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ABSTRACT: Boron-based nanocomposites are very promising for
a wide range of technological applications, spanning from micro-
electronics to nanomedicine. A large variety of B-based nanoma-
terials has been already observed, such as borospherene, B
nanotubes and nanoparticles, and boron nitride nanoparticles.
However, their fabrication usually involves toxic precursors or
leads to very low yields or small boron atom concentration. In this
work, we report the synthesis of nanometric B2O3 nanodisks, a
family of nanomaterials with a quasi-2D morphology capable of
intense fluorescence in the visible range. Such as boron-based
nanomaterial, which we synthesized by pulsed laser ablation of a
boron target, is water-dispersible and nontoxic, and displays a highly
crystalline structure. Moreover, its bright blue photoluminescence is
highly sensitive and selective for the presence of Ni2+ ions in solution, down to extremely small concentrations in the picomolar
range. The results are very promising in view of the use of such novel B2O3 nanodisks as ultrasensitive multi-messenger Ni2+
nanosensors.
KEYWORDS: boron oxide, boron nanocomposites, nanosensors, nickel detection, multi-messenger sensor

1. INTRODUCTION
Boron is a light chemical element able to form covalent-
bonded molecular networks with a wide variety of structures.1

Bulk boron has been industrially employed in many different
areas, such as high-density fuels,2,3 protective coatings,4

semiconductors,5,6 microelectronics,7 and refractory materi-
als.8,9 Furthermore, both elemental boron and its compounds
have found interesting biomedical applications, especially in
neutron capture therapy for cancer treatment in the currently
under development field of nanomedicine.10−12 When going
down to the nanometric scale, boron-based nanomaterials
appear in a wide variety of forms: nanoribbons,13 nano-
tubes,14,15 nanowires, and nanofibers,16−18 and the recently
discovered borospherene19,20 and borophene21,22 that are B-
based analogues of fullerene and graphene, respectively, as well
as quasi-spherical nanoparticles (NPs), both crystalline and
amorphous.23−25 Additionally, several B-containing nano-
compounds have attracted great interest from researchers,
such as the well-known hexagonal boron nitride (h-BN),26

rare-earth borides,27 Kondo topological insulators,27,28 or
recently synthesized boron oxide nanoparticles, which have
been proposed as additives to enhance electrochemical,29

mechanical, and thermal properties in certain composite
materials.30 Despite the large interest in exploring and

understanding all of these B-based nanostructures, exper-
imental investigations in boron nanoscience are still relatively
limited as compared to theoretical studies (with the exception
of h-BN).1 In particular, only a handful of works have reported
the synthesis of B2O3 nanoparticles so far because of a
surprising lack of available synthetic methods.31

In regard to synthesis routes, several different techniques
and precursors have been used to obtain boron-based nano-
objects, often involving the use of highly toxic gases or
compounds,24 such as arc decomposition of diborane,32 gas
phase reduction of boron trichloride,33 solution reduction of
boron tribromide,24 gas phase pyrolysis of decaborane,34 and
many others.35 Another issue is that large quantities of the final
boron compounds are often needed for medical applications,
raising the issue of the possible toxicity problems raised by
such nanomaterials in living organism. Thus, one of the open
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challenges in this field is devising green synthesis pathways of
B-based NPs which can avoid as much as possible the
contamination of the final target by toxic side products or
unreacted precursors without compromising the control of the
particles size or their crystallinity.1,36,37 In this context, pulsed
laser ablation in liquid (PLAL) is gaining interest as an
emerging technique for nanomaterial synthesis. In fact, PLAL
is known as a green method to synthesize nanomaterials.38

Among the many advantages of PLAL, there are its versatility,
low cost, and ease of execution.38 In addition, PLAL allows
control to a certain extent of the amount of oxidation of the
final nanomaterials,39 guarantees a high batch-to-batch
reproducibility,38 and allows production of stable particles in
solution without the addition of ligand protection,40 avoiding
contamination issues of their surfaces.36,41 The synthesis rate
depends on laser pulse characteristics as repetition rate, the
energy/pulse, and the specific used wavelength.38

Here we use PLAL of a boron target in water as a green
route to achieve, for the first time, the synthesis of a novel type
of B-based nanomaterial, consisting of photoluminescent B2O3
nanodisks. A thorough characterization of these nanomaterials
by an arsenal of different experimental techniques reveals a
range of interesting properties. B2O3 nanodisks display a highly
crystalline structure, emit luminescence peaking at 440 nm, are
stable in aqueous suspension, and are biocompatible in a proof-
of-principle in vitro study. The biocompatibility is quite
interesting considering that boron oxide is considered an
irritant for eyes and for the respiratory system according to
National Institute for Occupational Safety and Health
(NIOSH). In addition, they display exceptional sensitivity to
Ni2+ in solution, which is highly appealing for (bio)sensing
technologies. Similarly to other heavy metals, Ni2+ is one of the
most severe environmental contaminants of the environment,

food, and living organisms42,43 because of accumulation
phenomena like biomagnification.44 Here we find that B2O3
nanodisks selectively respond to tiny (1 pM) concentrations of
Ni2+ through correlated variations of the fluorescence peak
position, intensity, and excited-state lifetime, which make such
nanoparticles multi-messenger nanosensors of Ni2+ ions, with
competitive performance as compared to state-of-the-art
detection methods. The results are very promising in view of
the engineering of boron-based nanomaterials for nanosensing
and other prospective nanotechnologies. In fact, the important
ease of the synthesis of our nanosensors constitutes a
noteworthy matter of interest in the field of environmental
monitoring, since it typically requires a huge implementation
scale to be really useful.45

2. EXPERIMENTAL METHODS
2.1. Materials and Sample Synthesis. Materials: millimetric

boron crystals, nickel(II) sulfate, cobalt(II) nitrate, copper(II) sulfate,
silver nitrate, zinc(II) sulfate, and Fe(III) sulfate have been purchased
from Sigma-Aldrich. Human bronchial epithelial cell line (16-HBE)
was purchased from Sigma-Aldrich (Milan, Italy) and cultured in
supplemented Dulbecco’s Minimum Essential Medium (DMEM)
(EuroClone, Milan, Italy) supplemented with 10% fetal bovine serum
(FBS, EuroClone, Milan, Italy), 1% penicillin/streptomycin (10 000
U mL−1 and 10 mg mL−1 respectively, EuroClone, Milan, Italy), and
1% L-glutamine (EuroClone, Milan, Italy), at 37 °C in a 5% CO2
humidified atmosphere. Cell Titer 96 Aqueous One Solution Cell
Proliferation assay (MTS solution) was purchased from Promega
(Madison, WI, USA).
Synthesis of B2O3 nanodisks: We performed pulsed laser ablation

in liquid (PLAL) by using a Q-switched Nd:YAG pulsed laser
(Quanta System SYL-201) with a 10 Hz pulse frequency, a 5 ns pulse
width, a pulse peak at 1064 nm, and about a 100 mJ pulse energy (see
Figure 1a). The laser beam has been focused by using a spherical lens
so that the focus position matches as much as possible the surface of

Figure 1. Morphological characterization of BONDs. (a) Illustrative scheme of the laser ablation carried out on millimetric crystalline boron
chunks in water, leading to the formation of the BONDs. (b) AFM image of BONDs on a mica substrate. (c) HRTEM image of an individual
monocrystalline BOND and (d) its corresponding FT with calculated diffraction pattern with Miller indices for bulk hexagonal B2O3 in the [421]-
zone axis. Histograms of (e) the diameter distribution estimated from HRTEM images and (f) the height distribution derived from AFM images.
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the boron crystals that are covered by ultrapure water. The target
sample was placed on a slow-spinning plate (0.1 Hz) in order to scan
the ablating laser beam over the entire surface of the boron target.
The ablation was carried out for about 48 h. At the end of the process,
the suspension was separated from macroscopic boron by
centrifugation at 10 000 rpm and the supernatant was finally filtrated
by using syringe filters of 200 nm and then of 20 nm. The synthesis
rate is 3−4 mg/h.
2.2. Structural and Morphological Characterization. High-

resolution transmission electron microscopy (HRTEM): The crystal
structure of the sample was investigated by high-resolution (HR)
transmission electron microscopy (TEM) performed on an FEI
Titan3 80−300 aberration-corrected microscope at a 300 keV electron
energy. HRTEM images were evaluated by calculating the two-
dimensional Fourier transform (FT), which yields information on the
crystal structure of single nanoparticles. The analysis was performed
by comparing the experimental FT and the calculated diffraction
patterns with Miller indices, where the latter was obtained by using
the Jems (Java version of the electron microscopy simulation)
software.46 The zero-order beam (ZB) is indicated by using a white
circle.
X-ray photoelectron spectroscopy (XPS) analysis was performed

on freshly prepared ablated boron, deposited by drop-casting on
aluminum plates, by means of a PHI 5000 VersaProbe II (ULVAC-
PHI, Inc.), using an Al anode (Al Kα 1486.6 eV), a 100 μm diameter
beam (15 kV, 25 W) and keeping the sample at 45° with respect to
the analyzer (128 channels hemispherical analyzer, operating in FAT
mode). During the data analysis, the charge was compensated by both
electron and argon ion beams. The used pass energy (PE) was
117.400 eV for survey scans (energy resolution: 1.000 eV), while for
high resolution spectra (resolution: 0.050 eV) PE was kept at 23.500
eV. The energy scale was corrected using as a reference the C−C/C−
H peak of the adventitious carbon (284.80 eV). Data were analyzed
using Multipak 9.9.2 (ULVAC-PHI, Inc.) using a Shirley background
and a Gauss-Lorentz line shape for the observed species.
Attenuated total reflection (ATR) spectra were measured by using

a Bruker Platinum ATR spectrometer equipped with a single
reflection diamond crystal in the range 4,000−400 cm−1. A single
drop of sample solution was deposited onto the sample holder and let
dry before the measurement. We recorded a background measure-
ment with 24 scans in order to subtract it to the sample measurement
(same parameters).
Fourier transform infrared (FTIR) spectroscopy measurements

were carried out with a FT/IR 7600−JASCO spectrometer (JASCO
Corporation, Tokyo, Japan) under an inert nitrogen atmosphere,
depositing sample droplets on a silica support.
Atomic force microscopy (AFM) measurements were acquired on

a sample obtained by depositing a drop of an aqueous solution of
B2O3 particles on a mica substrate. AFM measurements were
performed at room temperature with a Bruker Dimension FastScan
Microscope working in soft tapping mode by using FastScan A probes
(Bruker) with a tip radius approximately equal to 5 nm. AFM images
were obtained with a tip velocity of 15 μm/s and a target amplitude of
about 15 nm. The pixel resolution was fixed at about 1024 × 1024
points.
Differential scanning calorimetry (DSC) coupled with thermogra-

vimetric analysis (TGA) was performed using a DSC/TGA 131 EVO
(by SETARAM Instruments). Measurements were carried out on
BOND sample using about 6 mg of sample in a closed alumina
crucible under nitrogen atmosphere (flow rate 1 mL min−1). The
heating rate applied was 10 °C min−1 in the range 30−560 °C.
Thermograms were normalized to the unit weight.
Zeta potential evaluation by dynamic light scattering (DLS)

analysis was achieved by aqueous electrophoresis measurements using
a Malvern Zetasizer NanoZS instrument equipped with a 632 nm
laser with a fixed scattering angle at 173 °C. The analysis was
performed on BOND dispersion in 0.01 mM KCl at 25 °C. The zeta-
potential values (mV) were calculated from electrophoretic mobility
using the Smoluchowski relationship.

2.3. Optical Analysis. Steady-state optical absorption (OA)
spectra of BOND solutions were acquired in 1 cm quartz cuvette by
an optical fiber spectrometer (Avantes AvaSpec-uls2048cl-evo-rs) in
the range 200−1300 nm.
Time-resolved photoluminescence (TRPL) of BONDs was

investigated using the following setup: a monochromator (Spectra
Pro2300i PI Acton), a time-gated CCD camera (PI-MAX), and a
tunable pulsed laser (Opotex Vibrant) with a 10 Hz pulse frequency
and a 5 ns pulse width. Laser and CCD spectroscopy were
synchronized in order to acquire steady-state photoluminescence
(PL) spectra as a function of time delay after photoexcitation. The
emission intensity is recorded at a variable delay after the
photoexcitation during a 1 ns temporal window. PL lifetimes were
extracted by least-squares fitting of the temporal kinetics of the PL
intensity. In order to obtain steady state emission spectra, we
recorded the spectrum with a temporal window of 100 ns, exciting at
350 nm. The accuracy of the lifetime is 0.2 ns.
The emission efficiency of BONDs was evaluated by the estimation

of their quantum yield (QY), while fluxing N2, in comparison with
Coumarin 2 (purchased by Lambda Physik) diluted in water, having a
similar emission range and a QY = (94 ± 9)%.
2.4. Biological Studies. In vitro cytocompatibility assay: the

cytocompatibility of BONDs was evaluated by MTS assay on a human
bronchial epithelial cell line (16-HBE). Cells were incubated in a 96
wells plate at a density of 1.5 × 104 cells/well (200 μL) and grown in
supplemented Dulbecco’s Minimum Essential Medium (DMEM) for
24 h at 37 °C and 5% CO2. Then, the medium was replaced with a
dispersion of BONDs in DMEM (200 μL) in the concentration range
1000−25 μg mL−1. After 24 and 48 h of incubation, the dispersion
was removed and each well was washed three times with Dulbecco’s
phosphate-buffered saline (DPBS) at pH 7.4. Then, cell viability was
evaluated by MTS assay, adding to each well 120 μL of MTS assay
solution (DMEM/MTS 6:1). Then, cells were incubated for an
additional 2 h at 37 °C and 5% CO2 before reading the absorbance at
492 nm using a Microplate Reader (Multiskan Ex, Thermo
Labsystems, Finland). Cell viability was expressed as percentage of
living cells compared to the untreated control of seeded cells (100%
of cell viability). All biological experiments were performed in
triplicate.

3. RESULTS AND DISCUSSION
Figure 1a depicts the synthesis and the morphological
characterization of the boron-based nanoparticles prepared
by pulsed laser ablation in the liquid phase (PLAL). The PLAL
of a Boron target in water via high intensity nanosecond near-
infrared laser pulses generates a dark solution that contains the
B-based nanoparticles (see Experimental Section for more
details). This sample was first processed through 200 and 20
nm filters in order to remove the larger aggregates, and then
extensively analyzed by different structural and morphological
techniques.
Figure 1b shows a representative AFM image acquired from

the sample drop-cast on a mica substrate. The image displays
several hundred isolated nanoparticles spread over the probed
area (25 μm2). By analyzing the height distribution over a
population of about 1200 nanoparticles, we determine an
average height h of about 1.9 nm (Figure 1f). Moreover, we
performed high resolution AFM measurements on a smaller
area (1 μm2) where we found fewer particles than expected
and they looked like flat disks as shown in Figure S1. To
further investigate the structure of these nanoobjects, we
performed HRTEM measurements. Figure 1c, d shows the
HRTEM image of a single nanoparticle and its corresponding
Fourier Transform (FT). The high degree of crystallinity of
this nanoparticle is evident in the HRTEM image (Figure 1c).
In fact, the whole particle represents a single monocrystal with
a B2O3 hexagonal structure (Figure S3) as indicated by the
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good agreement between its 2-dimensional FT and the
calculated diffraction pattern of bulk hexagonal B2O3 (space
group P3121, space group number 152, lattice parameters of a
= 4.3351 Å and c = 8.3414 Å47) in the [421]-zone axis (Figure
1d). An overview HRTEM image acquired on a large area of
the sample (Figure S2) confirms the presence of many
crystalline B2O3 nanoparticles with different orientations.
Accordingly, the FT pattern (Figure S2) calculated from this
image shows Debye−Scherrer rings, which perfectly match the
expected pattern of bulk hexagonal B2O3.

47 This demonstrates
the formation of NPs with the same B2O3 crystalline structure

and, by extension, the structural homogeneity of the produced
nanomaterial. Moreover, the histogram of the diameter
distribution obtained by the evaluation of about 250 NPs
recorded on several HRTEM images with different magnifica-
tions is shown in Figure 1e. From these data (Figure 1e), we
calculated an average particle diameter, d, of about 13 nm.
Taking into account that the average height h of these B2O3

NPs of h < 2 nm is almost 1 order of magnitude smaller than
their average diameter d = 13 nm their morphology is better
pictured as boron oxide nano-disks (BONDs) rather than
standard spherical particles. The synthesis of so small boron

Figure 2. (a) ATR spectrum acquired for the BONDs. (b) XPS spectrum of B 1s region acquired for the BONDs (black line) and compared to the
simulated spectrum (pink line) obtained by summing four Gaussian contributions (dashed lines) peaked at 199.5, 198.0, 195.0, and 193.0 eV
respectively. The distributions peaked at 193.0 and 195.0 eV concern the B 1s region, and those peaked at 198.0 and 199.5 eV concern the Cl 2p
region.

Figure 3. Optical characterization of BONDs. (a) Absorption spectrum (black line) and different simulated contributions: Rayleigh scattering
(violet), absorption band (blue), and the sum of both (orange). (b) Photoluminescence spectrum (full line) compared with the simulated Gaussian
absorption band (dashed line). (c) Photographic picture of a colloidal suspension of BONDs in water when irradiated by a 350 nm laser beam. (d)
Excited-state decay dynamics obtained experimentally (black dots) superimposed on the best fitting curve (red line).
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oxide nano-objects is in itself very unusual in the literature,1,31

and in addition, previous reports have never observed nano-
B2O3 with the quasi-flat morphology found here. Indeed, to the
best of our knowledge, this is the first report on the synthesis
of monocrystalline B2O3 nanodisks.
To further investigate the chemical structure of BONDs, we

performed ATR and XPS measurements. Figure 2a shows a
typical ATR spectrum acquired from the BONDs. The
spectrum contains different peaks that can be attributed to
B−OH stretching (3200 cm−1), most likely due to the B−OH
groups terminating the surface of the NPs. We also observe
several B−O−B bending (730−870 cm−1) and B−O stretching
(1160−1220 cm−1 and 1380−1450 cm−1) vibrational modes
of the bulk B2O3 structure.

48

Concerning XPS, we acquired high resolution spectra of the
B 1s region and survey (1100.0−0.0 eV), displayed in Figure
2b and Figure S4, respectively. XPS survey scans reveal an
atomic composition of O 53.61 atom %, B 23.21 atom %, and
C 21.07 atom %, and traces of Na, N, S, and Cl impurities.
The energy scale of the spectra was corrected using as an

internal reference the adventitious carbon C−C/C−H peak (C
1s region, 284.80 eV, not shown). The B 1s region analysis
shows an overlap of different groups of signals: a main peak,
around 193 eV, assigned to boron; and a much smaller peak,
around 198 eV, identified as a Cl impurity. The observed B
signal consists mainly of two species: the first one (192.98 eV;
ca. 70% of the B atoms) was identified as B2O3, while the
second one (194.65 eV) shows an unusually high BE value,
indicating a strong electron withdrawal from B species. This
would indicate that the boron is bound to a relatively high
number of oxygen atoms, suggesting a perborate-like environ-
ment. Consistently, the stoichiometric ratio between boron
and oxygen found from the survey scans (B:O ≈ 0.43) is lower
than that expected for the B2O3 structure (B:O = 0.66),
pointing to an excess of oxygen. Such excess of oxygen could
also be due to boron vacancies within the bulk of the
crystalline structure and to the plentiful −OH groups present
on the surface, as revealed by ATR. It is also possible to
observe a shakeup peak (π → π*) around 198 eV, indicating
the presence of an extended network.
DSC/TGA experiments (Figure S5 and Table S1) show that

the sample is stable until 95 °C. It loses 58% of the mass in
correspondence of two endothermic peaks at 150 and 173 °C.
Such a relatively low threshold temperature for weight loss

suggests that nanodisks probably release water molecules
eventually adsorbed on the surface, together with hydroxyl
functional groups linked with surface boron atoms. After this
loss, the sample is thermally stable until at least 600 °C. We
verified that the optical properties (vide infra) are not modified
by a thermal treatment up to 180 °C (not shown). Thus, the
overall picture emerging from AFM, HRTEM, XPS and FTIR-
ATR is that the obtained sample is composed of B2O3
monocrystalline nanodisks strongly oxidized on the surface.
The negative surface structure is confirmed by zeta potential
experiments which reveal a ξ-potential of −30 ± 10 mV,
guaranteeing a high colloidal stability of BONDs in water.
After the chemical and morphological characterizations were

completed, we addressed the optical properties of the BONDs.
In Figure 3a the optical absorption spectrum of a diluted
aqueous solution of BONDs (8 mg/L) is shown. At a first
glance, the spectrum appears very broad and non clearly
resolvable, although the presence of an absorption band in the
near-UV is hinted at by the inflection of the spectrum in this
region. By carrying out an appropriate fit, the absorption
spectrum results indeed to be the sum of a Rayleigh scattering
contribution (y = 1/λ4) plus a weak and broad Gaussian band
peaked at 350 nm, as shown in Figure 3a. Photoexciting the
sample at 350 nm, a clear blue fluorescence (PL) is observed
(Figure 3c). Figure 3b shows the PL spectrum, peaking at λpeak
= 445 nm with a bandwidth of about 110 nm. By comparing
the emission intensity with that of Coumarin 2 (QY = 94%)
recorded under identical conditions, we found that boron
oxide nanoparticles have a relatively low QY, equal to about
1% when fluxing nitrogen in solution. We believe it should be
possible to increase the efficiency with some surface
passivation which should help to protect the surface and to
avoid non-radiative losses. However, the rest of the analysis
was carried out on the as-grown sample. We also measured the
decay kinetics of the emission band, shown in Figure 3d, where
the excited-state dynamics has been fitted by a stretched-
exponential law I(t) = I0exp(−(t/τ)β), obtaining a lifetime τ =
(4.0 ± 0.2) ns and a significant stretching factor β ≈ 0.75. Such
a large stretching is a typical behavior of disordered systems
and not uncommon in small emissive nanocrystals,49 being
very different from the single-exponential excited-state decay
behavior of archetypal fluorophores in solution phase. This
stretched-exponential trend is also consistent with the very
broad emission band that we observed (Figure 3b). Despite

Figure 4. (a) PL spectra acquired for BONDs on increasing Ni2+ concentration (from red to violet). In the inset, the peak intensity is plotted as a
function of the concentration. (b) The same spectra of panel a normalized by each peak intensity. In the inset, the position of the peak is shown as a
function of Ni2+ concentration.
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this inhomogeneity, the decay is independent of the emission
wavelength, and thus the band decays all together, indicating
the existence of a single type of chromophore, albeit its
heterogeneity. Therefore, the emissive centers responsible for
the emission of BONDs either experience a heterogeneous
local environments or they have themselves a significant degree
of structural heterogeneity. The electronic structure of B2O3 is
still being debated. The bandgap of its bulk form is found to be
at 5.02 eV,50 or it can be even higher as a function of the
specific structure.51 Here, we found an optical transition that
can be excited at 350 nm (3.5 eV) which is below the
hypothesized threshold. Thus, it is reasonable to associate the
blue emission to an optical transition related to some intragap
states due to some structural vacancies as boron vacancies or to
some interstitial oxygen defects.
We found that BONDs display an exceptional sensitivity to

the detection of tiny amounts of nickel ions in the solution
phase. Figure 4 shows the effects on the emission band upon
the introduction of very small concentrations of Ni2+ ions into
the solution containing the BONDs. By monitoring the PL
intensity, a gradual increase has been observed (Figure 4a) by
adding Ni2+ ions, as well as a blue-shift of the peak position
(Figure 4b). Clear changes of the optical properties can be
seen while the Ni2+ concentration is as low as 1 pM,
corresponding to about 60 pg/L or a part per quadrillion
(ppq) in weight. Such progressive spectroscopic changes are
observed until saturation develops when Ni2+ concentration
amounts to 10 nM. At such concentration, the sample reaches
an emission peak position of 417 nm, which is 28 nm blue-
shifted compared to the emission peak measured in the pristine
sample (before Ni2+ addition), and an intensity ∼3.5 times
larger than that of the bare BONDs.
The substantial changes we observe in the spectroscopic

properties indicate a very strong and selective interaction
between the BONDs and Ni2+ ions. In fact, we carried out
similar sensing studies exciting at 350 nm with an energy of 50
μJ/pulse, different solutions of BONDs with different metal
ions, namely, Ag1+, Co2+, Cu2+, Zn2+, Fe3+, Pt2+, and Pt4+ (see
Figures S6 and S7), none of which induces such important and
systematic fluorescence intensity changes nor peak shift. This
means that BONDs are selectively sensitive to Ni2+ ions, at
least among the metal ions tested in our studies. Furthermore,
focusing on the smallest concentration from which we observe
spectroscopic changes, it is evident that the capability of
BONDs to sense Ni2+ ions is extraordinary: in fact, we have
observed PL variations already at a 1 pM Ni2+ concentration,

which corresponds to less than 1 ppt. In addition, the sensor
capability is excellent in a very wide detection range spacing
from 1 to 104 pM and the detection time is just a few seconds.
This paves the way for the functional use of BONDs in the
ultrasensitive and straightforward detection of Ni2+ ions. For all
these reasons, our nanosensors coupled with portable lasers or
light-emitting devices and suitable detectors may be easily used
as a real-time and in situ Ni2+ detector with very high accuracy
and a promising selectivity.
For the sake of comparison, we recall that some of the most

sensitive techniques currently employed in environmental
pollutant sensing are high performance liquid chromatography
(HPLC), mass spectrometry, and gas chromatography (GC).
Mass spectrometry in particular can reach detection limits in
the order of parts-per-trillion (ppt, ng/L) or even parts-per-
quadrillion (ppq, pg/L).52 However, these techniques are
rather cumbersome and are not suitable for in situ measure-
ments.45 In the realm of nanotechnology, also sensors based on
graphene,53 carbon dots,54−56 fluorescent quantum dots,57

carbon nanotubes, and so on45,58 have been often reported in
the literature. Among these, very low detection thresholds have
been obtained in particular for Hg ions: for example, Zhang et
al. have reached attomolar mercury detection by combining
graphene with Au NPs;59 Amiri et al. have even achieved a
zeptomolar detection limit by using double-stranded DNA on
a gold electrode.60 However, sometimes very low detection
limits are then accompanied by rather long detection times, for
example, in the range of 0.5−1 h, whereas in other cases they
are paired with extremely narrow detection range (for example
only from 1 to 10 nM).45 BONDs are sensitive to low
quantities as pg/L of Ni2+ ions in solution, and the sensitivity
range is quite large (from 1pM to 100 nM at least). Thus,
BONDs should help to overcome the above-mentioned
problems. Interestingly, the spectroscopical modifications of
the emission band shape are also reflected in the excited-state
dynamics (Figure 5a). We compared time-resolved nano-
second decays of bare BONDs and BOND@Ni, as obtained by
exposing the nanoparticle suspension to two different
concentrations of ions (100 pM and 37 nM). Although the
three kinetics are all in agreement with stretched-exponential-
like trends, the corresponding lifetime derived by least-squares
fitting increases from τ ∼ 4.0 ns for pristine BONDs, to τ =
(4.3 ± 0.2) ns for BOND@Ni 100 pM and finally to τ = (6.2
± 0.2) ns for BOND@Ni 37 nM. Instead, the stretching factor
remains virtually identical (β ≈ 0.74).

Figure 5. (a) Comparison of excited-state decay dynamics between pristine BONDs and two BOND samples in the presence of different Ni2+
concentrations. The dotted lines are the experimental data, whereas the continuous lines are the results of the stretched-exponential fits. (b)
Comparison of ATR spectra for pristine BONDs (red line) and BOND@Ni (37 nM, violet line).
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The intensity and lifetime can be related in some particular
situations. In our case, the emission increases in the presence
of Ni2+ reaching a value which is 4 times more than the initial
value. At the same concentration, we measured the kinetics,
obtaining a lifetime increase from 4.0 to 6.2 ns (1.5 factor). So,
both intensity and lifetime increase their value, but the extent
is quite different. This suggests that the relation between the
two parameters is not simple and therefore that they can be
used as two different and independent parameters which are
controlled by the Ni2+ presence. Moreover, the emission
redshift is in turn independent of both the intensity and the
lifetime. Thus, the peak shift can be used as a third parameter
to check the presence of Ni2+. In summary, our B2O3 NPs are
sensitive to Ni2+ ions by changes in three different observables:
fluorescence intensity, peak shift, and excited-state lifetime.
This allows to build a sensor potentially working by three
different modes of detection, which drastically helps to reduce
any interference with other photoluminescence species present
in the same sample.
To investigate the enhancement mechanism, we performed

ATR (Figure 5b) and FTIR (Figure S8) analyses, carried out
on both BONDs and BOND@Ni 37 nM samples. The
experiments highlight clear variations in the spectra. In
particular, the peak centered at 3200 cm−1 undergoes a
noticeable broadening, suggesting that the Ni2+ ions are
attached to the OH groups decorating the BOND surface. At
the same time, the intensity ratio between the peak at 1380−
1450 and the peak at 1160−1220 cm−1 decreases, and a new
broad band appears at 1080−1140 cm−1 after the addition of
Ni2+ ions. Other minor variations are detectable also for the
features peaked at smaller wavenumbers: a shoulder at about
600 cm−1 appears aside the peak at 630 cm−1, while the peak at
810 cm−1 narrows down, and the intensity ratio between the
two peaks at 630 and 810 cm−1 undergo measurable changes.
Beyond the great capability as a hypersensitive Ni2+ sensor,

we verified the cytocompatibility of this new material in a
proof-of-principle test. More in detail, BONDs have been
tested on the human bronchial epithelial cell line 16-HBE, a
well-established noninvasive model of lung cells61,62 by
evaluating the mitochondrial activity using the MTS assay.
As reported in Figure 6, the sample displayed a typical dose−
response trend of cell viability values and negligible
cytotoxicity, also at very high concentrations (500 μg mL−1)
and for prolonged exposure (Figure 6b). Indeed, cell viability
after 24 and 48 h of exposure is always higher than 70%, that is

the normative limit of metabolic activity of the control. The
high cytocompatibility observed is similar to that reported for
other boron oxide nanoparticles (8−15 nm in diameter)
explored as antimicrobial agents, where a cell viability of
roughly 83% was obtained up to 5 mg mL−1.63 This result is
promising, in view of the use of BONDs as nanosensors in a
biomedical context.

4. CONCLUSION
We synthesized, for the first time, a novel type of Boron-based
nanomaterial consisting of blue-emitting B2O3 nanodisks with
a quasi-2D morphology. The synthesis is achieved by the sole
employ of pulsed laser ablation of a Boron target in liquid, thus
guaranteeing high purity of the endproduct in the absence of
toxic side-products or reagents. Through the synergy of
different experimental techniques, we characterized this new
nanomaterial revealing B2O3 crystalline nature, a quasi-flat
morphology, blue photoluminescence, and nontoxicity. The
BONDs resulted to be highly sensitive to Ni2+ ions over a very
wide detection range spacing from 1 pM to 40 nM. The
interaction of BONDs with Ni2+ leads to independent
modifications of emission intensity, peak position, and
excited-state lifetime. This allows building a sensor potentially
working down to the pg/L range, which could be used as a
real-time and in situ Ni2+ detector with very high accuracy.
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