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Abstract

The development of functional optoelectronic applications based on hexagonal boron
nitride nanosheets (A2-BNNs) relies on controlling the structural defects. The fluorescent
emission, in particular, has been observed to depend on vacancies and substitutional
defects. In the present work, few-layer #-BNNs have been obtained by sonication-
assisted liquid-phase exfoliation of their bulk counterpart. The as-prepared samples
exhibit a weak fluorescent emission in the visible range, centred around 400 nm.
Tailored defects have been introduced by oxidation in air at different temperatures. A
significant increase in the fluorescent emission of the oxidated #-BNNs has been
observed with maximum emissive intensity for the samples treated at 300°C. A further
increase in temperatures (>300°C) determines a quenching of the fluorescence.

We investigated, by means of detailed microscopic and spectroscopic analysis, the
relationship between the optical properties and defects of #-BNNs. The investigation of
the optical properties as a function of treatment temperature highlights the critical role
of hydroxyl groups created by the oxidation process. Only #-BN exfoliated in water
allows introducing OH groups with consequent enhancement of fluorescence emission.
Quantum chemical calculations support the experimental findings.

1. Introduction
Hexagonal boron nitride (4-BN) is a two-dimensional (2D) material in the spotlight
since the isolation of graphene[1]. The wide bandgap (E;), around 6 eV[2,3], whose

2



value has been confirmed by both theoretical and experimental works, has attracted
much attention because of the potential applications in photonics and optoelectronic
[4-7]. In addition to the remarkable ultraviolet emission, with potential applications as
deep UV LED and laser[8,9], room temperature photoluminescence (PL) in the visible
range has also stimulated special interests[10]. In general, the #-BN fluorescent
quantum dots and 2D materials[11] contain multiple defects concurrently, such as the
presence of carbon, oxygen and hydrogen impurities[12]. The luminescent properties
of 1-BN systems have been mainly attributed to the presence of defect states, including
boron/nitrogen vacancies, carbene structure, and oxygen-doping[13,14]. However, the
simultaneous presence of specific impurities or heterogeneous distribution of defects
makes the comprehension of the fluorescence properties a quite difficult task. In
particular, controlling the defects in 2D 4#-BN nanosheets (2-BNNs) is of paramount
importance for the photonics and optoelectronic applications of this class of
materials[15].

Fluorescent #-BNNs have been synthesized via both top-down and bottom-up
approches[11,16]. The 2D materials produced by bottom-up synthesis, besides the
structural B-N units, can also contain carbon/oxygen defects, depending on the
precursors and the synthesis chemical environment[17]. Additionally, boron or nitrogen
vacancies in the layered structure are common defects, which cannot be completely
avoided.

Among top-down methods, ultrasonic-assisted liquid-phase exfoliation (LPE) is a
straightforward route to obtain 4#-BN nanosheets. By using water as liquid, #-BNNs
with single or few layers can be produced[18]. However, this process, although
relatively well-controlled and straightforward, could induce the formation of structural
defects[11]. The explosion and implosion of microbubbles mainly drive the exfoliation
of layered materials through ultrasonication, i.e., phenomena known as cavitation[ 19—
22]. Cavitation creates drastic and punctual changes of pressure, temperature and shear
forces, which promote the exfoliation[19-21]. Additionally, exposure to cavitation
induces structural atomic vacancies, edge defects and the formation of B-OH
species[23,24].

Several theoretical models have been developed to explain the correlation between
emission and defects[25-28]. A defect-free #-BN crystal does not display visible
emission and present a sharp band-to-band absorption edge[l11]. On the contrary,
defective structures show interesting fluorescence properties[11]. Point defects, for
instance, exhibit single-photon emission; the discovery of this property has triggered
intensive research effort to design quantum emitters in a wide range of energies[29,30].
Full comprehension of the wide intragap emission observed experimentally in 2D A-
BN materials is, however, still lacking. Therefore, we have tried to tailor defects in
sonication-assisted liquid exfoliated #-BNNs via oxidation. Additionally, a relationship
between optical properties and defects has been established based on the experimental
data and quantum chemical calculations. This study provides new insights into the
defect-emission relationship, underlying the impact of post-synthesis process in the
optical properties of /#-BNNs, pivotal for future applications in photonics and
optoelectronics.



2. Results and discussion

Visible PL under UV excitation arises in water-assisted exfoliated /#-BN after
ultrasonication. The luminescence has been observed only if the liquid exfoliation
medium is water. In fact, the exfoliation by dimethyl sulfoxide (DMSO) or N-methyl-
2-pyrrolidone (NMP) has not produced fluorescent #-BNNs (vide infra). Furthermore,
the new optical features in the samples exfoliated by water resulted in depending on the
thermal treatment in air. The as-prepared A-BNN samples have been oxidized at
increasing temperatures to correlate the defects with the optical properties. Different
techniques have been used to detect possible changes in the material structure.

The morphology of the as-obtained materials by liquid exfoliation has been studied by
TEM and HRTEM (Figure 1). After exfoliation, the #-BNNs present a lateral size in
the range of hundreds of nanometers (Figure 1a). No significant changes in
morphology and size have been observed in the 4#-BNNs upon thermal treatment.
Figure 1 (a-c) shows representative images of the as-obtained samples and after
thermal treatments at 300 and 700 °C.

High-resolution images, Figure 1 (d-k), highlight the crystallinity of the nanosheets;
the detected interplanar distances are in agreement with a bulk #-BN structure (PDF
Card 34-421). After treatment at 700°C, a crystalline #-BNN hexagonal structure is still
detected, confirming that at this temperature the #2-BNNs do not degrade. In particular,
interplanar spacings at ~2.1 A and ~3.4 A associated to (10-10) and to (0002) planes
respectively are detected in 2~-BNNJ[31].

Raman spectroscopy measurements on #-BNNs have been performed to acquire
information on the structural properties after the ultrasonic treatment (Figure 2)
[32,33]. The #-BN bulk crystals show a characteristic mode at 1365.7 cm
corresponding to the Exg vibration mode in #-BN (G band) [34,35]. The G mode band
of the exfoliated 2-BNNss is at 1367.0 cm™!, in agreement with literature, suggesting a
reduction of the #-BNN thickness corresponding to flakes with no more than three
layers[35,36]. Moreover, the heat treatment at 300°C introduces a band widening that
can be correlated to the decrease of B-OH, in agreement with FTIR analysis (vide infra).
Raman spectra in a full range of temperatures are shown in Figure S1. Similar results
have been reported by Li et al., for BN nanosheets, which displayed a marked upshift
and widening of the G band as a function of the oxidation temperature [36].

The presence of functional groups on the surface or in the crystalline lattice of the
exfoliated #-BNNs can be revealed by the FTIR analysis. Figure 3 shows the FTIR
absorption spectra of the as-prepared #-BNNs, and after thermal treatments at 100, 300,
500 and 700°C. The infrared spectra, for the sake of clarity, has been divided into five
regions according to the detected vibrational modes. The region I, at higher
wavenumbers, 3700 — 2800 cm™!, is characterized by a broad absorption band assigned
to O-H stretching[37,38]. This band is formed by two overlapped components, one
peaking around 3250 cm™! and another one at 3400 cm™'[39]. The lower wavenumber
component is due to O-H stretching in adsorbed water and the second one at 3400 cm”
' to O-H stretching in boron hydroxide species, B-OH. The O-H bands decrease in
intensity as a function of the thermal treatment (vide infra).



In II and IV regions, the absorption bands at 1374 and 806 cm™' are assigned to the
in-plane stretching B-N vibration and the out-of-plane B-N-B bending mode,
respectively[40]. The thermal treatment causes a narrowing of the Full Width at Half
Maximum (FWHM) B-N vibrational mode. The intermediate region III (1180 — 840
cm’') is characterized by a broad absorption band assigned to N-B-O bands, [14,41]
which increases in intensity with the thermal treatment and reaches a maximum at
700°C.

The FTIR data show a specific trend with the rise of temperature treatment: the high
wavenumber band of B-OH decreases (vide infra) and correspondingly, the intensity of
N-B-O increases. This trend suggests a strong correlation between hydroxyl groups and
N-B-O vibrational features. In light of this, B-OH groups tend to oxidize into N-B-O
structures. Interestingly, when the temperature is up to 500 and 700°C, a new absorption
band at 460 cm™ is detected. The latter can be attributed to O-B-O bonds, suggesting
that N-B-O is oxidized into boroxyl ring.

A detailed study of O-H stretching bands (region I, Figure 3) has been performed by
acquiring in-situ the absorption spectra during the heating process in step of 50°C and
up to 250°C (Figure 4). The FTIR spectra have been deconvoluted using two Gaussian
components. The two bands decrease in intensity and are difficult to detect at 200°C.
The B-OH band at 3453 cm’!, shifts to higher wavenumbers, which indicates a decrease
in the number of H-bonded molecules. At higher temperatures, the B-OH should be
mostly present as isolated or twin species. The absorption band at 3240 cm™! is assigned
to adsorbed water and follows the same trend as the B-OH band.

The FTIR data of 4-BNNs as a function of the thermal treatment have been coupled
with the DTA-TGA data in Figure S. The DTA curve shows three endothermic events:
a first drying step from 25 to 90°C associated to the loss of adsorbed water, and 0.81%
weight decrease, a second one from 90 to 130°C with a 1.33% weight loss of
intercalated water, and a third step from 130 up to 300°C due to B-OH condensation
(1.03% weight lost). The FTIR-TGA-DTA data show that the thermal treatment at
temperatures lower than 300°C produces a structural change, which is associated with
a condensation process of B-OH. At higher temperatures (i.e., > 300°C), the oxidation
produces a second structural change with the progressive formation of boroxyl rings.

The surface composition of the #-BNN samples has been estimated from the area of
the B 1s, C 1s, N Is and O 1s XPS regions (see Figure S2) and taking into account their
corresponding sensitivity factors. The results are summarized in Table 1. The small
amount of carbon detected in the analysis can be attributed to adventitious carbon since
it is a constant value. The B:N ratio in the 4#-BN bulk and the as-prepared #-BNNs
sample are in good agreement. Both samples show a small excess of nitrogen with
respect to boron and the presence of oxygen. As expected, the thermal treatments result
in an increase of the amount of oxygen, and a change in the atomic B:N ratio. A gradual
decrease of boron and increase of nitrogen is observed as the temperature enhances.
This change rises in the samples treated at 500 and 700°C, experimenting a deficit of
boron content in the B:N ratios, i.e., 1:1.47 and 1:1.7, respectively.

Figure 6a shows the UV-Vis absorption spectra of the #2-BNNs samples. The spectra
are characterized by an intense absorption band in the UV region, peaking at 205 nm.



This absorption band is assigned to the 4#-BN band-to-band transition. The absorption
spectra change shape with the increase of the oxidation temperature. A broad
continuous band, extending from UV down to visible range, increases in intensity with
the thermal treatment temperature. The bandgaps (E,) have been calculated by the
TAUC method [42—44] according to the UV-Vis absorption curves (see Figure 6b). The
E, shifts to a lower value, from 5.61 to 5.01 eV, with the increase of thermal treatment
temperature (see inset in Fig. 6b). This effect can be linked with the increase of oxygen
content in the #-BN structure [30,45].

Figure 7 shows the 3D excitation-emission-intensity spectra of #-BNNs in aqueous
solutions. Photoluminescence of bulk 4#-BN is shown as reference in Figure 7a. The
corresponding 2D PL spectra are reported in Figure S3. The bulk #-BN does not emit
under excitation higher than 200 nm, whilst the as-prepared #-BNNs exhibits a blue
emission with the maxima centered at Aex = 325 nm and Aem = 400 nm. The sample
treated at 100 and 300°C, show an increase of PL intensity from 4.5x10° (as prepared
sample) to 5.0x10° (100°C) and 9.0x10° (500°C) counts. As reported in Figure 3, at the
temperatures between 100 and 200 °C, the content of N-B-O bonds changes, supporting
the hypothesis that the presence of N-B-O defects is strictly connected with the rise of
the luminescence from 2D A-BN [46]. The PL goes through a maximum after the
thermal treatment at 300°C and then decreases. This is because the basic #-BN structure
with oxygen-containing defects changes with the temperature and the N-B-O are further
transformed into boroxyl rings (Figure 3).

To demonstrate the importance of defects generated during the sonication process,
and the following oxidation through the heat treatment, the vibrational and optical
properties of water- and NMP-derived #2-BNNs systems have been investigated. 3D PL
spectra of the as-prepared water-derived h-BNNs sample before and after the heat
treatment at 300 °C are shown in Figure 7b and 7d, while the reference spectra of the
NMP-derived ~A-BNNs samples with a defective structure are shown in Figure 8a and
8b. #-BNNs without oxygen defects do not emit even after the oxidation treatment in
air, demonstrating a thermal stability (more information about NMP- derived #-BNNs
is shown in Figure S4). The FTIR spectra in Figure 9a clearly show that the increase
of N-B-O content with the rise of temperature is correlated with the transformation
reaction of B-OH. Additionally, the pristine 2-BNNs samples do not show any infrared
absorption in the O-H stretching range. No signals that could be correlated with the N-
B-O or B-O vibrational modes are observed (Figure 9b). It should be underlined that
weak luminescence in the as-prepared samples has been observed only in samples
exfoliated in water. Samples obtained using DMSO (see Figure S5) or NMP have not
shown the presence of OH defects and are not luminescent even after the thermal
treatments.

Figure 10 shows the profile of PL decay at Aex = 300 nm. A two-exponential decay
law can be applied to all the samples treated at different temperatures. The decays
correspond to lifetimes of 2 and 10 ns without any detectable change in the different
samples. This peculiar luminescence response is due to the presence of a single type of
defects, which excludes a distribution of vacancies and impurities originated from
different structural environments or possible contaminations. These results agree with



the steady-state PL, which has revealed that the thermal treatment contributes to an
increase in the number of defects (growth of PL intensity), without affecting the
intrinsic nature of #-BN defects. Scheme 1 illustrates a possible explanation concerning
the origin of the 2~-BNNs PL. At low temperature fluorescent N-B-O defects contribute
to the BN visible emission. These defects are unstable at higher temperature and
undergo a further oxidizing process that quenches the luminescence. On the contrary,
defects free #~-BNNs sheets have no emissions.

To better understand the properties of exfoliated #-BN, DFT calculations have been
performed on clusters with different structural defects and the corresponding absorption
properties have been derived. As a starting point, four clusters have been evaluated as
the number of /#-BN rings increased (Table S1). Among the different structures, we
have selected the one with 19 A-BN rings, considered as a good compromise between
the cost of the calculation and agreement with the experimental data.

It has been reported that the bandgap of the #-BN bulk is around 6 eV, while the one
of the 2-BN monolayer is around 5.95 eV. In our case, the bandgap has been calculated
by applying the TAUC equation for an indirect bandgap system to the absorption
spectra. The lower values, compared to those reported in literature [11], have been
attributed to a structure with a high concentration of defects as a result of ultrasonic
exfoliation treatment. In the following, we will consider intrinsic vacancies and oxygen
impurities as the primary source of defects.

Defect-free BN clusters (B27N27H1s) show a first intense optical transition at 6.02 eV
(206 nm, f=0.33) and a second one at 6.26 eV (198 nm, f=0.39) (Table S1). According
to the relaxed structure, the B-N bond length is 1.45 A at the centre of the cluster,
diminishing to 1.43 A at the edge. The defect formation energies are calculated applying
the method well-grounded for supercell approach [47,48] and further implemented for
cluster systems as in the present case[49], according to the following equation:

Eform = Ep (@) — Egy +niu; + q(Eypy + EF) (1)

in which Ep(q) is the defective cluster energy with charge state g, Epy is the pristine /-
BN cluster energy, #; is the number of exchanged species and u; the chemical potential
of the corresponding reservoir. Er is the Fermi level referred to the energy of the
maximum of the valence band (Eyay), which corresponds to the highest occupied
molecular energy (HOMO) state in our case.

The absorption of some defects that typically occur in #-BN bulk and nanosheets
structures has been calculated to verify the effects of oxygen inclusions in the 2-BN
structure. Many of these defects have been studied mostly by applying the DFT method
to supercell bulk systems. Rare are the cases of application on #-BN cluster systems. A
summary of the theoretical UV-Vis spectra related to the different types of defects is
shown in the Figure 11. The most likely defects comprise boron and nitrogen vacancies
(VB and Vn), one or two oxygen impurities on nitrogen sites Onx and 20n (oxygen on
boron site has large formation energy and is unlikely to occur[47]) and oxygen inclusion
on nitrogen site near a boron vacancy OnVg. Among these, it has been possible to select



some of the most probable defects according to the formation energy here calculated
and the ones reported in previous works[30,47,48]. Despite the intrinsic difficulty of
cluster model to deal with charged defects as compared to supercell approach, the data
reported in Table S2 for neutral states agree quite well with literature in predicting, in
particular, that substitutional oxygen on nitrogen sites can be easily incorporated into
the 4-BN structure, possibly paired with a boron vacancy[47,48,50]. As shown in
Figure 11, oxygen impurities are responsible for a redshift of band-to-band absorption.
Furthermore, in the range between 250 nm and 500 nm (inset of Figure 11) several
intragap transitions are appreciable. Correspondingly, a significant lowering of HOMO-
LUMO energy gap as a function of defect type and charge is produced (Table 2). Since
the formation energy can be highly dependent on the impurities electronic states, we
have also examined the effects of charged defects on the optical properties. A complete
investigation of #-BN defects is reported in Table S3.

Table 3 reports the HOMO and LUMO representation of the computed defects. It
turns out that some point-defects undergo different mechanism under excitation,
depending on the typology and charge. As an example, charged (q = +1) oxygen
impurity (OB3) can act as withdrawing sites under HOMO-to-LUMO excitation, while
20w and O~V complex work as recombination centers.

Despite the intrinsic difficulty to accurately represent the impact of oxygen defect
by cluster methodology, the introduction of specific defects and charges inside the
nanosheets allows for a significant modulation of energy gap that, in turn, is responsible
for the UV-Vis features after thermal treatments.

3. Conclusions
Defective hexagonal boron nitride nanosheets (4-BNNs) have been produced by
ultrasonication-assisted liquid-phase exfoliation in water. The exfoliated 2-BNNs show
a broad fluorescent emission in the visible range. The thermal treatment has
demonstrated to induce more structural defects on the #-BNNs structure, increasing the
fluorescent emission. The emission has a strong dependence on heat treatment in air,
with an unexpected non-monotonic trend. In particular, the fluorescence has a
maximum intensity in samples oxidized at ~300 °C and decreases as the temperature
increases. A study of the vibrational properties with infrared spectroscopy has revealed
a close correlation between the presence of hydroxyl groups in the structure, which
decreases as a function of the thermal treatment due to marked oxidation process in air.
A comparison with 2-BNNs samples exfoliated in different liquids, i.e. DMSO and
NMP, reveals that the luminescence in the visible range depends on the nature of the
defects originating during the synthesis. Theoretical calculations have supported the
results, i.e., the UV-Vis absorption spectra of 4-BN cluster models with structural
defects (nitrogen and boron vacancies, and oxygen impurities) have been
computationally derived. Charged oxygen defects are the most promising candidates
for the interpretation of the optical properties of defective #-BNNss, introducing intragap
transitions in absorption that effectively reproduce the experimental spectra.

This study represents a further step towards a full understanding of the properties of
h-BN layers. Structural defects, already present after synthesis, can have an



unpredictable trend in post-synthesis treatment conditions. In this scenario, an in-depth
study of the effects of temperature as a function of the environment and the impurities
originated in the growth process, becomes of fundamental importance for the
enhancement of luminescence caused by point defects, and the increase of their
stability, crucial parameters for the engineering of the A-BN materials for future
applications in photonics and optoelectronics.

4. Experimental Section
Chemicals

Hexagonal boron nitride powder (h-BN, 99.5%, Alfa Aesar) was used as precursor;
dimethyl sulfoxide (DMSO) (Sigma Aldrich), N-methyl-2-pyrrolidone (NMP) (Merk)
and deionized water as liquid exfoliation media.
Preparation of h-BNNs

h-BNNs were prepared by liquid assisted exfoliation methods.

Water assisted liquid exfoliation has been carried out by dispersing #-BN (20 mg)
powders in water (20 mL), and then seling the dispersion in a glass vial (capacity 25
mL). After 15 h sonication, the mixtures were centrifuged at 8000 rpm for 10 min, and
h-BNNSs were collected from the supernatant. Immediately after, the supernatant (5
mL) was dried in a porcelain crucible (capacity 15 mL) at 60 °C. Then, the sample was
thermally treated for 1 h in air at 100 °C. After cooling down to 25°C the powders could
were collected for the characterizations. Water (5 mL) was poured into the crucible, and
the dispersion used for spectral analysis after 10 min sonication.

DMSO assisted liquid exfoliation has been realized usig a similar method. #-BN (20
mg) powders were dispersed in DMSO (20 mL), and then were sealed in a glass vial
(capacity 25 mL). After 15 h sonication, the mixtures were centrifuged at 3000 rpm for
10 min to precipitate the unexfoliated h-BN. Then the supernatant containing the
nanosheets was centrifuged at 9500 rpm for 10 min to remove the DMSO solvent. After
drying, h-BNNSs were used for the characterizations.

In the third method NMP was employed for achieving liquid assisted exfoliation. 100
mg of bulk #-BN were poured in 100 mL of NMP, and dispersed using a sonic bath for
6 hours. Immediately after the ultra-sonic treatment, the dispersion was centrifuged at
3000 g and the supernatant carefully collected by pipetting.

Oxidation thermal treatments were carried out in air at different temperatures, 300,
500, and 700 °C.

Characterization methods

UV-Vis spectroscopy was measured by a Nicolet Evolution 300 UV-Vis
spectrophotometer (Thermo Fisher) with a bandwidth of 1.5 nm.

Fluorescence spectra were recorded by a “Fluoromax-3” spectrofluorometer (Horiba
Jobin Yvon).

Time resolved photoluminescence (TR-PL) measurements were recorded by exciting
the samples with 200 fs long pulses delivered by an optical parametric amplifier (Light
Conversion TOPAS-C) pumped by a regenerative Ti:sapphire amplifier (Coherent
Libra-HE). The repetition frequency was 1 kHz and the PL signal was recovered by a



streak camera (Hamamatsu C10910) equipped with a grating spectrometer (Princeton
Instruments Acton SpectraPro SP-2300).

Fourier-transform infrared spectroscopy (FTIR) analysis was performed with sample
powders in a potassium bromide (KBr, IR 99%, Sigma) using infrared Vertex 70v
interferometer (Bruker). The baselines were fitted by a concave rubber band correction
with OPUS 7.0 software; the spectra were normalized for comparison.

Thermal gravimetric analysis (TGA) was measured from room temperature to 700 °C
with 5 °C min™! of ramp rate under nitrogen flow of 20 mL min™! by an SDT-Q600
instrument (TA Instruments).

X-ray photoemission spectroscopy (XPS) data were acquaired in a custom designed
UHV system equipped with an EA 125 Omicron electron analyzer with five
channeltrons, working at a base pressure of 107! mbar. Core level photoemission
spectra (B 1s, C 1s, N Is and O 1s regions) were collected in normal emission at room
temperature with a non-monochromatized Al K, X-ray source (1486.7 eV) and using
0.1 eV steps, 0.5 s collection time and 20 eV pass energy.

Raman spectroscopy measurements were performed in air at room temperature by
using a triple spectrometer Jobin-Yvon Dilor integrated system and liquid nitrogen
cooled charge couples-device detector. All the spectra were collected with low power
excitation (lower than 5 mW) concentrated in a spot of 1 mm?. The measurements were
obtained in back scattering geometry with excitation wavelength at 532 nm generated
by a a second harmonic of a Nd:YAG laser.

Transmission Electron Microscopy (TEM) in both conventional and high resolution
mode was performed on a Jeol JEM 1400 Plus and Jeol JEM 2010 microscope,
respectively. The samples were prepared by dispersing the sample in a tiny amount of
n-octane; the dispersion was drop casted on a holey carbon-coated copper grid and let
evaporate at room temperature.

Quantum chemical calculations

The optical and structural properties of boron nitride monolayers have been
investigated using density functional theory (DFT). A cluster-based approach was
employed to interpret the experimental data derived from large monolayers. In this
context, #-BN clusters of different sizes were first used as a model for a defect-free
system. The corresponding absorption properties were derived and compared with the
experimental data. The cluster with the best compromise between calculation cost and
agreement with the experimental data was chosen for further calculations. In it, some
native structural defects were introduced, including boron and nitrogen vacations, and
oxygen substitution defects. All of the calculations were carried out using Gaussian 16
code[51]. The energy calculations of the optimized structures were performed within
density functional theory (DFT) with Becke’s three parameters and the
Lee—Yang—Parr’s nonlocal correlation functional (B3LYP)[52,53]. The basis sets for
B, N, O, and H were 6-31G(d,p), while the electronic excitation energies were
calculated based on the time-dependent (TD)-DFT method. The calculations were
performed using vacuum as the medium. GaussView 6 was used to interpret the
computed data[54]. TD-DFT calculations were carried out on relaxed structures.
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Figure 1. TEM images of as-prepared #-BNNs (a), after treatment at 300 (b) and 700°C (c).
High resolution transmission electron microscopy images of the A-BNN as obtained by
exfoliation (d-h) and after thermal treatment at 300 (i) and 700°C (j, k). The FFT of the images
is reported as inset. The red circles in the inset of panel (k) highlight the hexagonal symmetry.
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Figure 2. Raman spectra in the 1350 — 1390 cm! range of bulk 4-BN (grey curve), exfoliated
h-BN (black curve), exfoliated #-BN after thermal treatment at 300°C (red curve).
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Figure 3. FTIR spectra of as-prepared #2-BNNSs (black line) and thermally treated #-BNNs at
100 °C (red line), 300 °C (blue line), 500 °C (pink line), and 700 °C (green line). The spectra
are divided in five regions according to the different vibrational modes. The arrows indicate the
change in intensity as a function of thermal treatment; arrow up, the intensity increases with the
increase of the temperature while the arrow down is the other way round.
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Figure 4. In-situ FTIR absorption spectra in the 4000 — 2500 ¢cm™ range of the as-prepared h-
BNNS: (a) 25°C, (b) 50°C, (c) 100°C, (d) 150°C, (e) 200°C, and (f) 250°C. The black lines are
the raw spectra, the dotted lines are the fitting curves, the blue and red lines are the deconvoluted
components assigned to B-OH and O-H, respectively.
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Figure 5. The relative absorption intensities of B-OH (blue dots) and O-H (red dots) bands in

in-situ IR spectra as a function of temperature, coupled with TGA (black line) and heat flow

(gray line) curves of the as-obtained #-BNNs. The lines connecting the red and blue dots are
guide for eyes.
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Figure 6. (a) UV-Vis absorption spectra and (b) evaluation of E; using TAUC equation for as-
prepared #-BNNs (black line, 5.61 eV), A-BNNs at 100 °C (red line, 5.53 eV), 300 °C (blue
line, 5.42 eV), 500 °C (pink line, 5.22 eV), and 700 °C (green line, 5.01 eV). The insert of (b)
shows the obtained E, values.
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Figure 7. 3D PL excitation-emission-intensity spectra of (a) bulk 4-BN, (b) as-prepared %-
BNN:S, (¢) 100°C, (d) 300°C, (e) 500°C, and (f) 700°C. In grey: first and second order artefacts.
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Figure 8. 3D PL excitation-emission-intensity spectra of (a) as-prepared low defects #-BNNs
and (b) after treatment at 300°C. In grey: first and second order artefacts.
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Figure 9. FTIR spectra of a) as-prepared 2-BNNs (black line) and after thermal treatment at
300°C (red line), b) as-prepared defect-free #~-BNNs (black line) and after thermal treatment at

300°C (red line).
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Figure 10. Time-resolved PL profile of #-BNNss treated at different temperatures.
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Figure 11: Computed UV-Vis absorption of pristine and defective #-BN clusters.
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Scheme 1. Schematic illustration for a possible fluorescent origin and mechanism from 4-
BNN:E.

Table 1. Surface composition of the 2-BN samples determined from XPS.

Sample B (at.%) N (at.%0) C (at.%0) O (at.%) B:N ratio
h-BN bulk 42.8 46.3 3.1 7.8 1:1.08
h-BNNs 42.6 44.2 2.8 10.4 1:1.04
h-BNNs 300 °C 37.9 41.0 3.6 17.5 1:1.08
h-BNNs 500 °C 35.0 51.4 2.0 11.6 1:1.47
h-BNNs 700 °C 29.9 50.8 3.5 15.8 1:1.70

Table 2: HOMO and AExomo-Lumo values.

Structure /q Enomo (eV) AEpomo-Lumo (eV)
BN -6.53 6.58
BNOw/+1 -9.10 5.96
BN20On/0 -4.97 4.77
BN20O\/+1 -6.92 3.73
BN20nVs/-1 -1.01 3.17
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Table 3: Representation of HOMO and LUMO.

HOMO LUMO

Defect / Charge

na

+1

BNOn/q

+1

BN20n / q

=0

A
BNONVE/ q

Keyword: hexagonal boron nitride
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