charge transfer and separation while maintaining surface accessibility
for oxidation. Conversely, an excess of Co304 may obstruct access to
oxidation sites due to surface coverage [63]. The kinetics of MB pho-
todegradation in the presence of Co304/hBN composites were also
studied, as described in Fig. 4b. The linear relationship between the
degradation curve and illumination time indicates that MB photo-
degradation by Co304/hBN follows a pseudo-first-order reaction. Fig. 4b
illustrates the apparent rate constant (k) for various Co3O4 amounts,

Chemosphere 371 (2025) 144061

with the highest k value of 0.020 min~! observed for 1% Co304/hBN,
which is 10 times higher than that of hBN (0.002 min™1), confirming
that an optimal Co304 amount significantly enhances photocatalytic
activity. The results show that Cos0a4 significantly enhances the photo-
catalytic degradation of MB when supported on hBN, with 1 wt% being
the optimal loading.

Table 2 illustrates the photocatalytic degradation efficiency of CosOa-
hBN in comparison with other photocatalysts for MB under visible light.
These results indicate that CosO4-hBN is a promising photocatalyst for
organic dye degradation, offering significant potential for environ-
mental remediation applications, particularly in visible-light-driven
processes.

3.2.2. IBF degradation

The photocatalytic degradation of IBF using hBN modified with
various weight percentages of Co3z04 (0.5%, 1%, and 2%) was investi-
gated. The results, illustrated in Fig. 4c, reveal an explicit dependency of
the photocatalytic efficiency of the composites on the Co304 loading. As
demonstrated in the control experiment (blank), the absence of any
catalyst results in negligible degradation of IBF over 120 min, empha-
sizing the necessity of a catalytic system for efficient pollutant degra-
dation. The hBN showed a degradation of approximately 20% after 120
min. This limited activity can be attributed to the intrinsic properties of
hBN, which, despite its high thermal and chemical stability, lacks suf-
ficient photocatalytic activity on its own. Upon doping hBN with 0.5%
Co304, an enhancement in the degradation rate is observed. The IBF
concentration decreases by approximately 60% within the first 60 min,
indicating that adding Co304 significantly improves the photocatalytic
activity. Also, in this case, the most pronounced catalytic activity is
observed with 1% CosOas decorated material, where the concentration of
IBF reduces to nearly 90% of its initial value within 120 min. However,
increasing the Co304 concentration to 2% results in a decline in pho-
tocatalytic efficiency. While still more effective than pure hBN or lower
Co304 loadings, the degradation rate at 2% Co30y is slower than that at
1%. This phenomenon may be attributed to the agglomeration of Co304
particles at higher concentrations, leading to a reduction in the overall
surface area and, consequently, fewer accessible active sites for the
catalytic reaction. Excessive Co3O4 may also cause increased light
scattering, reducing effective photon absorption and lowering ROS
generation. The higher performance of 1% Co304-decorated hBN sug-
gests an optimal balance between the number of active sites and the
effective dispersion of Co304 particles on the hBN surface. This likely
maximizes the availability of catalytic sites while minimizing potential
drawbacks such as particle aggregation, which can inhibit the accessi-
bility of active sites. The kinetics of IBF photodegradation in the pres-
ence of Co304/hBN composites were also studied. Fig. 4d illustrates the
apparent rate constant (k) for various Co304 amounts, with the highest k
value of 0.015 min ' observed for 1% Co304/hBN, which is 15 times
higher than that of hBN (0.001 min™'), confirming that an optimal
Co304 amount significantly enhances photocatalytic activity.

Table 2 highlights the photocatalytic efficiency of CosO+-hBN for
ibuprofen degradation compared to other reported catalysts. It can be
concluded that CosO4+-hBN exhibits a high % degradation efficiency of
90% under sunlight within 120 min, positioning it as an effective pho-
tocatalyst. This performance further indicates the potential of CosOa-
hBN for environmental applications in the photodegradation of phar-
maceuticals like ibuprofen.

The enhanced photocatalytic activity observed for the CosOs-deco-
rated hBN can be explained by the synergistic effects between hBN and
Co304. While hBN provides stable and high-surface-area support, CosO4
interveners in active sites for generating reactive oxygen species ROS
under light irradiation. The balance between these components is
crucial: at lower CosOa concentrations, the dispersion is sufficient to
maintain high activity. However, as the concentration increases, the
potential for particle aggregation undermines the benefits of increased
active site density.
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Fig. 3. SEM images of (a,b) Co304, (c,d) Boron nitiride, and (e,f) 1%Co304-BN. TEM images of (g) Co304, (h) hBN, and (i,k) 1%Co304-hBN.
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Fig. 4. (a) MB photodegradation by the prepared photocatalysts under sunlight illumination. (b) Rate constant (k, min~') of hBN, Co304 and Co304/hBN composites,
(c) IBF photodegradation by the prepared photocatalysts under sunlight irradiation. (d) Rate constant of hBN, Co304 and Co304/hBN composites.

Table 2

Comparison of photocatalytic degradation performance of MB and IBF using different catalytic systems.
Photocatalyst Organic pollutant Light source Degradation efficiency (%) Degradation Time (min) Reference
Fe;03-BN MB Visible 66 180 Shenoy et al. (2021)
BN/AgsPO4 MB Visible 87.5 50 Zhu et al. (2016)
FeVO4/hBN MB Visible 96.4 60 Sankeetha et al. (2023)
CoyZn, 4 Fe;0y4 MB Visible 77 60 Chahar et al. (2021)
8-C3N4—Co304 MB Visible 52.9 80 Palanisamy et al. (2021)
C0304-hBN MB Sunlight 100 120 This work
TiO2 Ibuprofen Solar light 100 300 Khedr et al. (2019)
FePOy4 Ibuprofen Sunlight 97 120 Mimouni et al. (2022)
Biy04/Fe304 Ibuprofen Visible light 100 120 Xia and Lo (2016)
Cu/Bi;Tiz07/1GO Ibuprofen Visible light 72.6 20 Shanavas et al. (2019)
TiO2-Ru(I) Ibuprofen Visible light 64 300 Gongora et al. (2017)
Co304-hBN Ibuprofen Sunlight 90 120 This work

It is worth mentioning that MB exhibits a higher degradation rate
than IBF due to several factors. MB, a large, charged dye, absorbs visible
light efficiently, which enhances its interaction with the photocatalyst
and accelerates degradation (Chen et al., 2020; Chen and Mao, 2007). In
contrast, IBF is smaller and neutral, making it less prone to oxidative
attack. Additionally, MB’s strong light absorption results in higher

excitation rates and more effective generation of ROS on the surface of
the photocatalyst, whereas IBF absorbs less light and relies more on the
catalyst for its degradation (Chen et al., 2020; Chen and Mao, 2007).
Thus, the Cos0s/hBN photocatalyst performs more efficiently with MB
due to these favorable molecular and optical properties.
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3.3. Active species identification via radical scavenging experiments and
stability

Fig. 5 illustrates the impact of various radical scavengers on the
degradation efficiency of MB under photocatalytic conditions. The
control experiment, conducted without any scavenger, exhibits near-
complete removal of MB, indicating the high efficiency of the photo-
catalytic process. However, the introduction of scavengers results in a
significant decrease in degradation efficiency. Chloroform (Chlo), which
acts as a scavenger for superoxide radicals (03"), significantly reduces
MB removal, indicating the critical role of O3 in the photocatalytic
degradation process. IPA, known as eOH scavenger, also leads to a
substantial decline in degradation efficiency, suggesting the involve-
ment of eOH radicals in the process. Similarly, KI, which primarily traps
h*, results in a further decrease in MB degradation, highlighting the
participation of h* in the photocatalytic mechanism. These results
jointly establish that O3, ¢OH, and h™ are all reactive species involved
in the photocatalytic degradation of MB, and their neutralization by
scavengers leads to significant inhibition of the process.

The stability and re-usability of photocatalysts are important indices
to measure their assessment and application. Thus, to further investigate
the re-usability of the 1% Co304-hBN photocatalyst, it was recovered
from the reaction mixture through filtration, rinsed thoroughly with
deionized water, dried at 60 °C, and subsequently reused for four cycles.

As shown in Fig. 5b, the photocatalytic activity of the 1% Co304-hBN
composite remained constant, indicating its effectiveness and stability
during the photocatalytic process after 4 recycling runs under simulated
sunlight.

To better demonstrate the structural stability of the 1% Cos0s-hBN
composite photocatalyst, its structural characteristics before and after
four consecutive recycling runs were examined using both XRD and SEM
techniques, with the results illustrated in Fig. S10 and Fig. S11.

The XRD pattern of the recycled composite photocatalyst closely
matches that of the fresh sample (Fig. S10), confirming that its crystal-
line structure remained intact throughout the reactions. Furthermore,
SEM analysis (Fig. S11) revealed no apparent alterations in the mate-
rial’s morphology, highlighting its robust structural integrity even after
several cycles of use.

3.4. Proposed mechanism

The photocatalytic activity of 1% Co0s0s-hBN composite was sys-
tematically investigated through radical scavenger experiments,
showing that O:*" and eOH play roles in the photocatalytic
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performance. The proposed mechanism is given in Fig. 6. Upon visible
light irradiation, CosO4 absorbs photons, generating electron-hole pairs
(e/hM) (Eq. (3)). The photogenerated electrons in the conduction band
of Cos04 are transferred to hBN, where they effectively reduce Oz to form
0:2*" (Eq. (4)). Simultaneously, the photogenerated holes in the valence
band of Co30a either contribute to directly oxidizing water molecules
and generate eOH (Eq. (5)) or oxidize hydroxide ions OH- to yield
additional hydroxyl radicals (Eq. (6)). These reactive oxygen species,
particularly Oze— and eOH, are the primary agents responsible for the
oxidative degradation of MB, leading to its eventual mineralization, a
process similarly reported in the literature (Wang et al., 2018). The
scavenger experiments confirmed the involvement of Oze—, supporting
the proposed mechanism and highlighting the synergistic effect between
Cos04 and hBN in enhancing photocatalytic efficiency.

1% Co304 — hBN 4 hy —1%C0304 — hBN (e” +h™") 3)

O,+e — 0y @

H,0+h" — OH + H' (5)

OH +h'* — OH ©]
“ Visible Light

Products

MB/IBF

Fig. 6. Proposed mechanism for MB and IBF degradation using 1% Co304-hBN.
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Fig. 5. (a) MB photocatalytic degradation by 1% Co304-hBN composite under simulated sunlight in the presence of scavengers: KI, IPA, and chloroform and (b)

Reuse test of 1% Co304-hBN composite in MB photocatalytic degradation.
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3.5. Electrical energy determination

The photochemical process of degradation of MB and IBF is an
electrical energy-intensive process. This electrical energy represents a
major fraction of the total operating cost. The Egg for batch-type reac-
tion can be calculated by using the equation below (Vishnuganth et al.,
2016).

By — P x t x 1000 Eq.7
V x 60 x log( S
o0 1og( &)
c
ln< C—o):fKappxt Eq.8

where P is the rated power (kW) of the AOP system, t is the irradiation
time (min), V is the volume (1) of the water in the reactor, Cy and C are
the initial and final pollutant concentrations and kjp, is the pseudo-first-
order rate constant (min ) for the decay of the pollutant concentration.

So by combining Eq. 7 and the L-H first-order kinetics (Eq. (8), we
can express the Egg as

Erpo=o—— Eq. 9

The electric energy (kWh m~2) required for removing 10 mg/L of MB
or IBF from 100 mL of polluted solution has been given in Table S.1. The
Ego values indicated that the required electrical energy for photo-
catalysis of poluants was in the following order: hBN > Co304 > 1%
C0304—hBN.

Finally, it is useful to relate the Egp values found in this study to
treatment costs. If the cost of electricity, in Turkey, is $ 0.045 (taxes
included) per kWh, the contribution to treatment cost from electrical
energy in case, for example, of the removal of MB dye will be $ 256.5,
864, 2160 per m?, in the presence of the catalyst 1% Co304-hBN, Co304
and hBN respectively. Notably, this study was conducted under solar
irradiation, which substantially reduced the operational cost of the
treatment. In contrast, other studies employed external energy sources,
leading to higher operational costs.

4. Conclusion

In this study, we successfully synthesized and characterized CosOa-
hBN composites using a dry impregnation method. The integration of
Cos04 on the hBN matrix aimed to enhance the photocatalytic perfor-
mance of hBN, particularly under visible light irradiation, by taking
advantage of Cos0O4’s narrow bandgap and its ability to absorb visible
light effectively. Through proper analytical investigations, we demon-
strated that CosO4 was successfully incorporated into the hBN structure,
resulting in important changes in the optical and electronic properties of
the composite material. The optimized 1% (wt%) Cos04 loading in hBN
exhibited the most enhanced photocatalytic activity, achieving nearly
complete degradation of MB within 60 min and significant degradation
of IBF after 120 min under simulated sunlight. The enhanced photo-
catalytic performance of 1% Cos04+-hBN composite can be attributed to
the synergistic interaction between hBN and CosOa. The coupling of
these two materials broadens the light absorption spectrum and pro-
motes efficient charge separation, which is crucial for improving the
photocatalytic degradation of organic pollutants. These findings
emphasize the potential of Cos04-hBN composites as effective photo-
catalysts for environmental remediation, particularly in harnessing solar
energy for the degradation of persistent organic pollutants. Moreover,
the results from this study provide valuable insights into the design and
development of hBN-based photocatalysts with enhanced visible light
activity. The successful incorporation of CosOa4 into hBN offers a prom-
ising strategy for extending the photocatalytic applications of hBN
beyond the UV range, paving the way for more sustainable and efficient
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photocatalytic processes.
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