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Having a wide range of applications, bismuth silicate-based materials (BSO) attract attention of numerous re-
searchers. Typically, they are synthesized either from active chemicals or through high-energy impact on their
precursors. The present work is the first report on BSO-based nanomaterials prepared via laser processing in

E;Z:pi:;ﬁ::;on of colloids liquid phase in which the following two-step scheme was realized: (1) Individual colloids of Bi- and Si-based
Photocatalysis nanoparticles were obtained via ablating their metallic targets in distilled water and then mixed; (2) Post-

treatment of the mixed colloid was performed with the same laser beam as in stage (1). The products ob-
tained after drying of non-treated and post-treated mixed colloids (denoted as samples BSO and BSO_hv,
respectively) were carefully characterized using a set of microscopic, spectroscopic and electrochemical analyses,
after which their photocatalytic performance in presence of model organic dye (rhodamine B) and phenol was
tested. The additional laser treatment was found to lead to active interaction between Bi- and Si-containing
species and stimulated formation of phases with Bi-O-Si bonds. The post-irradiated sample BSO_hv showed
improved stability and catalytic performance, thus opening avenues for wider use of laser processing in liquids as

a method allowing for preparation of nanostructures with complex chemical composition.

1. Introduction

Bismuth-containing silicates (Bi»SiOs, Bij2SiO29, and BisSi3012) are
known as quite attractive materials for applications in a number of
different fields. For instance, they are used in acoustic and optical de-
vices [1,2], in capacitors (including integrated and thin-film capacitors)
[3,4], in nanothermometers [5,6], as well as phosphors [7,8], sensor
components [9], and as bioactive materials [10]. Their photo-refractive
properties allow for their application as spatial light modulators [11], or
even for holographic grafting recording [12]. There are also examples of
bismuth silicates (BSOs) used as catalysts for biodiesel production [13],
and as material for fuel-cell cathodes [14]. However, the most active
area for BSO applications is photocatalysis, where BSO-based materials
were tested for water purification [15], including organic dye removal
[16], with the most popular object to decompose being rhodamin B (Rd
B) [17-21].

BSO and BSO-based materials are prepared in very different forms.
So far, with different synthetic methods employed, their glasses [5,22-
241, ceramics [4], single crystals [11,12], films and coatings [3,15,18],
nanofibers [2,16,25], powders [21,26-28] (including core@shell struc-
tures [29]), and porous materials [14,30] were reported. Among the
most common methods, electrospinning [2,25], spin-coating [18],
molten-salt method [27], chemical synthesis on silica support [29], and
post-synthetic modification [30] were mentioned. At the same time, the
most popular approaches are still solvothermal and hydrothermal
methods [13,21,31] and sol-gel synthesis [4,8,10,17,28], including the
Pechini method [19,20].

Generally, to prepare BSO materials, either active precursors
[10,17,32] or complex and high-energy treatments [2,27] are used.
Nevertheless, new preparative approaches are still anticipated which
would use less chemicals and yield high-quality materials in a most
controllable, reproducible and cost-efficient way. In light of this, using
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high-energy laser irradiation to prepare BSO nanomaterials from quite
inert Bi- and Si-containing components looks an attractive and feasible
approach, if properly realized in practice.

In the present work, we demonstrate that the pulsed laser ablation in
liquid (PLAL) method [33,34] can be used to prepare BSO-based nano-
materials from metallic Bi and Si plates. The method consists in irradi-
ation of a solid target immersed into liquid medium with high-power
laser beam, which results in generation of nanostructures [33]. Different
products for different applications can be obtained by PLAL depending
on chosen laser parameters, as well as target and liquid medium. For
example, a variety of compounds for catalytic applications were pro-
duced by this approach [35,36]. As a versatile technique, PLAL can be
performed in several modifications, with different lasers, set-ups (batch,
flow, flow jet, etc.), with different target forms (as bulk plate, pressed
powder, powder dispersion, colloid, etc.), and using liquid media with
different composition [37,38].

Importantly, since very high temperatures and large temperature
gradients are achieved locally during PLAL processing, nanomaterials
with unique morphology and phase/chemical composition were often
reported [33]. Based on this, the main motivation of the present study
was to achieve formation of BSO-based nanostructures during laser
irradiation of colloid (LIC) stage when Bi- and Si- based colloids pre-
pared via PLAL treatment of their corresponding targets were mixed and
then post-processed with the same laser beam.

While metallic Bi nanoparticles (NPs) and bismuth oxide-based NPs
obtained via PLAL were previously mentioned [39,40], no reports on
BSO nanomaterials obtained by PLAL are available in the literature,
except for our previous work devoted to fragmentation of BSO prepared
by another method [41]. Therefore, this work is the first report on BSO-
based nanomaterials prepared via laser processing which uses a two-step
scheme: (1) First, individual colloids of Bi- and Si-based NPs and species
were obtained via PLAL of their corresponding targets; (2) Post-
treatment of the two mixed colloids was performed with the same
beam, leading to the final BSO-based product. All products were care-
fully characterized, and two samples, i.e. mixed sample formed by Bi-
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and Si-based colloids and its LIC-treated counterpart, were finally
compared in terms of their performance as photocatalysts destroying
model organic dye and phenol. As a result, the post-irradiated BSO
product showed improved stability and performance.

2. Experimental
2.1. Material preparation procedures

The whole preparation procedure is presented in Fig. 1. First, Bi
(99.9%) and Si (99.99%) plates were ablated separately as targets in
distilled water by means of a Nd:YAG laser (LS-2131 M, LOTIS TII,
Belarus) with 1064 nm wavelength, 7 ns pulse duration, frequency of 20
Hz. The synthesis was carried out in cylindrical glass reactors with a
volume of 100 ml. Laser beam was focused on the target surface through
the side wall, and Bi and Si targets were ablated in pure water for 7 and
40 min, respectively. For each target, optimum energy density was
chosen individually based on its thermophysical characteristics. The
power density at the target surface was 150 and 400 MW/cm? for Bi and
Si targets, respectively, which resulted in dark-brown and cloudy rust-
colored colloids. The concentration of generated colloids was evalu-
ated through the weight loss of their corresponding targets to be 600 and
200 mg/1 for Bi and Si, respectively. Samples Bi_powder (of grayish-
white) and Si_powder (of deep-brown color) were then obtained via
drying the initial colloids in air at 60 °C. The experimental protocol used
was previously described in greater detail in our previous work [42].

Second, to obtain the ternary material, both freshly prepared Bi and
Si colloids were mixed in the atomic ratio Bi:Si equal to 2:1. The mixed
colloids were in fresh form, without separation, centrifugation and
redispersion in new medium. The actual Bi:Si ratio in samples BSO and
BSO_hv (as powders) was controlled using wavelength dispersive X-ray
spectroscopy, WDX (an XRF 1800 analyzer from Shimadzu, Japan). For
different experiments, it was found to vary from 2.03:0.97 to 1.97:1.03.
After mixing the initial individual colloids, two different processing
approaches were used. The brownish-black sample BSO is seen in Fig. 1

Nd:YAG laser

1064 nm; 20 Hz; 7 ns; 150 mJ
distilled water

Bi plate

mixing Bi:Si=2:1(at.)

Si plate

air-drying C ) C ) air-drying
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Fig. 1. Schematic presentation of all samples described in this study, their preparation and appearance.
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to be prepared via air-drying of the as-prepared mixed colloid (sample
BSO_colloid) at 60 °C. At the same time, its laser-processed counterpart,
sample BSO_hv_colloid, was produced via irradiating sample BSO -
colloid by focused laser beam for 2 h using the same laser parameters as
those applied to prepare the initial Bi and Si colloids. This time, during
laser processing, the colloid changed its color from dark-brown to pale-
yellow and turned completely transparent (see sample BSO_hv_colloid in
Fig. 1). Upon air-drying at 60 °C, it gave rise to sand-colored sample
BSO_hv.

2.2. Sample characterization

The microstructure of powder samples was studied using trans-
mission electron microscopy (TEM, HT-7700 instrument from Hitachi,
Japan) and scanning electron microscopy (SEM, Vega 3H Tescan, Czech
Republic). During microscopic studies, at least 10 images for each
sample were analyzed, after which the most representative ones were
selected to demonstrate all particle morphologies. Particle size distri-
bution for the fine fraction of the materials was calculated from TEM
images by measuring diameters of at least 2000 particles for each
sample.

Specific surface area was determined via low-temperature adsorp-
tion/desorption of N2 according to the BET method using a TriStar II
3020 tool (Micromeritics, USA). Prior to the adsorption stage, the
samples were degassed in vacuum (10~2 Torr) at 200 °C for 2 h. X-ray
diffraction (XRD) patterns were registered using an XRD 6000 diffrac-
tometer (Shimadzu, Japan) with CuKa irradiation, after which phase
analysis was performed using the PDF-4 database. X-ray photoelectron
spectroscopy (XPS) data were obtained using an ES-300 spectrometer
(Kratos Analytical Ltd., UK) with MgKa as irradiation source. Taking
into account sample charging, all binding energies were corrected by
referencing to the adventitious C 1 s peak at 285.0 eV.

FTIR and Raman spectra were obtained using a Nicolet 6700 spec-
trometer (Thermo Fisher Scientific, USA) and an inVia Raman micro-
scope (Renishaw, UK), respectively. Diffuse-reflectance UV-Vis
absorption spectra (DRS) were collected using a Cary 100SCAN spec-
trophotometer (Varian, Australia) with a DRA-CA-30I accessory (Lab-
sphere, USA). Band gap value was then calculated using the Tauc
method.

Zeta potential of colloids was measured on an Omni S/N (Broo-
khaven, USA) in ZetaPALS mode and with the help of a BI-ZTU autoti-
tration module (Brookhaven, USA) used for pH adjustment. The pH of
colloids with the concentration of 0.5 mg/ml was controlled using
diluted aqueous HNO3 and KOH.

The flat band potential (Eg,) and donor density for analyzed nano-
materials were obtained from their Mott-Shottky (M—S) plots. The latter
plots were registered using an electrochemical workstation CH 660D
(CH Instruments, USA) with a three-electrode cell. Samples were
dispersed in polystyrene solution in dichloroethane and placed on glassy
carbon working electrodes. A Pt plate and Ag/AgCl with 1 M KCl were
used as a counter electrode and a reference electrode, respectively. The
frequency of 1 kHz was fixed and potential was swept from 0 to -0.6 V to
collect data necessary for M—S plots.

To calculate the mobility of charge carriers in samples, the Mott-
Gurney law was used. For this, a solid electrochemical cell consisting
of two contact electrodes (d = 5 mm) and compressed powder tablet
between them (thickness of 1 mm) was utilized. Linear sweep voltam-
mograms in the range from 0 to + 10 V, and electrochemical impedance
spectra were registered on an SP300 potentiostat (BioLogi, France) to
determine the dielectric constants of materials. The obtained data were
then treated using the ZView (Scribner, USA) and EC-Lab (BioLogic,
France) software.

Photocatalytic activity was studied through decomposition of
aqueous solutions of rhodamine B (Rd B) and phenol (Ph) as model
compounds under illumination from an LED source (375 nm, half-width
at half-maximum of 10 nm). The initial concentrations were 5 x 10®and
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5 x 10° M for Rd B and Ph, respectively. A sample of titania P 25
(Merck) was also used as a reference for comparison. Prior to photo-
catalytic tests, dispersions of tested nanomaterials (15 mg per 30 ml) in
aqueous Rd B (or Ph) were subjected to so-called “dark” stage which
lasted for 1 h and provided proper sorption of model pollutant on the
catalyst’s surface. The concentration of organics over time was deter-
mined using a Cary 100SCAN spectrophotometer (Varian, Australia).

3. Results and discussion
3.1. Results of TEM, XRD and XPS studies

The main stages where the samples were characterized are presented
in Fig. 1. During preparation and other manipulations, we investigated
the following materials:

- Sample Si_powder, which was a dry powder prepared from Si colloid
(the latter colloid was thoroughly described in our previous reports
[43,44]);

- Sample Bi_powder, which was a dry powder prepared from Bi colloid
(also previously described elsewhere [45]);

- NPs taken from as-prepared sample Bi_colloid not subjected to a
long-term drying (their analysis allowed us to reveal the state of Bi
NPs in the freshly prepared colloid);

- Dry powder obtained after mixing Bi and Si colloids (non-irradiated
with laser, sample BSO);

- Dry powder obtained after laser-irradiation of mixed Bi and Si col-
loids (sample BSO_hv).

3.1.1. Components before mixing

Sample Bi_powder, i.e. material produced via PLAL of Bi in water and
then dried in air, was previously characterized in work [45]. It was re-
ported to consist of crystalline plates of 500 nm on average and had its
specific surface area of 1.3 mz/g (based on BET measurements). The
growth of such plates is well consistent with previous results reported
elsewhere [46]. It was revealed from the XRD data that such plates
contained monoclinic a-BizOs, tetragonal bismuth subcarbonate, and
orthorhombic bismuth subcarbonate hydroxide as components [45].
Since bismuth is well-known for its high affinity to carbon, it was
assumed that the carbonate phases were formed during colloid’s drying
in air. The question still remained whether bismuth oxide presented in
the colloid was formed during laser treatment of Bi target or it was
generated during drying process. Previously, Bulmahn et al. [46] showed
that oxide nanoplates grew after drying or keeping their ablated colloid
for some time in air. To reveal this in the present work, and to minimize
contact time with air, the freshly prepared sample Bi_colloid was
immediately drop-cast on a microscopic copper grid, air-dried for a short
period of time and then placed into microscope’s vacuum chamber. Thus
prepared sample demonstrated that in its laser-prepared colloid, Bi was
in its metallic form, exhibiting spherical NPs of 3 to 35 nm in size, the
majority of which being around 10 nm (see Fig. S1, as well as SAED data
as inset therein, Supplementary Materials). Hence, freshly-ablated colloid
of bismuth was in its metallic form before it was mixed with sample
Si_colloid.

Samples Si_colloid and Si_powder were also characterized and
described in our previous work [43]. Silicon ablated in water was shown
to be a colloid of Si NPs with sizes in the range of 2-40 nm, also having
SiO4 and Si@SiO4 core—shell structures, as well as shapeless elongated
species (hereafter referred to as soluble silicon compounds). Upon air-
drying, Si@SiO NPs of the same size were formed (with their Spgr
being of 400 m%/g) that agglomerated after heating. Thus, before mixing
with sample Bi_colloid, sample Si_colloid was a mixture of partly
oxidized silicon nanostructures and soluble silicon compounds. Conse-
quently, when freshly prepared samples Bi_colloid and Si_colloid are
mixed, they contain metallic Bi NPs (3-35 nm in size), those of Si, SiO;
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and Si@SiO,, and soluble silicon compounds. Upon mixing, all these
components were the only reactants to give rise to new products.

3.1.2. Products of colloid mixing

At first, samples Bi_colloid and Si_colloid were mixed at atomic ratio
Bi:Si = 2:1, which gave us sample BSO_colloid. A part of this sample was
dried, turning to a brownish-black powder. TEM images of the latter
powder (sample BSO) showed agglomerates of nearly spherical NPs of
2.5 to 60 nm in size, with the majority being around 10 nm (Fig. S2a).
TEM analysis of the finest fraction does not present the whole picture in
case of many nanomaterials, which is why TEM is normally used in
combination with SEM. SEM images of sample BSO did not permit easily
to distinguish individual large NPs and dense agglomerates of smaller
ones. Nevertheless, the fraction of small particles was found to be un-
questionably more abundant than that of large ones (in terms of their
numbers). The sample is seen in Fig. S2a to demonstrate a slightly
asymmetric size distribution peak for its fine fraction, which is well
consistent with previously reported data for other laser-generated or
laser-processed materials [37,47,48]. The BET specific surface area of
this material (characterizing its overall micro-dimensions) was found to
be around 41 cm®/g. The SAED data (inset in Fig. 2a) suggested mainly
amorphous nature of the particles obtained. Based on its XRD pattern
(Fig. 3), only metallic Bi was found in sample BSO (PDF-4 #04-007-
9968), while no diffraction patters of Si-containing compounds were
found. The presence of metallic bismuth was also confirmed by SEM
images obtained in the back-scattering mode or BSE (z-contrast mode).
That is, heavier elements (with larger 2) reflect more electrons, which
makes their location look as brighter spots in SEM images. As a result, for
example, in a mixture of metal oxide and metallic NPs of the same metal,
the latter metallic particles will look brighter than those of metal oxide.
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BSO_hv /,

% Bi metal (PDF-4 #04-007-9968)

Fig. 3. XRD patterns of samples BSO (brown) and BSO_hv (green).

In Fig. 2c¢, metallic Bi NPs are seen as brighter spots surrounded by
darker amorphous Si-based background. Thus, one can conclude that
sample BSO demonstrates no clear signs of chemical reactions between
Bi and Si-containing nanomaterials.

Here, it should be noted that (i) unlike dry sample Bi_colloid, no
bismuth oxidation was observed in dried sample BSO; (ii) the structure
of dry sample BSO as powder was also found to be different from sample
Bi_powder. More specifically, no plate formation but mainly spherical
NPs were detected in the mixture of Si and Bi colloids which was not
subjected to further irradiation. Presumably, this could be caused by
smaller Si NPs (with large surface area) covering bigger Bi NPs, which

Fig. 2. (a,b) TEM and (c,d) SEM BSE images of samples BSO (a, ¢) and BSO_hv (b, d). Insets in panels (a) and (b) show SAEDs and TEM images with higher

magnification.
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thus prevented the latter NPs from oxidation and carbonate-phase for-
mation upon their drying. Also, since the Bi NPs had their surface
covered and thus “passivated”, they could not recrystallize into plates.

To get more insight about chemical composition, XPS analysis of
sample BSO was carried out, with its survey spectrum and elemental
composition of its surface presented in Fig.S3 and Table S1, respectively
(see Supplementary Materials). Fig. 4a, 4c and 4e show narrow-scan XPS
spectra of Bi, O, and Si for this sample. The values of binding energy
from different sources for the experimental spectra analysis provided in
Table S2.

The main component of the Bi 4f spectrum in Fig. 4a cannot be easily
related to bismuth oxide (Table S2). According to report [17], the shift of
this doublet observed in our work clearly points at the presence of Si-O-
Bi bonding on the material’s surface. The shoulders observed at lower
energy (157 eV and its companion at 162.3 eV) are indicators of metallic
Bi [49]. Since XPS is a method analyzing a very shallow surface layer,
the conclusion on the content of metallic Bi cannot be drawn from XPS
alone. As discussed above, upon mixing two colloids, Bi based particles
from sample Bi_colloid were covered with smaller NPs and other com-
ponents of sample Si_colloid. Thus, the content of metallic Bi in the
surface layer of the mixed sample BSO is not high.

The Si 2p spectrum of sample BSO was deconvoluted using four
components (Fig. 4c). Accordingly, the sample was concluded to have
the following surface species (Table S2, also see articles [49,50]): car-
bides (101.0 eV), silicates (102.1 eV), SiO- or silicates (103.2 eV) and
SiO3 (104.1 eV). XPS spectra of Si NPs previously prepared with the
same setup and corresponding to sample Si_powder (prepared from
Si_colloid before it was mixed with Bi NPs) can be found in our previous
report [44]. Since only signals of Si and SiO, bonds were observed for
such Si NPs [44], obviously mixing samples Si_colloid and Bi_colloid led
to some interactions between their components.

In the O 1 s spectrum of sample Si_powder, mainly SiO2 bonds were
previously observed [44]. After mixing Si and Bi- based colloids, the O 1
s spectrum of sample BSO was curve-fitted with two components
(Fig. 4c) which were assigned to oxygen from lattice O (from silicates or
Biy03) observed at 530.2 eV and to SiO», silicates or carbonates seen at
532.4 eV (Table S2, [51]). This also points at interactions between Si and
Bi components in the mixed colloid even without additional laser
treatment.

The XPS C 1 s spectrum recorded for sample BSO is shown in Fig. S4.
It demonstrates carbides, carbonates, amorphous C, and possibly groups
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such as -COOH and —CO as surface species. As mentioned above, the Si
2p spectrum of this sample also showed carbide species; hence the
sample contains some amount of surface SiC bonds.

Thus, on the basis of the above described results, one can conclude
that sample BSO had metallic Bi as its main component, which was
covered with layers of SiO, and amorphous SiOx, and some amount of
SiC. Certain degree of chemical interaction between Bi and Si could be
observed, with some amount of surface Si-O-Bi bonds detected by XPS.
The latter bonds could be product of fast reactions between Bi NPs when
those came to contact with soluble silicon compounds, which occurred
shortly after mixing freshly-prepared colloids of Bi and Si. Importantly,
however, such Si-O-Bi species were present at trace amounts.

3.1.3. Products of mixing and subsequent LIC processing

As shown in Fig. 1, the mixture of samples Bi_colloid and Si_colloid
was subjected to LIC processing. When choosing the irradiation time, we
checked both absorption spectra and visual color changes of the irra-
diated sample. After irradiation for as long as 2 h, the sample changed
color from dark-brown to pale-yellow and turned transparent (see
Fig. 1), showing no further spectral changes. After drying this colloid, a
sand-colored powder of sample BSO_hv was obtained. Its TEM image is
seen in Fig. 2b to demonstrate agglomerates of rather shapeless and
amorphous particles with typical sizes between 3 and 50 nm. The size
distribution for its fine fraction obtained from TEM images is presented
in Fig. S2b. It is seen to be slightly narrower than that of sample BSO
(Fig. S2a), which is believed to be explained by secondary interaction of
its particles with laser beam, as well as partial fragmentation of larger
particles under irradiation.

The specific surface area of about 55 cm®/g was measured for sample
BSO_hv, being larger than that of its non-treated BSO counterpart. The
SEM BSE image of sample BSO_hv is presented in Fig. 2d. It is seen that
the number of bright spots present in the irradiated sample BSO_hv is
much smaller than in sample BSO (Fig. 2c), while in general the gray
color of its “matrix” is more homogeneous. This implies that during
irradiation with laser beam, metallic Bi inclusions reacted with other
components of the system, forming much more homogeneous material
in terms of phases.

The XRD pattern of sample BSO_hv showed its mainly amorphous
nature, as well seen in Fig. 3 (green pattern). However, some reflexes
could be seen in its SAED pattern (inset in Fig. 2b) which can be
attributed to SiO, (PDF-4 #00-012-0708), BiO;,5 (PDF-4 #04-005-

e
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4788) and BiySi3O0g (PDF-4 #04-013-6743) phases. This observation can
point at possible formation of a joint phase that contains both Bi and Si
atoms. However, the forming phases could be amorphous and as such
generally invisible for XRD analysis. This can also be confirmed by the
fact that thermal treatment of the sample at 600 °C led to the complete
formation of the Bi»SiOs phase (PDF-4 #00-036-0287, see Fig. S5).

Analysis of XPS spectra of BSO_hv exhibited in Fig. 4b, 4d, 4f permits
to conclude that the Bi/O and Bi/Si ratios increased in comparison with
sample BSO (Table S1). This finding also permits to conclude that
sample BSO had more O and Si on its surface, thus also implying that in
sample BSO_hv the components were mixed more homogeneously,
presumably down to atomic level. In other words, some chemical in-
teractions took place during laser treatment.

The Bi 4f core-level spectrum of sample BSO_hv is generally identical
to that of its BSO counterpart, implying Si-O-Bi and some metallic Bi
species on both surfaces (see Fig. 4a and b, Table S2). Since metallic
bismuth is not well-seen in the SEM image of the laser-irradiated sample
(Fig. 2d), its amount is believed to be very low. Therefore, it can be
assumed that only the largest metallic Bi NPs could survive the second
laser treatment, while the majority of metallic Bi reacted under irradi-
ation (see also SEM images and discussion above).

In Fig. 4f, all the four components of the XPS Si 2p spectrum of
sample BSO_hv can be assigned to SiO5 and silicates (Table S2). As seen
in Fig. 4e, a part of Si atoms in sample BSO were present in the form of
carbide SiC (see Table S2 and discussion above). At the same time, in the
spectrum of sample BSO_hv (Fig. 4f) the signal at 101.1 eV is more likely
to belong to other species rather than SiC (Table S2). In parallel, the XPS
C 1 s spectrum of the laser-irradiated sample showed a decrease in
surface carbides and increase in surface carbonates and functional
groups (see Fig. S4b and Table S2). Therefore, it is reasonable to
conclude that surface SiC phase observed for non-irradiated sample BSO
interacted with other components and disappeared during laser
irradiation.

The O 1 s spectrum of sample BSO_hv demonstrated the biggest
contrast when compared with that of sample BSO (Fig. 4c and 4d). This
implies that the nature of oxygen states changed significantly after
additional laser processing of mixed Bi and Si colloids. A component at
532.5 eV almost disappeared, while two additional components
emerged at 528.1 and 531.4 eV. The components of the XPS O 1 s peak
are spread wider in Fig. 4d, which may point at the presence of Si-O-Bi
species (Table S2), while the new component emerging at 531.4 eV
belongs to silicates, carbonates or hydrates (see Table S2 and [51-53]).
So, the significant changes found in surface oxygen species once again
point at chemical interactions between Bi- and Si-based species during
LIC treatment.

It is thus clear that sample BSO_hv has more products of chemical
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reactions between Bi and Si colloids. Possibly, when stimulated by laser
irradiation, Bi further reacts with soluble silicon compounds. It could
also react with Si, SiO, and Si@SiO; nanostructures as main components
of the Si colloid. In any case, additional irradiation of the mixture of
samples Bi_colloid and Si_colloid led to a product with new composition
and structure, and most importantly with Bi-Si-O species as its main
component.

Thus, when a mixture of Si and Bi colloids is exposed to high-power
focused pulsed laser irradiation, this initiates interactions between Bi
and Si NPs and leads to the formation of more complex phases, i.e.,
bismuth silicates. In this work, we did not aim at studying thoroughly all
the mechanisms involved in the formation of these new phases under LIC
treatment, which will be a goal of our future research.

3.2. Spectroscopic study

Absorption FTIR spectra of samples BSO and BSO_hv are presented in
Fig. 5a. The set of absorption bands seen in the range from 400 to 600
em™! is quite difficult to interpret. According to the literature [54-56],
they can be assigned to different vibrations related to Si-O and Bi-O
bonds, both in bismuth oxides and silicates. For sample BSO_hv sub-
jected to high-power laser irradiation, a pronounced peak appears
around 890 cm™!, which can be attributed to the vibrations of HSi-Os3.
This correlates with the data previously reported elsewhere [57,58],
including those obtained for silicon laser-ablation in water [44,58].
Also, for this sample, a shoulder around 845 cm™! can be distinguished,
which is attributed to the vibrations of Bi-O-Si [55-57,59]. The ab-
sorption band observed in the range of 1000-1200 cm™ belongs to
longitudinal-optic (LO) and transverse-optic (TO) components of the
stretching vibration mode in Si-O-Si bonds found in (SiO4)’4 and (SiOG)'6
rings [44,54]. For the sample obtained from BSO_colloid subjected to
laser post-treatment, there is a pronounced maximum at 1100 cm™?,
which is attributed to the stretching Si-O-Si mode in amorphous SiO».
For the non-irradiated sample BSO, the maximum associated with Si-O-
Si vibrations is shifted to 1040 cm™!. Absorption in the range of
1300-1500 cm ™! seen for both samples is most likely related to carbo-
naceous components (stretching modes of COs2 or other carbon-
containing species) whose presence was detected by XPS (see section
3.1). A small peak at 1640 cm ™! and bands in the range of 2500-3900
em ™! (not shown in Fig. 5) correspond to the bending and stretching
vibrations of HO and OH-groups [54], which is not surprising since the
samples were generated in water and were not subjected to heat treat-
ment above 50-60 °C.

Thus, the FTIR spectra in Fig. 5a permit to assume that additional
laser processing: (i) increased the proportion of HSi-O3 bonds; (ii) led to
redistribution of (Si04)’4 and (SiOG)’6 rings; (iii) stimulated formation of

8@ BSO hv § s b .z
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BSO 3
o
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Raman shift (cm™)

Fig. 5. (a) FTIR absorption and (b) Raman shift spectra of samples BSO (brown) and BSO_hv (green).
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the Bi-O-Si interface.

Raman shift spectra are seen in Fig. 5b to be fundamentally different
for these two samples. The spectrum of sample BSO clearly shows a peak
of crystalline silicon at ~ 520 em™* [60], agreeing well with previous
results of others who also detected crystalline silicon in laser-produced
and then dried colloids [43,44]. It is thus seen that this sample had
non-reacted silicon coming from the original dispersion, which was not
detected by XRD and SAED. The two bands at ~ 98 and 185 cm™! refer
to vibrations of metallic bismuth, which was previously confirmed by
XRD data. A typical Raman spectrum of bismuth is known to have two
modes at ~ 71 and 98 cm ™! which are coming from first-order optical
vibrations in rhombohedral bismuth and correspond to doubly degen-
erate E; and nondegenerate A1 phonon modes, respectively [61,62].
There is also a weak broadened band of second-order vibrations of
metallic bismuth at 185 cm ™! consisting of three overtones of close
frequencies [62,63].

As was mentioned in section 3.1, drying the colloid of individual
bismuth NPs in air was found to result in their complete oxidation.
However, in a mixture with its silicon colloid counterpart, such oxida-
tion did not occur. Silicon, its oxides and soluble silicon compounds
from its colloid were believed to cover bismuth NPs, protecting them
from oxidation and restructuring. In addition, small amounts of product
formed upon mixing bismuth and silicon colloids (previously described
in section 3.1) could also act as protective layer and prevent fast
oxidation into bismuth oxides. Thus, the main structures found in the
Raman spectrum of sample BSO were crystalline non-reacted silicon and
metallic bismuth.

The Raman spectrum of laser-treated sample BSO_hv had a very low
intensity and exhibited two bands in the short-wavenumber range and a
wide structureless band around 200-600 cm ™! with an apex at ~ 400
cm ™}, which is characteristic of an amorphous material. Based on band
position, one can assume that they all reflect initial formation stage of
B-bismuth oxide and/or bismuth silicate Bi3SiOs. The main signals are
seen in the range of 120-150 cm ™! and refer to heavy metal ion vibra-
tions, i.e. those involving the motion of Bi*® cations in BiO3 pyramidal
units from bismuth oxide [64,65], as well as to lattice vibrations in
bismuth silicate [64,66]. The broad band with a maximum at about 400
cm’l, as first assumption, can be associated with the most intense vi-
brations at 295 and 372 ¢cm ! characteristic of BiySiOs [66], which is
believed to be forming in this sample.

Thus, FTIR and Raman data confirmed that additional LIC treatment
of the mixed Si and Bi colloid stimulated formation of nanomaterials
that contain both Bi and Si atoms in one phase (bismuth silicates), while
metallic Bi and non-reacted Si species remained mainly unreacted in the
similar sample BSO which was not subjected to LIC processing.

3.3. Optical properties

The optical properties of two obtained powders were investigated by
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means of the UV-vis diffuse reflectance technique (Fig. 6a). Sample BSO,
being a black powder, exhibited structureless absorption within a wide
range of spectrum (see brown spectrum in panel (a)). This can be related
to presence of metallic bismuth as was detected by XRD and Raman shift
spectroscopy. Its laser-irradiated counterpart (sample BSO_hv) showed
quite different optical properties (green spectrum in panel (a)).
Irradiation-caused structural transformations are well-seen to lead to
appearance of spectral features in sample BSO_colloid that are charac-
teristic of semiconducting oxides and bismuth silicates. Unlike the
featureless absorption demonstrated by the non-irradiated sample, a
pronounced absorption edge up to ~ 360 nm and a wide shoulder be-
tween 400 and 600 nm are seen in the spectrum of the treated sample.
An intense absorption observed in the UV range can be attributed to
metasilicate Bi»SiOs as it begins forming in the sample. The latter met-
asilicate is known to be a direct-gap semiconductor with a band gap of
about 3.5 eV [54,56]. The same value of E; was obtained for sample
BSO_hv using the Tauc method (Fig. 6b) and the following equation:

ahv = k(hw — E,)?

Where n = 4 was chosen as a value characteristic of direct-gap
semiconductors. The shoulder found in the visible spectral range can
be attributed to the diffusion of the absorption band edge (the so-called
Urbach tail), which is typical for small-sized defects and disorders in
semiconductor nanostructures and thin films [67-69]. Alternatively, this
could be caused by initial formation of some amount of oxide B-Bi;O3
with its Eg of ~ 2.4 eV, which is a non-direct-gap semiconductor that
absorbs in this spectral region [54].

3.4. Surface properties

3.4.1. Zeta potential measurements

The dependence of zeta potential of samples BSO and BSO_hv (whose
powders were dispersed in water) on pH is presented in Fig. 7. The initial
dispersion of powder BSO was found to have pH ~ 7 and the zeta po-
tential of its particles was vastly negative (-33.0 mV). When the pH of its
dispersion decreased, the potential gradually went towards positive
values, reaching ~ 32.0 mV in acidic medium with pH 3.7 (Fig. 7a). The
surface recharging was found to take place at pH of about 5.5.

Its freshly prepared counterpart, sample BSO_hy, is seen in Fig. 7b to
demonstrate pH of around 5.5, its zeta potential value being positive and
quite high (+25.9 mV). When the acidity of its aqueous dispersion was
decreased, the potential decreased, demonstrating that its particles’
surface recharged at pH of 7.6. It is worth noting that in alkaline media
with pH over 9, the potential of sample BSO_hv increased (Fig. 7b),
which is believed to be associated with changes of surface composition
occurring in alkali media.

Thus, both powders are characterized with high zeta potential
values, which means their dispersions in water should exhibit high
stability. This is quite an important characteristic for their potential

Fig. 6. (a) UV-Vis DRS of samples BSO and BSO_hv as powders. (b) Tauc plots (Ahv)? vs. photon energy (hv) for sample BSO_hv.
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Fig. 7. Zeta potential dependence on pH measured for samples BSO (a) and BSO_hv (b) dispersed in water. Direction of pH change during titration is shown

with arrows.

applications, for example, in catalysis or photocatalysis in aqueous
media. Interestingly, the sign of the initial zeta potentials of the two
samples was different. The colloid prepared via redispersion of sample
Bi_powder was not stable (large layered lamellar structures), which is
why its zeta-potential was not evaluated. The zeta potential of sample
Si_powder was found to be -30.0 mV, which is close to the value
registered for sample BSO This allows us to conclude that the surface
properties of NPs in sample BSO are determined by those of their pre-
cursor particles ablated from Si target in water. This proves one more
time that the NPs in sample BSO obtained by mixing consisted of Bi
particles from sample Bi_colloid covered with species from sample
Si_colloid. Such a coating protected sample BSO from further oxidation,
and, as seen in Fig. 7, it also provided its NPs with better stability over
pH in comparison with that of sample BSO_hv. The latter sample
exhibited a knee-point, implying significant surface composition
changes at pH around 9 and larger.

Overall, the zeta potential measurements also confirm that addi-
tional irradiation of the joint colloid led to significant changes in both
chemical composition of the product material and its surface properties.

3.4.2. Electrochemical characterization

To estimate the values of flat band potential (Eg,) and the donor
density (Np) in the two materials, the Mott-Schottky (M—S) approach
was applied. Note that the non-irradiated sample BSO containing
metallic Bi is still covered with silica-based species, which should
determine the surface properties of this nanomaterial (see section 3.4.1).
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Fig. 8. Mott-Schottky plots for samples BSO (brown curve) and BSO_hv (green
curve) obtained in 0.5 M Na,SO,4 at 1 kHz.

0.0

That is why it can be tested as a semiconductor. Fig. 8 demonstrates
M-S plots of samples BSO and BSO_hv which are typical of n-type
semiconductors, while the calculated values of Eg, and Np are given in
Table 1. Even though it is known that for n-type semiconductors there is
often a negative shift in Eg, values [70], the obtained data can be
analyzed, and at least the calculated values can be compared with each
other.

Itisseenin Table 1 that calculations for both materials revealed quite
similar and rather large donor densities for the samples. Both samples
exhibited high negative values of Eg, which might cause their good
performance as photocatalysts, for example, for hydrogen production
through water splitting. At the same time, sample BSO_hv is seen to be
characterized with a lower flat band potential value.

Charge carrier mobility (1) was estimated using the Mott-Gurney low
[71,72] on the basis of the results of linear sweep voltammetry and
electrochemical impedance spectroscopy obtained for the powder
samples in a solid electrochemical cell. The u values of about 50 and
3000 cm?/V +s were obtained for samples BSO and BSO_hv, respectively.
Hence, the post-irradiated sample consisting of Bi-Si-O phases exhibited
a much better charge carrier mobility, pointing at its better potential for
photocatalytic applications.

3.5. Catalytic activity in photodegradation of organics

Photocatalytic activity of the materials was evaluated in the
decomposition of rhodamine B (Rd B) and phenol (Ph) as model organics
in presence of LED irradiation. Spectra of Rd B subjected to photode-
composition are seen in Fig. 9a to demonstrate a hypsochromic shift of
the dye’s absorption maximum in presence of both materials (for brev-
ity, only spectra for sample BSO_hv are presented). Such a hypsochromic
shift is known to be associated with formation of a number of N-
diethylated Rd B intermediates (n,n-diethyl-n’-ethylrhodamine, n,n-
diethyl- rhodamine, and rhodamine) [73,74]. In Fig. 9a the shift from
553 to 495 nm is seen to proceed stepwise during 4 h of irradiation. The
latter peak (at 495 nm) can be attributed to the absorption of rhodamine
(Rd), more specifically, Rd 110, which is the product of complete N-
diethylation of Rd B [74]. The decrease in intensity at 553 nm can be
connected with both N-diethylation of Rd B and Rd B structure

Table 1
Flat band potential and donor density values calculated from the M—S plots for
samples BSO and BSO_hv.

Sample Eg, vs. NHE (V) Np (m~3)
BSO -1.15 10%*
BSO_hv -0.81 10%
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Fig. 9. (a) Temporal changes of Rd B absorption spectrum in presence of BSO_hv. (b) Adsorption isotherm of Rd B on BSO_hv (experimental data, and Langmuir (L)
and Langmuir-Freundlich (L-F) models). (¢) Kinetic data of Rd B decomposition in presence of samples BSO (brown circles), BSO_hv (green squares), P 25 (pink
diamonds) and reference without catalyst (black triangles). (d) Recycling properties of BSO_hv for photocatalytic degradation of Rd B.

decomposition to simpler molecules with lower molecular weight. For
sample BSO_hv presented in Fig. 9a, irradiation for 4 h led to complete
disappearance of Rd B. At this point, the solution contained N-dieth-
ylation intermediates, and further irradiation resulted in cleavage of
their aromatic rings followed by gradual mineralization. Continuous
irradiation for 8 h provided complete dye decomposition, while the final
solution still could contain intermediates of aromatic ring cleavage, such
as malonic and oxalic acid which absorb in the UV range.

Since the photodegradation of Rd B proceeds through the formation
of intermediates, which changes the Rd B absorption, to obtain kinetic
curves shown in Fig. 9c, deconvolution using the OMNIC software
(Fig. 9a, insets) was carried out. The starting point was aqueous Rd B
after its storage in the dark together with catalyst (red spectrum and
upper-left inset in Fig. 9a). Its peak can be deconvoluted to two main
peaks with their maxima at 520 and 553 nm, corresponding to H-dimers
and monomers of Rd B, respectively (metachromasy effect) [75]. Like-
wise, the spectrum of fully diethylated Rd can be decomposed into two
components at 496 and 467 nm (purple curve taken after 7 h and lower-
left inset, Fig. 9a). Based on the deconvolution of Rd B and Rd spectra,
the transitional spectra were decomposed (see for example, lower-right
inset, Fig. 9a), considering that they had components characteristic of
both Rd B and Rd in their spectra. The optical density at 520 and 540 nm
increased, pointing at the products of incomplete Rd B diethylation,
which is why only the peak at 553 nm was used to calculate the Rd B
concentration during photocatalytic tests.

Reaction order and rate constants were calculated by means of the
differential method in the |[In(AC/At)| — |[InAC| coordinates. The reac-
tion order was calculated from the slope and the InK was obtained from
the intercept (an example is presented in Fig.S6 in Supplementary Ma-
terials). The obtained kinetic parameters are provided in Table 2.

Table 2
Calculated data on Rd B adsorption and kinetic parameters on its photocatalytic
degradation.

Sample  Rd B sorption Kapp Kinetic R?
(%) (min~1) order (first order
curves)
BSO 6 0.0150 0.97 0.975
BSO_hv 10 0.0182 1.00 0.979
P25 18 0.0424 1.00 0.995

According to the literature, photocatalytic degradation of Rd B dye

can be described with the Langmuir kinetic model:
dC _ kK.C
dt  K.uC+1

= (€8]

where r is the photocatalytic reaction rate, C is the concentration of
Rd B at time t (min), k, the reaction rate constant (min_l), and K,q the
adsorption constant of Rd B on catalyst’s surface (M’l). The latter
adsorption constants were calculated from the adsorption isotherms.
Such an isotherm obtained for sample BSO_hv is presented in Fig. 9b.
Here, two models were found suitable to fit experimental data, the
classic Langmuir (L.) model and the Langmuir-Freundlich (L.-M.) model
which is used to describe adsorption on inhomogeneous surfaces (purple
and red curves in Fig. 9b, respectively). As the latter model fitted the
obtained data better (R?> = 0.996, Fig. 9b), it was chosen to be used for
further calculations.

The results of multiplication of Rd B concentration and calculated
adsorption constants were found to be low enough (~107). That is why
the KoqC in Eq. (1) could be neglected, leading to the kinetic model of the
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first order:

C
In—= — kKt =

G (2)

- kﬂﬁp’

where Cj is the initial Rd B concentration, C its concentration at time
t (min), and kypp is the apparent reaction rate constant. The curves
plotted in the In Cy/C - t coordinated can be linearized (Fig.S7) with R?
values of 0.975 and 0.979 (for samples BSO_hv and BSO, respectively).

Irradiation of Rd B solution without any catalyst for 8 h was found
not to result in any noticeable decomposition, as well seen in Fig. 9¢
(black triangles). Degradation efficiency achieved in presence of sample
BSO was 27 % after 8 h, while sample BSO_hv was able to degrade 100%
of Rd B after as long as only 4 h. Sample P 25 was found to cause full
decolorization of Rd B after 2 h, while at this point its counterpart
sample BSO_hv was able to decay ~ 50% of the dye. Thus, the latter
laser-prepared material did not surpass the commercial titania-based
standard, but still demonstrated comparable performance even having
a lower sorption ability (Table 2).

The catalytic activity of nanomaterials is known often to decrease or
even disappear as a result of their interactions with the products of
photocatalysis or because of photo-corrosion. That is why stability of
sample BSO_hv was tested over repeated photocatalytic cycles, each
being run for 8 h. We ran nine identic cycles of Rd B photo-degradation
with same BSO_hv material, monitoring Rd B degradation through
disappearance of the peak at 495 nm (see curve 8 in Fig. 9a).

It was found that 5 x 10 M Rd B could be completely removed from
the solution during 4 sequential cycles (Fig. 9d). After cycle 5, some
amount of the dye remained in the solution, while after cycle 6, 20% of
initial dye still remained untouched. The trend continued, and after
cycle 9, almost 50% of Rd B remained intact. Unfortunately, no phase
and structural changes of the catalyst could be monitored during this
test, as sample BSO_hv has no long-range order and thus cannot be
investigated by means of either XRD or Raman methods.

The photocatalytic activity of both catalysts, BSO and BSO_hv, was
also studied in the process of pH degradation during 8 h of irradiation.
For comparison, a similar experiment with catalyst P 25 as reference was
carried out. Phenol is known to be quite a stable model compound with
low decomposition rates. Figure S8 shows absorption spectra of pH
before and after 8 h of irradiation in presence of sample BSO_hv. It is
seen that after 8 h of irradiation in presence of the novel catalyst, the Ph
absorption peak decreased, while additional absorption peaks at
240-250 and 380-390 nm appeared. These additional components point
at the formation of intermediates, more specifically p-benzoquinone
(246 nm) and hydroquinone (389 nm) [76]. Since these components
make the determination of remaining phenol concentration difficult, the
percentage of decomposition was evaluated from the luminescence
spectra of phenol (see Fig.S8, inset). As seen in Fig. 10 and Table 3, only
sample BSO_hv catalyzed Ph decomposition, while samples P 25 and
BSO were inactive. Thus, while reference catalyst P 25 performed better
in case of Rd B, the newly developed sample BSO_hv over-performed it
decomposing phenol.

Thus, of all the materials obtained in this work, sample BSO_hv
exhibited better photocatalytic performance in decomposing organics,
both Rd B and Ph. This can be linked to: (i) the presence of Bi»SiOs in this
material; (ii) more homogeneous structure and composition of sample
BSO_hv in comparison with its non-irradiated counterpart; (iii) its
semiconducting properties which are different from those of sample BSO
(lower flat band potential and higher charge carrier mobility). That is,
the additional LIC treatment led to formation of an efficient
photocatalytically-active material.

4. Conclusion

Two individual colloids of Bi- and Si-based nanoparticles were ob-
tained via laser ablation of corresponding targets in distilled water. The
as-prepared colloids were then mixed, after which one part was kept

10

Applied Surface Science 575 (2022) 151732

= @ |njtial solution
= BSO
e BSO _hv

cesees P 25
" 20+

PL inten

320 340

A (nm)

Fig. 10. Photoluminescence spectra of phenol before (black dashed curve) and
after photocatalytic test with catalysts: BSO (brown curve), BSO_hv (green
curve), P 25 (pink dotted curve). The excitation source used for PL had Aex =
270 nm. Note that the curves corresponding to initial solution (black), sample
BSO (brown) and reference sample P 25 (pink) practically coincide.

280 300

360

380

Table 3
Phenol decomposition efficiency.

Catalyst Ph decomposition (%)
None 0

P25 0

BSO 0

BSO_hv 23

untreated (sample BSO) and the other one was post-treated with the
same laser beam (sample BSO_hv). The non-treated sample BSO was
found to consist of metallic Bi nanoparticles (as the main component)
covered with layers of SiO, and amorphous SiOy, with some products of
Bi and Si interaction apparently present at trace amounts. Meanwhile,
the post-treated sample BSO_hv clearly demonstrated presence of Bi-Si-O
species, implying bismuth silicates as its main component. Thus, expo-
sure of mixed laser-generated Si- and Bi- based colloids to high-power
focused pulsed laser radiation is shown to initiate interactions be-
tween Bi and Si species, resulting in formation of Bi-O-Si bonds char-
acteristic of bismuth silicates.

More detailed characterization of sample BSO_hv revealed its main
product with Bi-Si-O species was metasilicate Bi3SiOs with a band gap of
3.5 eV. Meanwhile, sample BSO exhibited more metallic rather than
semiconducting behavior, implying that metallic Bi phase remained
mainly unchanged in this material. Both samples were calculated to
have high negative values of flat band potential and high donor density.
At the same time, the post-irradiated sample exhibited much better
charge carrier mobility, implying better potential for photocatalytic
applications. Photocatalytic tests carried out with rhodamine B and
phenol confirmed that sample BSO_hv indeed decomposed both organics
better than its non-irradiated counterpart (sample BSO). Thus, for the
first time it was shown that additional post-treatment of mixed indi-
vidual colloids of Bi and Si nanoparticles led to formation of a
photocatalytically-active and stable nanomaterial based on bismuth
silicates.
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