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Synthesis and Optimization of a Highly Stable and Efficient
BN/TiO2 Nanocomposite for Phenol Degradation: A
Photocatalytic, Mechanistic and Environmental Impact
Study
Shekhah A. Al-Kandari,[a] Ahmed M. Mohamed,[a] Aboubakr M. Abdullah,*[b]

Douaa S. AlMarzouq,[c] Gheyath K. Nasrallah,[d, e] Mohammed A. Sharaf,[f] Nadine Younes,[e]
Munia M. Hamdan,[e] Talal Altahtamouni,[g] and Halema A. Al-Kandari*[c]

Different BN/TiO2 nanocomposites were prepared hydrother-
mally, and their ratio was optimized to get the best photo-
catalytic performance towards phenol degradation. They were
characterized by x-ray photoelectron spectroscopy, x-ray
diffraction, Fourier transform infrared spectroscopy, thermal
gravimetric analysis, scanning and transmission electron mi-
croscopies coupled with energy dispersive x-ray units, BET
surface area, and UV-Vis diffuse reflectance. The bandgap
energy was reduced from 3.35 to 2.95 eV due to the formation
of the B� O� Ti bond. This allowed the exploitation of the visible
light and inhibited the TiO2 e� /h+ recombination, and con-
sequently, the photocatalytic activity of TiO2 was dramatically
improved. Almost 90% mineralization of 20 ppm phenol

solution was achieved within 30 min under simulated sunlight.
The as-prepared composite showed excellent stability and
reusability. Mechanistic analysis indicated that O: �

2 and h+

played a crucial role in phenol degradation. The nanocompo-
site’s biocompatibility and environmental impact were eval-
uated by analyzing its potential toxicity in vivo using the
zebrafish embryos. 96-hpf acute toxicity assays, including the
mortality rate assay (to obtain the LC50 values) and teratogenic
assays (to obtain the No Observed Effect Concentration, NOEC)
was conducted. The LC50 value for BN/TiO2 was 482.5 mgL� 1,
and the NOEC was 100 mgL� 1. Based on LC50 value and
according to the Fish and Wildlife Service (FWS) acute toxicity
rating scale, the photocatalyst is “practically not toxic.”

Introduction

Wastewater treatment and reuse have become crucial in most
arid societies. Many technologies are employed for wastewater
treatment, such as biological digestion and chemical oxidation.
However, photocatalysis is targeted for treating refractory
pollutants and converting them to CO2 and H2O.[1] Titanium
dioxide is one of these semiconductors widely tested as a
photocatalyst due to its non-toxicity and photostability. Never-

theless, TiO2 is limited in industrial applications due to its low
photocatalytic activity and high bandgap energy. Many
researchers showed that the performance of TiO2 could be
improved through coupling it with another semiconductor
and/or nonmetals like nitrogen and carbon material. This can
be attributed to the activity-defect relationship. For example, it
was shown that N-doped TiO2 nanotubes (TiON-NTs) have
better photocatalytic performance than un-doped TiO2 due to
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merging the p-state of N-atoms with the O2p-state of TiO2.
[2]

Besides, the photocatalytic activity of TiO2 could be enhanced
by coupling it with another metal such as Au, Pt.[2b,3] This
enhancement in the photocatalytic activity referred to the
Schottky junction formed between the TiO2-NTs and metal
nanoparticles which accelerated the charge transfer and de-
pressed the electron-hole recombination. It was recently shown
that iridium nanoparticles sensitized titanium oxynitride nitride
nanotubes have better photocatalytic activity toward water
splitting than TiON-NTs TiO2-NTs due to high nitrogen-vacant
concentration, larger size vacancy cluster, and small void of
vacancy defects.[2b] Our research group showed that coupling
TiO2 with reduced graphene oxide or carbon nitride produced
composites that efficiently degrade various organic compounds
under sunlight.[4] Recently, more attention is being paid nowa-
days for the hexagonal boron nitride (h-BN), which is known as
white graphene because it resembles graphene with its 2D
arrangement. It consists of covalently-bonded boron and
nitrogen organized in a honeycomb structure. It has an ample
bandgap energy of 5.5 eV with exceptional electronic
features.[5] Many researchers presented different preparation
methods of pure BN and its composites and their photo-
catalytic applications.[5–6] Sing et al. obtained 79% degradation
of 10 ppm methylene blue in 200 min on BN/TiO2 .[7] Lui et al.
evaluated the performance of BN/TiO2 on rhodamine B and
phenol. They achieved complete mineralization of rhodamine B
and around 83% degradation of phenol after 10 h and 30 h
irradiation, respectively.[5]

Although very few groups studied the photocatalytic
activities of BN/TiO2, our work’s novelty is evident in many
aspects. First, we optimized the ratio between the BN and the
commercial P25 TiO2 in the BN/TiO2 nanocomposite to achieve
the highest photocatalytic activity towards the degradation of
20 ppm phenol using visible simulated sunlight. This was
achieved by changing and controlling the ratio and measure
the photocatalytic activity using different experimental param-
eters. Second, a mechanistic study was done using different
scavengers for the different photogenerated charge carriers.
This helped us to understand the primary charge carrier
involved in the degradation of phenol. Third, our preparation
method is different as we used the hydrothermal treatment
technique, which was never reported earlier for the BN/TiO2.
This method resulted in the formation of a nanocomposite
rather than a physical mixing of the two components. The
nanocomposite formation was proved from the measured
bandgap energy as it was reduced to 2.95 rather than 3.35 and
5.95 eV for TiO2 and BN, respectively. Fourth, the photocatalytic
nature of the optimized nanocomposite was tested for phenol
degradation rather than the simple dyes models that other
groups report. Contrary to the dyes, phenol is a refractory
water contaminant compound that is highly resistant to the
different treatment types compared to the dyes. Fifth, our
achievement is unique in terms of the period needed for
almost a complete phenol degradation, where ∼91% was
degraded entirely in 30 minutes, and ∼87% complete mineral-
ization of phenol to CO2 and water was achieved. Moreover,
the as-prepared photocatalyst’s cyclic use was also done, and

the photocatalyst is proved to be highly stable. Seventh, the
Zebrafish embryo model, a widely accepted model for toxicity
assessment,[8] was exploited to evaluate any potential acute
toxicology effect of BNTiO2 never done in any previous study.
Thus, an optimal BNTiO2 nanoparticle concentration with the
highest efficiency and minimal environmental impact on
marine organisms and ecosystems of the marine environment
can be recommended based on this study.

Results and discussion

Characterization

Figure 1 shows the SEM and TEM micrographs for the 2BNTi
nanocomposite. It reveals the difference in BN size (40 nm) and
TiO2 (21 nm) nanoparticles. On the other hand, the HRTEM
images of 2BNTi and the EDS mapping of the same nano-
composite are shown in Figure 2. The lattice fringes for both
TiO2 (0.35 nm) and BN (0.48 nm) are shown in Figure 2b. Also,
the High-angle annular dark-field (HAADF) images are shown in
Figure 2c, which clearly shows the atomic number’s variation
between the different components of the nanocomposite.
Figure 2d is the EDS mapping, which confirms the four
elements in the nanocomposite, B, N, Ti, and O. The TGA
measurements of the 2BNTi is presented in Figure 3 under a
nitrogen atmosphere from the room temperature to 800 °C.
The depreciation in the weight percentage as the temperature
increases is attributed to the adsorbed water vapor and gases’
desorption. Only a reduction of 2% is noticed as the temper-
ature increased up to 800 °C, which confirms the high thermal
stability of the BNTi nanocomposite photocatalyst.

The FTIR spectra of pure BN, TiO2, and after the composite
synthesis (BNTi) are depicted in Figure 4. Two characteristic
absorption bands of hexagonal BN (h-BN) were observed at
1320 and 806 cm� 1, corresponding to the stretching and
bending modes of sp2 hybridized BN skeletons, respectively.[6f,9]

A broad band at 3228 cm� 1 can be assigned for O� H from
adsorbed water molecules on the surface of the sample and/or
NH2 groups, and absorption bands at 1515 are attributed to
N� H bonds.[9a] A TiO2 showed a peak at 1633 cm� 1, which can
be assigned for deformed water molecules or a Ti� O� Ti
stretching vibration, besides a full and broad absorption band
below 1000 cm� 1 corresponding to Ti� O� Ti vibration was
observed.[4a,b] After loading BN on TiO2, all absorption bands
remain except that at 806 cm� 1, which overlaps with the strong
absorption band of TiO2 (Ti� O� Ti below 1000 cm� 1).

X-ray diffraction patterns of BN, BNTi, and TiO2 were
displayed in Figure 5. As shown from Figure 5, BN exists in a
hexagonal shape with main characteristic peaks at 2 theta of
26.7 and 41.5° corresponding to 002 and 100 planes,
respectively.[5,7,9a,d] In addition to the main peaks of h-BN, the
characteristic peaks of the tetragonal anatase and rutile phase
of TiO2 were observed on BNTi nanocomposite. The character-
istic peaks of TiO2 anatase phase (JPDS21-1272) located at 2θ=

25.4, 37.9, 48.0, 54.0, 55.1, 62.8, 69,1, 70.5, and 75.2°, while the
peaks located at 2θ=27.5, 36.1 and 41.1° are designated for
rutile phase of TiO2 (JPDS21-1276).[4a]
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Figure 1. SEM ( top) and TEM ( below) micrographs for BN, TiO2, and 2BNTi.

Figure 2. HRTEM (a and b) and HAADF (c) micrographs of 2BN/TiO2 and EDS mapping for B, N, Ti, and O.
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XPS full survey spectra in the range of 0–1250 eV for TiO2,
BN, and BNTi are presented in Figure 6. The survey spectrum of
TiO2 showed the presence of three elements Ti, O, and C. In BN,
two major peaks of N1s, B1s, and small amounts of O1s and
C1s were observed (Figure 6A). The presence of O1s at 532.6 eV
is due to the adsorbed water or O2 species on BN’s surface
(Figure 6B),[6f] while the two peaks for O1s of the TiO2 were
noticed at 529.8 and 530.7 eV. The former peak is due to the
Ti� O bond, and the latter is assigned to the � OH group.[10]

However, the O1s peak at 530.8 eV in BNTi could be for � OH or

B� O� Ti. The survey spectrum of BNTi showed the existence of
N1s and B1s beside Ti2p and O1s on the surface of TiO2, which
revealed that BN was loaded successfully on TiO2. On the other
hand, the presence of C1s in survey spectra is due to the
adventitious carbon. The XPS narrow scan of the N1s region at
390 to 410 eV (Figure 6 C) showed N1s at 398.1 and 398.2 eV in
BN and BNTi, respectively. This result confirms that nitrogen
atoms are bonded to B atoms (B� N)[6f] without any interaction
with TiO2. On the other hand, a small shoulder peak at 191.2 eV
was observed beside the main peak at 190.5 eV for B1s after BN
was loaded on TiO2 (Figure 6D). The major peak at 190.5 eV is
due to the B� N bond,[5,6f] while the shoulder peak is mostly due

Figure 3. Thermogravimetric behavior of BN/TiO2 nanocomposite.

Figure 4. FT-IR spectra for BN, BNTi, and TiO2.

Figure 5. XRD for BN, 2BNTi, and TiO2
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to the B� O� Ti,[11] which confirms a nanocomposite formation
rather than a physical mixing between BN and TiO2. There is no
noticeable change in the binding energy and formation of new
peaks in the Ti2p region, only Ti2p, 3/2, and Ti2p, 1/2 at 458.5,
and 464.2 eV, respectively, was observed before and after
loading BN on TiO2 (Figure 6E). This result confirms the
presence of Ti4+ and no bond formation between either B or N
with Ti.

The UV-Vis spectroscopy with the diffuse reflectance unit
was used to measure bandgap energy for the bare TiO2 and
BNTi nanocomposite, which corresponds to the wavelengths at
the absorption edge. As shown in Figure 7, the bandgap
energy of TiO2 of 3.35 eV corresponding to 371 nm is reduced
to 2.95 eV, equivalent to 422 nm. Therefore, it can be
concluded that the loading of BN on TiO2 shift the absorption

wavelength of TiO2 from the UV to the visible region, and the
use of sunlight as an irradiation source becomes feasible. Note
that the BET surface of bare BN and TiO2 are measured to be 22
and 50 m2g� 1, respectively, and 47 m2g� 1 for 2BNTi, which
indicates that the surface area did not play a significant role in
the photocatalytic reactions under study.

photocatalytic experiments

Based on characterization results, we used a Xe lamp as an
irradiation source to simulate sunlight. We notice no phenol
degradation in the absence of photocatalyst (TiO2 or BNTi), and
bare BN has no catalytic activity toward phenol degradation.
The photocatalytic degradation of 20 ppm phenol on TiO2 and
BNTi in the absence and presence of H2O2 was studied

Figure 6. (A) XPS survey of TiO2, BN, and BNTi, (B) O1s region of TiO2, BN and BNTi, (C) N1s region of BN and BNTi, (D) B1s region of BN and BNTi and (E) Ti2p
region of TiO2 and BNTi
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(FigureA&B). The following conclusions can be extracted from
Figure 8A firstly, the rate of phenol increases with time in
both cases. Secondly, the addition of H2O2 increases the rate
of phenol degradation in both cases due to the increase in
the hydroxyl radical generated during the reaction:[4a]

H2O2 þ e�CB !
.OHþ OH� (1)

H2O2 !
.OHþ .OH (2)

Finally, the rate of phenol degradation is more pronounced
on the BNTi nanocomposite compared with TiO2 in the absence
and presence of H2O2. A 90.2% degradation of phenol within
30 min in the presence of 70 μL H2O2 on BNTi is obtained. It is
interesting to note that the rate of phenol degradation on BNTi
without the addition of H2O2 fit well pseudo-first-order (Ln
Ct

C0 ¼ � KtÞ while pseudo-zero-order reaction (C0-Ct=Kt) fits
well the degradation of phenol with the addition of H2O2 (
Figure 9).

The effect of different loadings of BN on TiO2 from 0.1, 1, 2,
5, and 10% on phenol degradation in the presence of H2O2 is
also studied ( Figure 10). The phenol degradation increases
with increasing BN loading on TiO2 to reach 78.5, 82.2, and
90.6% with 0.1, 1, and 2% BN loading, respectively, within
30 min. After that, the phenol degradation decreases by 5%
BN, and a continuous decrease was observed with 10% BN.
This decrease in phenol degradation is attributed to the
scattering of light through BNTi particles. Therefore, it can be
concluded that 2BNTi is the best one for the degradation of
phenol. After 30 min of using the 2BNTi photocatalyst, the TOC
measurements reveal that 89% of the phenol is entirely
mineralized.

With the best photocatalyst composite and keeping all
experimental conditions, the same, different mass of 2BNTi was
tested toward degradation of phenol ( Figure 11). As we can
see from Figure 11, the phenol degradation increases from
90.5, 92.7 to 94.0% with the rate of 0.79, 0.87, and 0.94×
10� 5 Mmin� 1) with increasing the mass of catalyst from 0.1, 0.2,

Figure 7. UV spectra (A) and corresponding bandgap energy (B)for Ti and 2BNTi nanocomposite.

Figure 8. Degradation % of 20 ppm phenol with time on bare TiO2 and 2BNTi (A) without the addition of H2O2 (B) with the addition of 70 μL H2O2 under 150 W
Xe illumination.
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Figure 9. Rate of reaction of 20 ppm phenol with time on 2BNTi under Xe illumination (A) without the addition of H2O2, (B) with the addition of H2O2.

Figure 10. Degradation % (% D) of 20 ppm phenol on different concentration of on different concentration XBNTi (where X=0.1, 1, 1.5, 2, 2.5, 3, 5 and 10% of
BN) with addition of 70 mL H2O2 under 150 W Xe illumination.

Figure 11. Degradation % (A) and rate (B) of 20 ppm phenol with time on different 2BNTi weight with the addition of 70 mL H2O2 under 150 W Xe illumination.
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and 0.3 g BNTi. This is due to the increase of the photocatalyst’s
available surface area, which enhances the rate and percentage
of phenol degradation.

The photocatalytic behavior of 2BNTi nanocomposite with
changing the concentration of phenol is also a concern.
Changing the phenol concentration from 20, 40 to 60 ppm
with 0.1 g BNTi and keeping all experimental conditions the
same reduces the activity of the nanocomposite sharply due to
insufficient surface to degrade all phenol molecules. The
degradation decreases from 90.5, 52.9, to 26.6% with 20, 40,
and 60 ppm phenol, respectively. However, the reaction rate
decreases slightly with increasing the initial concentration of
phenol; 0.79, 0.72, and 0.65×10� 5 Mmin� 1 for 20, 40, 60 ppm
phenol, respectively (Figure 12).

Photocatalytic reaction mechanism

From the above studies, it is observed that the phenol
degradation improved sharply in the case of BNTi than TiO2

under Xe illumination. This is due to the decrease in the
bandgap energy of TiO2 through the formation of the B� O� Ti
bond (as proved from XPS), so the wavelength of excitation
shifted from UV to the visible region. On the other hand, the
huge delocalization of BN and easy transfer of electrons inhibit
the rate of electron-hole pair recombination; therefore, the
phenol degradation is improved sharply than in the case of
TiO2. The possible mechanism of photodegradation of phenol
on BNTi in the presence of H2O2 can be summarized as follows:

TiO2 þ hn! TiO2ðhþ þ e� Þ (3)

TiO2 ðe� Þ þ BN! TiO2 þ BN ðe� Þ (4)

H2O2 þ e� ! .OHþ OH� (5)

O2 þ e� ! O: �
2 (6)

H2O2 þ e� ! .OHþ .OH (7)

OH� þ hþ ! .OH (8)

hþ þ H2O! Hþ þ .OH (9)

phenol=O: �

2 =
.OH=hþ=e� !

degraded products!! CO2 þ H2O
(10)

Tert-butanol (t-BuOH), p-benzoquinone (p-BQ), ammonium
oxalate (AO), and K2S2O8 (PPS-potassium persulfate) scavengers
are used to capture *OH, O: �

2 , h+, and e� , respectively, to
clarify which species contribute more to the photocatalytic
degradation of phenol on BNTi.[12] As shown in Figure 13, all
four scavengers suppress the photodegradation of phenol,
suggesting that *OH, O: �

2 , h+ and e� contribute to the
degradation of phenol. The effect of t-BuOH is slightly more
noticeable than the PPS, suggesting that .OH and e� have
almost similar effects on the degradation of phenol. However,
the suppression is more pronounced in the case of p-BQ than
AO. No degradation of phenol was observed within 30 min
with the addition of p-BQ and only slight degradation of
phenol after 25 min with the addition of AO. This implied that
O: �

2 and h+ play the key roles in phenol degradation under the
condition studied. This observation is consistent with other
research work on different photocatalysts.[12b]

Stability of the as-prepared photocatalyst

Four consecutive photocatalytic measurements under the same
experimental conditions of 2BNTi nanocomposite result in the
best photocatalytic activity for phenol degradation in H2O2

under 150 W Xe illumination was done after isolation of the
photocatalyst. Figure 14 shows the bar chart of these four
photocatalytic degradations with time, and the inset shows the
average degradation of photocatalytic reactions with time,
including the error bar. Figure 14 shows the high reliability of
data, which indicates that the 2BNTi displays excellent stability
and reusability.

Figure 12. Degradation % (A) and rate (B) of different concentration of phenol (20, 40, and 60 ppm) with time on 2BNTi with the addition of 70 mL H2O2 under
150 W Xe illumination.
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BNTiO2 nanoparticles; is it non-toxic “green”?

It is well documented that the early developmental stages of
the zebrafish embryos are more sensitive to external com-
pounds and chemicals than larval or adult zebrafish.[13] There-
fore, the embryonic period of zebrafish (24 hpf and 96 hpf) is
chosen as the administration time to study the possible toxicity
of BNTiO2 nanoparticles. At 96-hpf, the percentage of cumu-
lative survival is measured (Figure 15A). According to the
survival graph, NOCE (i. e.,<20% mortality) is calculated for
DEAB (PC). The NOEC for DEAB is at 1.0 μM, as this concen-
tration of DEAB shows cumulative mortality of 12% (3 out of 25
embryos are dead), and the rest of the embryos (88%) does

not show any teratogenic (morphological or physiological
abnormalities) effect. According to the sigmoidal curve (Fig-
ure 15B), the LC50 values of the DEAB at five time-points for
mortality with a 95% confidence limit are calculated to be
2.56 μM (R2� 0.999). For BNTiO2 treatment, a negligible
mortality rate is observed at 100 mgL� 1 concentration. How-
ever, a dose-dependent increase in the mortality rate for the
embryos treated with BNTiO2 at 96-hpf is observed, as shown
in figure 15A. Therefore, the calculated LC50 for BNTiO2 from
figure 1B is 482.5 mgL� 1.

We selected and tested concentrations of BNTiO2 nano-
particles that have environmental relevance. These concentra-
tions are selected based on the recommendations provided by

Figure 13. photocatalytic degradation of phenol on 2BNTi in the presence of PDT, t-BUOH, AO, p-BQ under Xe illumination with the addition of 70 μL of H2O2.

Figure 14. Stability studies of photocatalytic degradation of phenol on 2BNTi in presence under Xe illumination with the addition of 70 μL of H2O2.
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the Fish and Wildlife Service (FWS) acute toxicity rating scale,
which is classified a compound’s toxicity according to LC50 as
follows: highly toxic from 0.1–1.0 mgL� 1, 1.0–
10 mgL� 1moderately toxic, 10–100 mgL� 1 slightly toxic, 100–
1000 mgL� 1 practically nontoxic, and >1000 mgL� 1 is relatively
harmless. Based on this scale, BNTiO2 (LC5=482.5 mgL� 1) can
be classified as practically nontoxic “green.”

Quantitative Assessment of Specific Teratogenic Phenotype
Exerted by BNTiO2 nanoparticles

Next, the NOCE value of BNTiO2 is determined, which is the
minimum concentration that has no significant teratogenic or
developmental effect on zebrafish embryos. For this purpose,
four widely use developmental or teratogenic phenotypes are
assessed, including; body length, eye size, and yolk sac size,
heartbeat (beat per min) at 96-hpf. For the body, eye, and yolk
size, images of the embryos are captured using HCImage

Figure 15. (A) The survival rate of zebrafish embryos at 96-hpf grown in PTU solution (Negative Control, NC), embryos treated with 1&10 mM DEAB (Positive
Control, PC), and 100, 200, 300 mgL� 1 of BNTiO2 nanoparticles. (B) The mortality response curve of embryos exposed to different concentrations of DEAB and
BNTiO2 nanoparticles. The calculated LC50 using for DEAB is 2.56 μM, and for BNTiO2 is 482.5 mgL� 1.

Figure 16. (A) Images representing zebrafish embryo at 96-hpf. Note the deformed embryos in DEAB: shorter size, small eye size, heart edema, and yolk
edema. (B,C,D) Measurements of the average body length (B), eye size (C), yolk size (D), and (E) Heartbeats/minutes of embryos were calculated using ImageJ
software version 1.52a. One-way analysis of variance (ANOVA) followed by the Dunnet test was used to compare the differences between the average of the
imaged areas between groups*p<0.05 and **p<0.01, ****p<0.0001, 10 embryos (n=10) were used for each experiment.
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software and analyzed using ImageJ software. Compared to the
NC (PTU solution), the zebrafish treated with 10 mM DEAB (PC)
has a significant effect on yolk size (edema), eye size (smaller
eye size), body length, and heartbeat as shown in Figure 16.
However, the 100 mgL� 1 of 2BNTiO2 has no significant effect
on any of these parameters. We cannot assess the above
teratogenic parameters for any concentration of BNTiO2 above
100 mgL� 1, as more than 20% of the embryos are dead before
reaching the age of 96-hpf. In conclusion, the NOEC results
provide another line of evidence that BNTiO2 nanoparticles are
very safe to aquatic environments when used at a concen-
tration of less than 100 mgL� 1.

Conclusions

BNTi nanocomposites with different ratios between BN and
TiO2 were successfully prepared via feasible hydrothermal
treatment. The 2% of BN loaded on commercially P25 TiO2 was
found to e the best composite for photocatalytic phenol
degradation in the presence of H2O2, in which ∼91%
degradation was obtained within 30 min under Xe lamp-
sunlight simulator. The composite showed excellent stability
and reusability during four consecutive cycles. The superior
activity of 2BNTi toward phenol degradation is due to lower
bandgap energy, and the suppression of e� /h+ recombination
resulted from synergism between BN and TiO2 to the
composite formation through the B� O� Ti bond. Therefore,
2BNTi could be considered as an excellent photocatalyst
candidate for the degradation of organic compounds. Based on
LC50 value and according to the Fish and Wildlife Service (FWS)
acute toxicity rating scale, BNTiO2 should be classified as
“practically not toxic.”

Supporting Information Summary

Experimental details are available in SI.
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