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GRAPHICAL ABSTRACT

HIGHLIGHTS

« Dissolved gases have an influence over the morphology of the bismuth nanostructures.
+ CO, saturation results in the formation of bismuth oxide carbonate nanosheets.
« At high fluences, the breakdown of water serves as an alternative source of oxygen.

ARTICLE INFO ABSTRACT

Keywords: Bismuth oxide nanomaterials are increasingly recognized for their promising electronic and optical properties,
Pulsed laser ablation particularly in electrochemical and biomedical applications. This study demonstrates that various bismuth
Blsmu“f‘ oxide oxide nanostructures can be synthesized through pulsed laser ablation in liquids (PLAL) by adjusting
Nanowires the concentration of dissolved gases from ambient conditions. Structural and compositional analyses were
Nanosheets . . . . . -
Morphological evolution performed using x-ray diffraction, Raman spectroscopy, FTIR spectroscopy, and morphological investigations
Colloidal fging were conducted using atomic force microscopy and transmission electron microscopy. Our findings indicate

that factors such as dissolved gases, laser fluence, and nanoparticle aging are crucial in determining the
final structure and composition of the resulting nanomaterial. The phases observed ranged from spherical
metallic bismuth nanoparticles to monoclinic bismuth oxide nanowire bundles, and orthorhombic bismuth
carbonate oxide nanosheets. Dissolved gases are shown to influence not only the primary particles formed
immediately after ablation, but also significantly impact the aging process of the colloid as well. Additionally,
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fluence plays an important role in the production of reactive oxygen species, thereby influencing the reactive
pathways experienced by the ablated material and its subsequent formation into nanostructures. A notable
result, emphasizing the significance of factors such as liquid environment and fluence when performing PLAL
on reactive targets like bismuth, is seen in high fluence (20 J/cm?) samples under ambient conditions. These
samples initially display an amalgamation of a-Bi,O; nanowire bundles and carbonate nanosheets, which upon
aging, transition to predominantly bismuth oxide nanowire bundles. This contrasts with samples produced in
a saturated CO, environment where bismuth carbonate nanosheets remain highly stable in the colloid.

1. Introduction

Pulsed Laser Ablation in Liquids (PLAL) is a quasi-bottom-up tech-
nique for nanomaterial production, where a solid target submerged
in liquid is irradiated with a pulsed laser. Upon irradiation, material
from the solid target is ejected into the liquid solution providing the
seed material for nanoparticle formation. The PLAL method has been
widely used for various materials [1-9], with a significant focus on
metallic targets such as gold and silver. The main interest in the method
lies in its ability to control the size, concentration, and stability of
the nanoparticle colloid [2,4,10,11]. Since these metals are relatively
nonreactive, the potential to influence particle composition and struc-
ture is limited. Enhancing the tunability of the resulting nanomaterial
produced by PLAL could be possible by selecting more reactive targets.
This could allow for the production of nanomaterials with a composi-
tion different from the target, through interactions between the ejected
target material and the surrounding solvent during and after ablation.
Bismuth, in this context, makes for an interesting target material as its
reactivity can be leveraged to control the composition, structure, and
morphology of nanomaterials produced via PLAL.

The relatively high chemical reactivity of bismuth is owed to its
electronic structure, where the outermost shell consists of a filled s-
orbital and 3-partially filled p-orbitals that have a high affinity to
form covalent bonds. Bulk bismuth is classified as a semi-metal and
assumes a rhombohedral lattice, that is both inexpensive and nontoxic.
In addition, it displays unique optical and electronic properties when
its dimensionality is restricted to the nanoscale [12-14]. For instance,
a semimetal to semiconductor transition can be seen to occur due to
quantum confinement effects forming a band gap [13]. Bismuth-based
nanomaterials such as bismuth oxide and bismuth oxide carbonate
demonstrate potential in biomedical, electrocatalytic, photocatalytic,
and battery applications owing to their promising electronic and optical
properties [15-17]. Various methods exist to produce bismuth-based
nanomaterials, including thermal decomposition, chemical reduction,
electrochemical, and solvothermal methods [18-22]. However, these
methods are typically specialized for a specific composition, structure,
and morphology. In the case of Bi,03, there are five crystallographic
polymorphs: monoclinic (a-Bi,0;), tetragonal (8-Bi,05), bee (y-Bi,03),
and fcc (6-Bi,03). Additionally, bismuth tends to react with CO, to form
bismuth oxide carbonate and bismuth oxide carbonate hydroxide with
an orthorhombic crystal structure.

Bismuth has previously been employed as a PLAL target in a vari-
ety of liquid environments and demonstrated some tunability in the
composition, structure, and morphology of the resultant nanostruc-
tures [23-38]. Dadashi et al. have shown that ablating bismuth in ace-
tone yields pure bismuth nanoparticles with excellent colloidal stabil-
ity [24]. Another study involving methanol, ethanol, and ethyl methyl
ketone (EMK) as ablation liquids resulted in «-Bi,O;, f-Bi,O;, and
pure bismuth nanoparticles, respectively [24]. Intriguingly, Morales-
Ramos et al. discovered that ablating a bismuth target submerged in
an aqueous sodium hypochlorite solution produced metastable y-Bi,0;
nanoparticles [35]. Ablations in water yield a variety of compositions
and morphologies. Dadashi et al. found nanostructures composed of
a mixture of bismuth, «-Bi, 05, f-Bi, O3, and Bi(OH); and noted that
the nanoparticles continued to oxidize in solution after ablation [25].
Geoffrion et al. conducted high fluence (~160 J/cm?) ablations of

bismuth in water and identified nanosheets composed of both «-Bi, 05
and y-Bi, 05 [31]. In both cases, the resulting compositions were linked
to the production of free radicals (O, OH, H ions) in solution dur-
ing particle ablation. Flores-Castaneda et al. discovered that aging
bismuth nanoparticles produced in an aqueous solution resulted in a
transition to §-Bi,O; and eventually to Bi,0,CO; nanosheets [25,30].
These examples indicate that laser fluence and liquid environment
significantly influence the composition and morphology of the resulting
nanostructures.

This study aims to identify factors that result in three distinct
bismuth-based nanostructures (BiNSs): bismuth nanospheres, bismuth
oxide nanowires, and bismuth oxide carbonate nanosheets. The effects
of laser fluence, dissolved gas content (including oxygen and carbon
dioxide), and in-solution aging of BiNSs are examined. To alter the
dissolved gas content, deionized water is used as the ablation solvent;
it is either maintained at ambient conditions, depressurized to remove
most of the dissolved gases, or saturated with CO,. Furthermore, the
sequence of events leading to their formation is investigated.

2. Methods and materials

Ablation took place in a custom-built stainless-steel chamber
equipped with an optical port for the introduction of the laser beam
and additional side ports for evacuating or introducing pressurized
gas. The target surface was irradiated using an EKSPLA model NL-
303 Nd:YAG pulsed laser (1064 nm, 5 ns) by focusing the beam with
a 75 mm focal length converging lens to a spot size of 600 pm. The
bismuth targets were produced by pressing 1.5 g of bismuth powder
into a 1 cm diameter pellet with 15,000 Ib of force for 24-h and its
surface sanded prior to ablation. The bismuth pellet was submerged in
15 mL of DDI water and placed on a porated stainless-steel stage above
a magnetic stir bar. The liquid height above the target was 13 mm.
All ablations took place for a duration of 10 min. Colloidal samples
were produced at the following fluences 6, 10, 15, 20 J/cm?. The head
space above the liquid was held at one of the following 3 states: (1)
ambient conditions, (2) evacuated to remove dissolved gases from the
ablation solution, or (3) pressurized with CO, to saturate the liquid.
In cases where the chamber was evacuated, the head space was held
at a pressure of —25 inHg for a period of 30 min prior to (and during)
ablation. In the case where CO, was introduced to the chamber, first
a constant stream of gas was allowed to bubble through the ablation
solution for period of 5 min, then the exhaust port of the chamber
was closed, and the pressure allowed to climb to +25 inHg, relative
to standard atmospheric pressure. The chamber remained in this state
for 30 min prior to ablation. In all instances, immediately after ablation
the colloids were transferred under ambient conditions into a glass vial
for storage and use in subsequent characterization.

Drop-cast films of the synthesized BiNSs were produced by remov-
ing aliquots from the storage vials at specific times post-ablation and
transferring them to a falcon tube, where they were centrifuged for
2.5 h at 4900 rpm. The supernatant was then removed, and the con-
centrated colloid was drop-cast onto a silicon wafer (unless otherwise
indicated) and stored in a vacuum chamber. Extinction spectra of the
produced BiNS colloids were periodically measured over 24 h using a
Carry 60 UV-Vis spectrometer. Before each measurement, the colloid
was agitated to resuspend any settled material. Diffuse reflectance
spectra were collected from the films using an Ocean Optics SD2000
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fiber optic spectrometer, and the optical band gaps extracted using the
Tauc plot method. Micro-Raman spectra of the drop cast BiNSs were
collected using a Horiba XploRA plus Raman microscope. A laser wave-
length of 532 nm and a diffraction grating with 1800 line/mm were
used for all measurements. These samples were also investigated via
attenuated total internal reflection — Fourier transform infrared spec-
trometer (ATR-FTIR) using a Bruker ALPHA-Platinum spectrometer.
Structure and composition was characterized using a Bruker General
Area Detector Diffraction System (GADDS) with a Vantec 500 area
detector. For all measurements the detector was centered at 20 = 38°
and the sample was rotated over an angle of 2 = 15° over 900 s. The
x-ray diffraction (XRD) patterns were analyzed using the Jade software
package to perform Rietveld Refinement and extract the structural and
compositional makeup of the BiNSs. The morphological changes to the
BiNSs were characterized with an Asylum Research MFP-3D atomic
force microscope (AFM). BudgetSenors tap150AI-G AFM tips were used
while maintaining a 14 nm x, y-resolution. The BiNSs were drop casted
on freshly cleaved mica and placed into a vacuum chamber directly
after the ablation process, 3 h after the ablation, and 24 h after the
ablation to study the evolution of the BiNSs in solution following the
ablation process.

A JOEL 2100Plus transmission electron microscope (TEM) equipped
with a 4k Rio Camera (Gatan) was employed to investigate the struc-
ture and morphology of the BiNSs following the ablation process by
drop casting the BiNSs on a lacey carbon covered copper TEM grid
(400 mesh, Ted Pella). Selective area fast Fourier transform (FFT) was
performed to investigate the lattice structure of the BiNSs. To facilitate
imaging via cryogenic transmission electron microscopy (cryo-TEM),
the samples were vitrified using a manual plunge freezer (EMS, model
EMS-001), where 5 pL of the sample was pipetted onto a lacey carbon
covered copper TEM grid (400 mesh, Ted Pella). Front side blotting was
manually performed with filter paper, followed by immediate plunging
into liquid ethane cryogen maintained at —180 °C. The grids were then
transferred to a Gatan ELSA single-tilt cryo-holder prior to imaging at
200 keV with a magnification of 30,000x.

3. Results

The results discussed below pertain to three different liquid envi-
ronment conditions that allow control over the dissolved gas content in
the ablation liquid. Evacuating the headspace above the liquid assists
in removing dissolved O, and CO,, while ablation without vacuum
maintains these levels at ambient conditions. The final environment
studied involves introducing CO, gas into the chamber, thereby saturat-
ing the liquid with increased amounts of carbon dioxide. Modifying the
liquid environment in this way alters the chemical reactions occurring
between the ejected material and the ablation liquid. The type and
course of the reactions can be further altered by the laser fluence,
which directly influences the temperature of the plasma plume [39,40],
and the formation of free radicals. These primary nanoparticles and
the liquid state present immediately after ablation state provide the
initial conditions for the self-assembly of various nanostructures. To
examine the evolution of these primary nanoparticles into higher order
nanostructures, a combinational approach was taken to study their
composition, morphology, structure, and optical properties over a 24-h
period following ablation.

3.1. Vibrational spectroscopy

Fig. la—c display the micro-Raman spectra collected at 3 different
sample locations three hours post-ablation for fluences at 6 and 20
J/cm? produced in each of the liquid environments. Laser fluence and
liquid environmet are both shown to significantly influence compo-
sitional uniformity throughout the samples. For example, as shown
in the lower portion of Fig. 1a, three distinct vibrational spectra are
readily found for samples produced at low fluence and in evacuated
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conditions. The upper, middle, and lower spectra can be primarily
attributed to «-Bi,O; (54, 118, 136, 150, 181, 209, 280, 311, 411,
and 445 cm™1), bismuth carbonate oxide (71, 160, and 367 cm™!), and
rhombohedral metallic bismuth (69 and 95 cm~1), respectively [41,42].
This variation is also observed in samples produced with 20 J/cm?
in evacuated conditions and 6 J/cm? in ambient conditions. For high
fluence ambient ablations, samples display better spatial uniformity in
terms of composition with «-Bi,O; being the most prominent spectral
contributor. Samples produced in a CO, saturated environment are
also highly uniform with bismuth carbonate oxide being the primary
contributor, though at lower fluence, metallic bismuth also appears. To
investigate the influence of aging, micro-Raman spectra were measured
on samples drop cast after 24 h, as shown in Fig. 1d. The micro-
Raman spectra of samples produced in an evacuated chamber and
in ambient conditions align with «-Bi,03, indicating that the ejected
nanomaterial has undergone a substantial degree of oxidation at this
point. Conversely, samples produced in a CO, saturated environment
do not show significant changes from samples drop cast at earlier
times, suggesting that there is minimal to no compositional evolution
occurring during the period between 3-24 h post-formation.

Fig. 1e-h depicts the ATR-FTIR spectra of the bismuth nanomaterial
films across liquid and fluence conditions at the 3- and 24-h mark.
After 3 h, all samples display some combination of the following
peaks at approximately 422, 540, and 845, and 1385 cm~! which
are often assigned to bismuth metal-oxygen stretching modes [43-48].
Samples produced in a saturated CO, solution display peaks indicative
of carbonate with modes located at 690 cm~! (in-plane deformation
v4), 845 cm™! (out of plane bending v,), 1045 cm~! (symmetric vi-
bration v,), and both 1385 and 1447 cm~! (antisymmetric stretching
v3) [45]. Note, the simultaneous dual assignment of modes at 845 and
1385 cm™! can create uncertainties in their respective origin. Bismuth
oxide has a propensity for the adsorption of dissolved CO, [48], hence
the presence of these carbonate peaks in the evacuated and ambient
samples. These samples also contain a shoulder at ~1540 cm™!, at-
tributed to OH bending, and a peak at 1640 cm™!, associated with
the stretching of Bi-OH, with both peaks increasing in strength with
fluence [45,49]. For samples drop-cast 24 h post-ablation, those formed
in a CO,-saturated environment exhibit little variance, while both am-
bient and evacuated samples display marked evolution. For example,
the peak at 1045 cm~! associated with carbonate ions along with the
hydroxide peaks are no longer present after 24 h.

3.2. X-ray diffraction

X-ray diffraction was collected from the drop-cast films and an-
alyzed using the Rietveld refinement method. Four different compo-
sitions were considered: rhombohedral bismuth (ICDD 01-085-1329),
monoclinic bismuth oxide [Bismite Bi,O;] (ICDD 00-041-1449), or-
thorhombic bismuth oxide carbonate [bismuth subcarbonate Bi,0,CO;]
(ICDD 01-084-1752), and bismuth oxide carbonate hydroxide [(BiO),4
CO;(OH),] (ICDD 00-038-057). Fig. 2 depicts the compositional
makeup of the samples according to fluence across all three liquid
environments. These results are for samples drop-cast 3 h post-ablation.
Samples were produced in replicates of four and each analyzed in the
same manner. Subsequent results were averaged, with the composition
percentages for both the carbonate species summed together.

Under ambient conditions (Fig. 2b), lower ablation fluences (6 and
10 J/cm?) yield nanomaterial with a larger bismuth content (~45%)
compared to higher fluences (15 and 20 J/cm?), where the bismuth
content reduces to below 30%. At these higher fluences, the percent-
age of a-Bi,O; notably increases, while bismuth carbonate remains
relatively consistent. Fig. 2a presents the evacuated environment with
a reduced percentage of dissolved gases. Here, the percentages of
bismuth, «-Bi,O;, and bismuth carbonate species remain relatively
stable up to 15 J/cm?. Beyond this point, the @-Bi,0; composition rises
from roughly 10% to 45%, accompanied by decreases in metallic and
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Fig. 1. Raman spectra of samples produced with fluences of 6 (bottom) and 20 J/cm? (top), drop cast 3 h after ablation, and in (a) an evacuated chamber, (b) ambient conditions,
and (c) CO, Saturated conditions. (d) Raman spectra of samples drop cast 24 h after ablation. ATR-FTIR spectra of samples produced with fluences of 6, 10, 15, 20 J/cm? and
drop cast 3 h after ablation and in (e) an evacuated chamber, (f) ambient conditions, and (g) CO, Saturated conditions. (h) ATR-FTIR spectra of samples drop cast 24 h after

ablation.
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Fig. 3. AFM images of samples produced in (top left) an evacuated chamber with a fluence of 6 J/cm? and drop casted directly after ablation, (top middle) in ambient conditions
with a fluence of 20 J/cm? and drop cast 24 h after ablation, and (top right) in CO, saturated conditions and drop cast 3 h after ablation. (bottom left) Height analysis of particles
drop cast directly after ablation. (bottom middle) cross section of nanowires. (bottom right) Cross section of nanosheets.

carbonate bismuth. For the CO, saturated liquid environment (Fig. 2c),
only bismuth and bismuth oxide carbonate are discernible in the XRD
patterns. Notably, carbonate samples displayed a preferred (010) ori-
entation. The nanomaterial predominantly consists of bismuth oxide
carbonate at both low and high fluence levels, with compositions of
about 80% and 90%, respectively. Fig. 2e depicts the composition of the
drop-cast films at the 24-h mark. Samples produced under both ambient
conditions and in an evacuated chamber are primarily «-Bi,05;, while
percentages of both bismuth and bismuth subcarbonate decrease com-
pared to 3-h post-ablation samples. However, nanostructures formed in
a CO, saturated environment showed little variation compared to the
3-h samples.

3.3. Atomic force microscopy

Evolution of the size and morphology of the nanomaterials was
investigated using AFM, see Fig. 3. Samples were produced by drop-
casting the colloid onto freshly cleaved mica for time intervals of 0-,
3-, and 24-h post-ablation. As shown in Fig. 3a, the combination of
low fluence and an evacuated chamber results in spherical particles
immediately after ablation; this trend extends to the other conditions
as well irrespective of fluence or liquid environment. The particle size,
determined by measuring their maximum height, displayed a lognormal
distribution skewed towards larger sizes, a trend typically observed
in PLAL-produced nanoparticles. The geometric mean and standard
deviation of the resulting nanoparticles are presented in Fig. 3d across
all fluence and liquid conditions. Particles produced under ambient and
vacuum conditions both trend towards a decrease in mean diameter
and standard deviation with increasing fluence. Samples produced with
a fluence of 6 J/cm? under ambient and evacuated conditions had
mean diameters of 12 + 9 nm and 11 + 9 nm, respectively. Upping
the fluence to 20 J/cm? resulted in particles with mean diameters
of 6.2 + 5.1 nm and 8.4 + 5.2 nm, respectively. BiNPs produced in

CO,-saturated DDI immediately after ablation measured 9.2 + 4.4 nm
and 13 + 12 nm for fluences of 6 and 20 J/cm?, respectively. Besides
spherical particles, several nanosheets were also identified in the CO,
samples. By the 3-h mark, samples produced low fluences in evacuated
and ambient environments retained their spherical nature. However, at
higher fluences, the presence of higher-order nanostructures becomes
evident, especially in ambient samples. By the 3-h mark, samples
produced under ambient conditions at 20 J/cm? comprise of a mix of
spherical particles, nanowires, and nanosheets. However, by 24 h this
sample predominately consists of a network of elongated nanowires
(nanobundles) with a mean diameter (height) of 6.9 + 2.4 nm, as
shown in Fig. 3b. In addition to nanoparticles, primitive nanosheets
produced in CO,-saturated solution are observed as seen in figure S11.
The average thickness of the sheets was measured at 11 + 4.3 nm,
with the minimum being 2.7 nm. This minimum correlates to the c-
axis of the unit cell of orthorhombic bismuth oxide carbonate [50]. At
3 h, samples created in a CO,-saturated solution primarily consist of
nanosheet structures with a mean thickness of 14 + 3.4 nm and a width
ranging from 0.25 to 2.5 pm, as shown in Fig. 3c and f. By 24 h, the
nanosheet structures persist, but some have further evolved into flower-
like structures. For both evacuated and ambient sample produced at
low fluences the initial spherical shape of the nanomaterial persists over
the entire 24 period.

3.4. Transmission electron microscopy

The colloidal solutions were drop cast onto TEM grids at 0-, 3-,
and 24-h after ablation to study changes in structure and morphology
over time. Fig. 4 presents representative TEM images of the resulting
nanomaterials across all three intervals and environmental conditions.
Under low fluence with an evacuated headspace, the resulting material
consists primarily of isolated spherical particles immediately after ab-
lation, corroborating the AFM results. By 3 h, these spherical particles
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Fig. 4. TEM images of samples produced in an evacuated chamber with 6 J/cm?, ambient conditions with 20 J/cm?, and CO, saturated conditions that were drop cast directly

after, 3 h after, and 24 h after ablation.

have evolved into stranded bead-like aggregates in addition to several
nanosheets that can be found throughout the sample, see supplemen-
tary Figure S6. And finally at 24 h, the nanomaterial has formed into
relatively low-order aggregates in the absence of nanowires. For high
fluence ambient ablations at the 0-h mark, in addition to spherical
particles, nascent nanowires are also present in the drop-cast samples.
By 3 h, a significant deviation from the aforementioned trends in the
evacuated case occur, with the nanomaterial evolving into a mixture
of mature nanowires that have aligned to form nanobundles, which
are accompanied by square nanosheets with lateral dimensions ranging
from 100-200 nm. Strikingly, at 24 h, the primary structures present
are the nanobundles with both the spherical particles and nanosheets
now absent. Under low fluence ambient conditions, results are com-
parable to those in the evacuated case with the sample being mostly
composed of spherical nanoparticles, but with a slightly higher degree
of particle-to-particle organization, as seen in Figure S6. Three hours
post-ablation, TEM images depict a blend of large amorphous aggre-
gates, bead-like aggregates, and nanosheets. When the ablation solution
is saturated with CO,, the result is predominantly sheet-like structures
with a minority of spherical particles, regardless of the fluence level
(6 or 20 J/cm?). In samples drop cast 3 h post-ablation, a decrease
in spherical nanoparticles is noted, with square nanosheets, averaging
750 + 470 nm in length, becoming the dominant nanostructure. By the
24-h mark, samples prepared at 20 J/cm? lack spherical nanoparticles,
and many of the nanosheets have aggregated.

High-Resolution TEM was employed to discern the lattice structures
of the various observed nanostructure types, such as nanobundles and
nanosheets. These were then compared with XRD results to ascertain
their composition. Fig. 5a showcases a HR-TEM image of a represen-
tative spherical particle from an ablation at 6 J/cm? in an evacuated
chamber. Clear lattice fringes are visible. The FFT of this region (refer
to the inset) reveals a lattice spacing of 3.27 A in the (012) direction,

characteristic of rhombohedral (metallic) bismuth. Colloids generated
in ambient conditions at 20 J/cm? immediately post-ablation are pri-
marily spherical particles. However, these particles are now encased in
an amorphous oxide shell (as seen in Fig. 5b) with a metallic bismuth
core. The FFT analysis of the core displays spacings of 1.96 and 3.98 A
in the (003) and (006) directions, respectively. Fig. 5c¢c provides an
HR-TEM image of a nanowire formed 3 h post-ablation under ambient
conditions at 20 J/cm?. The image elucidates that the nanowire consists
of spherical particles set within a crystalline matrix. The red inset
confirms that the high-contrast spherical particles are metallic bismuth.
Meanwhile, the blue inset highlights FFT for the lower contrast regions
of the wire, where lattice spacings of 2.74 and 3.19 A were determined.
These spacings correspond to scattering along the (—211) and (012)
directions of monoclinic bismuth oxide, respectively. Lastly, Fig. 5d
depicts a nanosheet created in a CO, saturated solution. The nanosheet
displays the presence of fringing, with FFT analysis indicating lattice
spacings of 2.74 and 1.94 A in perpendicular orientations. This suggests
that the nanosheets are bismuth carbonate oxide and the presence of
the observed reflections indicates an orientation along the [010] plane.

3.5. Cryo-TEM

Samples produced under ambient conditions experience significant
changes over a 24-h period. Therefore, cryo-TEM was specifically used
to image these samples at an intermediate seven-hour post-ablation
stage. Cryo-TEM images a vitrified thin layer of solution hence pre-
serving the sample in its naturally hydrated state. This technique can
provide insight into the event sequence of nanostructure formation. In
Fig. 6a-c, three distinct stages of spherical nanoparticle aggregation
and nanosheet formation can be observed. Fig. 6a presents a 2D ag-
gregate with metallic bismuth NPs interspersed within a lower contrast
matrix, likely consisting of bismuth subcarbonate. Fig. 6b illustrates
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a more evolved aggregate, with a small (approximately 20 x 10 nm)
rectangular sheet visible at the top. Fig. 6¢ portrays a rather developed
nanosheet with consistent contrast across its expanse. These nanosheets
ultimately give way to nanobundles as shown in Fig. 6d where bundle
growth is shown to take place around the perimeter of the sheet along
perpendicular directions. Separately, nanowires (nanobundles) can also
be found throughout the sample which originate directly from the NPs
and do not appear to require an intermediary nanosheet phase, as
demonstrated in Fig. 6e.

3.6. Optical properties

The optical properties and aging of the colloids were studied by
collecting UV-Vis spectra immediately after ablation and periodically
over a 3-h span, as shown in Fig. 7a. It is worth noting that these
extinction spectra are a combination of absorption and scattering from
the nanostructures in solution. All samples display some degree of spec-
tral evolution and a net absorbance decrease over time; however, the
change is more pronounced in some samples compared to others. The
most pronounced absorbance change occurs at approximately 360 nm,
especially in the ambient sample. Fig. 7b depicts the optical absorbance
at 360 nm for ablations at 20 J/cm? across all three liquid envi-
ronments. This plot distinctly shows that the colloid produced under
ambient conditions experiences the most significant spectral evolution.
This aligns with TEM and AFM analyses, which demonstrate that this
sample transitions from spherical nanoparticles to a blend of nanowires
and nanosheets. In contrast, the evacuated samples, which primarily re-
main spherical, and the CO,-saturated colloid, which rapidly transforms
into nanosheets, evolve far less over the 3-h period. This correlation
between spectral evolution and morphological changes, as observed in
TEM (and/or AFM), is consistent across all other fluences, as seen in
Figure S11.
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[010]

Fig. 5. HR-TEM images of (a) nanoparticle produced in an evacuated chamber with 6 J/cm? drop cast directly after, (b) nanoparticle produced in ambient conditions with 20
J/cm? drop cast directly after ablation, (c) nanowire produced in ambient conditions with 20 J/cm? and drop cast 24 h after, and (d) nanosheet produced in CO, saturated
conditions with 20 J/cm? and drop cast 3-h after ablation.

Diffuse reflectance spectroscopy was conducted on samples at 3-
and 24-h post-ablation, the results of which are shown in Fig. 8. Inter-
estingly, the spectra indicate two distinct absorption edges, suggesting
the presence of different bismuth-based compounds. By analyzing the
first derivative of these spectra, the absorption edges were located
at approximately 348 and 425 nm, aligning well with the literature
band gap values for bismuth oxide carbonate and «-Bi,0;, respec-
tively [51,52]. Both low and high fluence samples, produced in an
evacuated chamber, exhibit a redshift in the absorption edge. This
change can likely be attributed to a decrease in carbonate species in
favor of a-Bi, 03, occurring over the 3- to-24-h span. A similar trend was
observed in high-fluence samples under ambient conditions, however
a more well-defined edge, located at 428 nm, emerged after 24 h,
indicative of a transition to a-Bi,O;. The spectra associated with CO,
saturated samples show little spectral evolution over this time span for
all fluences.

To further investigate the corresponding bandgap energies, the Tauc
plot method was employed for those spectra displaying a well-defined
edge. Bismuth oxide is considered a direct band gap semiconductor, as
such (ahv)? was plotted against photon frequency for both the ambient
high fluence and evacuated low fluences samples at 24 h. Linear
extrapolation to the horizontal axis yielded bandgap energies of 2.91
eV and 2.88 eV, respectively, which is in line with 2.89 eV associated
with monoclinic bismuth oxide. For CO,-saturated samples, considered
to be indirect in nature according to literature, an exponent of 1/2 was
used in the plots. The resulting bandgap energy measurement of 3.44
eV aligns well with existing literature values of approximately 3.42
eV [52].

4. Discussion

The results discussed above provide evidence that factors such
as laser fluence, environmental conditions in the ablation chamber,
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Fig. 6. (a-f) Cryo-TEM images of nanostructures produced in ambient conditions with a fluence of 20 J/cm? and vitrified 7-h after ablation.
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Fig. 7. (a) UV-Vis spectra over the course of 3 h following the ablation. (b) The absorbance at 360 nm plotted as a function of time. (c) Pictures of the colloid directly after and

24-h after the ablation.

and colloid aging, significantly influence BiNS morphology and com-
position. The formation of BiNS appears to occur in two sequential
stages. First, spherical primary particles, smaller than 15 nm, form
immediately after ablation, as verified by TEM and AFM. Subsequently,
these particles may interact with their surroundings, leading to the
development of more complex structures, such as nanowire bundles and
nanosheets. The composition and surface chemistry of these primary
particles heavily influence their trajectory during the second phase, dic-
tating their final composition and morphology. Within the initial hours
after ablation, drastic changes in the extinction spectra are observed
for high fluence colloids produced under ambient conditions. However,
colloids produced in a CO, saturated environment remain fairly consis-
tent. Analysis via HRTEM shows that these primary particles typically
have a metallic bismuth core surrounded by an amorphous oxide shell.

By the 3-h mark post-ablation, various characterization techniques,
including vibrational spectroscopy, DRS, and XRD, reveal the presence
of a-Bi,O; and bismuth oxide carbonate in samples from vacuum and
ambient ablations. In contrast, the CO, saturated environment pre-
dominantly produces bismuth oxide carbonate nanostructures. Notably,

in CO, saturated conditions, this carbonate remains stable over 24 h,
but other conditions exhibit significant evolution. The most striking of
which occurs in high fluence samples under ambient conditions. By the
3-h mark, an amalgamation of a-Bi,0; nanowire bundles and carbonate
nanosheets, originating from the primary core-shell nanoparticles, is
evident. Geoffrion et al. discussed the propensity for bismuth oxides to
adopt 1 and 2D structures, rather than the typical spherical structures.
It was suggested that the overall growth is determined by two com-
peting factors, minimization of the surface to volume ratio as well as
the surface energy. In cases, where the surface energy of the solvent is
greater than that of the particles, 1 and 2D structures are likely to form,
while conversely the system minimizes the surface to volume ratio by
forming spherical particles [30]. In this case, bismuth oxide has a lower
surface energy than water which explains the formation of nanowires,
and a similar rationale applies to the development of bismuth carbonate
nanosheets.

Upon further aging, the bismuth carbonate nanosheets start to be
replaced by nanowire bundles, as illustrated in cryo-TEM images taken
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Fig. 8. Reflectivity spectra 3-h and 24-h after ablation for samples produced with 6 J/cm? in (a) an evacuated chamber, (b) ambient conditions, (c) in CO, saturated conditions,
as well as samples produced with 20 J/cm? in (d) an evacuated chamber, (e) ambient conditions, (f) in CO, saturated conditions.

at 7 h. These images depict nanowire bundles encircling the sheet’s
perimeter in perpendicular arrangements. By the 24-h mark, TEM/AFM
images indicate that these nanobundles have become the predominant
nanostructure. This shift aligns with XRD results, revealing a substantial
decrease in bismuth carbonate species at 24 h, and reflectivity data
highlighting a distinct a-Bi,O; absorption edge. This observation con-
trasts results reported by Flores-Castaneda et al. who note a transition
from a similar nanowire-nanosheet mixture post ablation to a final
stable state of Bi,0,CO; nanosheets for PLAL of bismuth in ambient
water [29]. The difference in outcome may be attributable to differ-
ences in experimental conditions, including the form of the bismuth
target (pressed metal powder vs. continuous solid), pulse duration
(nanoseconds vs. femtoseconds), concentration of dissolved CO,, and
fluence (20 vs. 4.77 J/cm?).

The behavior suggests two distinct reaction pathways that end in
the formation of bismuth oxide nanowire bundles: (1) oxidation and
assembly of the primary particles which leads to direct formation of a-
Bi,0; nanowires, and (2) CO, absorption and assembly of the ablated
material in bismuth carbonate nanosheets which ultimately give rise
to a-Bi,O; nanowires. This system initially favors a non-equilibrium
state before stabilizing in a colloid of bismuth oxide nanowire bun-
dles with time. As Taylor et al. have demonstrated, de-carbonation of
(Bi0),CO; and (Bi0O),(OH),CO; can transpire in an aqueous environ-
ment, contingent on the solution’s carbonate and hydroxide concen-
trations, effectively converting the carbonates to monoclinic bismuth
oxide. ATR-FTIR spectra of samples produced at higher fluences and
drop cast after 3 h detected Bi-OH. Nonetheless, by 24 h, no vibrational
modes linked to -OH were discernible in the drop cast samples. The
oxide/hydroxide shell’s presence on the primary nanoparticles might
facilitate the de-carbonation of the nanosheets.

5. Conclusion

The reactive nature of bismuth allows for a more intricate PLAL pro-
cess as compared with the ablation of noble metals. This reactivity can
be leveraged to fine-tune the morphology, composition, and structure
of the resulting nanomaterials. Our results demonstrate that dissolved
gases, particularly CO, and O,, play a crucial role in PLAL. They not
only influence the primary particles formed immediately after ablation,

but also significantly impact the aging process of the colloid. Specif-
ically, the concentration of CO, markedly affects the post-ablation
trajectory of bismuth nanostructures in terms of their composition,
structure, and morphology. The removal of dissolved gases like O, in
aqueous environments results in a reduction of oxidized bismuth forms,
preserving its metallic state. However, at higher fluences, a threshold
is reached where the photothermal breakdown of water becomes an
alternative oxygen source. By adjusting PLAL parameters such as laser
fluence and dissolved gases, this study identified the conditions re-
quired to synthesize one of three distinct bismuth-based nanostructures:
core/shell bismuth-bismuth oxide spherical nanoparticles, bismuth ox-
ide nanowire bundles, and bismuth subcarbonate nanosheets. This
study underscores the dynamic nature of PLAL in fabricating diverse
nanostructures, highlighting its potential for tailored applications in
various fields. However, if the technique is to become a viability source
of nanomaterials, the relatively low productivity rates associated with
PLAL of bulk targets must be overcome. Currently, the highest rates
achieved are in the range of a few grams per hour, and they are shown
to be highly dependent on various PLAL parameters, including target
composition, pulse duration, and repetition rate [53]. Most studies
on production rates have been conducted in relatively simple liquid
environments with low-reactivity targets such as gold, in contrast to
the more complex system of conditions employed in this study.
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