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ABSTRACT

The ongoing development of new nanocatalysts is powered by the ambitious vision of finely controlling
their structure while ensuring their remarkable features in heterogeneous chemical reactions.
Especially in processes where the catalysts must be recycled, the union of catalytic activity and
magnetic motility belongs among the most desirable characteristics. In recent years, the effort to
optimize this synergy in photocatalysis has led to a focus on creating bismuth-based bimetallic
nanoparticles (NPs), also known as nanoalloys. Nevertheless, the optimization of their properties and
sustainable development still need to be well-considered. Therefore, we herein present for the first
time the synthesis of phase-controlled nickel-Bi; O3 and iron-Bi;O; NPs, whose non-equilibrium
composition is provided by the sustainable method known as reactive laser ablation in liquids (RLAL),
resulting in a bandgap modification in both types of magnetic nanoalloys. In addition, the profound
analyses of RLAL introduce the first report about the limitations and new perspectives of this relatively
novel nanotechnology, in which the usage of chemically similar magnetic foils (iron and nickel) leads
to extensively different NPs compositions and properties. Overall, these findings provide a groundwork
for understanding the formation of non-equilibrium nanoalloys representing a rising generation of
nanocatalysts.

Keywords: Reactive laser ablation Magnetic nanoalloys Non-equilibrium nanoparticles Bi203
nanosheets Phase control

1. Introduction

The continuous incorporation of nanotechnology into our life has boosted the demand for rapid and
efficient manufacturing of nanomaterials [1]. However, the hasty industrial transfer of the production
methods, generally based on wet chemistry strategies [2,3], has gradually led to one of the most
worrying ecological disasters of the last decade known as nanopollution [4,5]. This health risk is
constantly growing with the ever-increasing introduction of by-products and waste into the



environment, which is generated as a consequence of using hazardous reducing and stabilizing agents.
Furthermore, the environmental damage does not stop with the production of nanomaterials but
escalates with its usage [6]. The most dramatic case is observed in nanoparticles (NPs), whose large
surface-volume ratio fosters a remarkable interaction with the surrounding environment. In this way,
if the NPs surface is plagued with waste material coming from the production itself, the waste will not
only be released into the environment uncontrollably but will also lead to cross-chemical effects with
the use of the NPs, thus, leading to their devaluation [7].

In response to such an issue, various NPs synthesis methods have been explored, such as those based
on the use of chemicals whose by-products are either harmless or tend to be chemically inert [8]. These
types of alternatives, commonly based on the use of natural derivatives (e.g., plant extracts and
microorganisms), are however, very limiting in local raw material accessibility, complicated separation
processes, low yield, and, especially, in the generation of NPs composed of only the selected elements
[9]. Therefore, given the current trend of combining various properties in singular systems, whose most
efficient representatives are NPs consisting of multiple elements [10], the scientific community
searched for alternatives, among which, laser-mediated synthesis of nanomaterials notably stands out.
In particular, reactive laser ablation in liquids (RLAL), which is a variation of the matured method known
as laser ablation in liquids (LAL), [11,12] has been shown to be highly effective for this purpose [13].

In brief, the process consists of the laser-mediated ablation of a solid target immersed in a liquid
medium filled with NPs precursor molecules, such as metal salts, enabling the formation of nanoalloys
composed of elements from the ablated material and the precursors dispersed in the liquid. In
principle, the out-of-equilibrium conditions exerted by the laser-matter interaction should enable the
formation of nanoalloys, including all types of element combinations, even those that disagree with
the four Hume-Rothery rules for constructing substitutional or interstitial solid solutions [14].
According to these rules, the combination of two distinct elements having a radii difference < 15%,
matching crystalline structures, same valency, and similar electronegativity, should form homogenous
substitutional nanoalloys [15]. On the other hand, those not conforming to the conditions would
develop phase-segregated ones, such as core-shell NPs [16], Janus-like NPs [17], or nested NPs [18],
among others.

Ideally, the sole analysis of these rules must be sufficient to predict the type of structure we could
form. Nevertheless, as recently pointed out in various comprehensive reviews [13,19], the rapid
cooling of coalescing nanostructured matter and its interaction with reactive species generated as a
side effect of the ablation process leads to the formation of multi-phase NPs. Although this fact limits
the technique in terms of custom design, it also provides separated nano-areas that can differ in
chemical composition and crystalline structure, i.e., nonequilibrium nanoalloys. Since these are very
appealing materials for various critical fields such as nanomedicine [20], microfiltration [21], bacterial
eradication [22] or heterogeneous catalysis [23,24], and the out-ofequilibrium synthetic practices are
increasingly widespread because of their versatility, it becomes crucial to expand the understanding
of how the selection of elements influences the final structure of these nonequilibrium nanoalloys. As
a result, we explored the implications of interchanging elements with similar physicochemical
properties when generating materials that harness the synergistic properties arising from the union of
two distinct elements. In this study, the model system to work with was recyclable photocatalysts due
to their unique ability to capitalize on the combined advantages of both magnetic and photocatalytic
properties. Since these properties are rarely found in single-element systems, their combination makes
the model system particularly promising. In this context, Bi oxide magnetic nanoalloys were explored,
because Bi is ubiquitous, exhibits low toxicity and high photocatalytic activity towards heterogeneous
catalytic reactions like organic pollutant degradation, water splitting, and carbon dioxide reduction



[25]. Furthermore, Fe was chosen as one of the magnetic elements to complete this model as it is
among the most commonly employed elements to provide Bi oxide photocatalysts with magne-
tophoretic motility, enabling an easy magnetically-driven separation from reaction mixtures [25,26].
For comparison, Ni was chosen as the other magnetic element since it has the closest physicochemical
properties to Fe just after Co, but unlike this critical mineral, Ni carries a lower environmental impact,
cost, and toxicity [27]. Moreover, as Karthi et al. [28] recently proved, combining it with Bi oxide species
can improve their organic pollutant photocatalytic degradation performance.

Besides the impact of magnetic element exchange, this study also demonstrates that variations in the
Bi precursor concentration during the synthesis provide an additional degree of freedom for
engineering these NPs. The most critically altered aspects are oxidation, crystallinity, phase, and
morphology, which ultimately lead to the formation of different types of Bi magnetic nanoalloys with
finely-tuned properties, including bandgap position and magnetic saturation. Thus, the current
findings contribute to the progress in understanding the limitations and opportunities in the laser-
mediated synthesis of nanoalloys.

2. Methodology

Fig. 1 presents the basic setup scheme, indicating the experimental details. In brief, the metal foil (Fe
with > 99.99% purity or Ni with > 99.98% purity, Sigma-Aldrich) was immersed in a liquid medium,
which consisted of Bi(NOs)s.5H,0 salt dispersed and continuously stirred by a magnetic stirrer in
acetone (> 99.7% purity).

Table 1 List of samples subjected to various characterization techniques and their elemental compositions of magnetically-
purified NPs.

Since little is known about the influence of salt concentration on the elemental composition of RLAL-
mediated NPs, different salt concentrations (0, 0.001, 0.01, 0.1, 1, 10, and 100 mM) were tested. Once
the salt was homogeneously dispersed in the liquid, the metal foil was irradiated. For that, a pulsed
laser (Onefive Origami XP-S, NKT Photonics; pulse duration < 400 fs, central wavelength 1030 nm, and
3 mm beam diameter at the FWHM) with a maximum output power of 5.1 was used. To ensure the
largest NPs production efficiency, a laser scanning head coupled to an F-theta scan lens (160 mm focal
length) was employed to move the focused laser beam at 2 m/s through the metal foil surface in the
lens focal plane in a raster-like pattern. The maximum NPs production rate was ensured by testing
different repetition rates (RRs) and irradiation times (ITs) during the ablation process. The optimal
values of 0.7 MHz and 20 min irradiation were then used for all samples (the optimization details are
included in Fig. S1 in the Supplementary Material). Moreover, it is worth stating that the maximum
NPs production rate was achieved at the fluence value of 0.07 J/cm?, which slightly overpasses the Fe
(~0.05 J/cm?) [29] and Ni (~0.05 J/cm?) [30] ablation thresholds, where electron heat diffusion length
significantly decreases, and the ablation process occurs mainly due to phase explosion [31]. As
described by Shih et al. [32] such a process principally leads to the formation of small (below 10 nm)
NPs, which in RLAL, translates into an ideal surface-to-volume ratio for triggering the reduction of
surrounding metal salts.

Although the laser parameters were optimized to consume all Bi salt during RLAL, the residual salt
could still remain in the liquid after irradiation. Thus, these potential residues were removed through



the NPs centrifugation (Centrifuge MiniSpin plus, 15 min, 14500 rpm, 1.5 mL Eppendorf). After
removing the supernatant, the sedimented NPs were re-dispersed in test tubes with fresh acetone by
ultrasoni-cation (SONOREX DIGITEC DT 510 H, 35 kHz, 9.7 L). Subsequently, homogeneously dispersed
NPs with a significant magnetic response were collected by a neodymium magnet (visualization of the
cleaning process is included in the Supplementary Material (Fig. S2 A). This collection also served as a
secondary cleaning procedure, removing unsuitable material for its potential future application, where
magne-tophoretic motility would be needed. Mass and optical spectroscopes assessed the yield of
magnetically-responsive semiconductor NPs and their elemental compositions (the ultraviolet-visible
[UV-Vis] spectroscope Optima 2100Dv from Perkin ElImer was used to determine the NPs optical
properties and the inductive coupled plasma mass spectroscope [ICP-MS] NexION 3000D from Perkin
Elmer to measure the NPs element content), which can be found in Table 1.

Furthermore, the NPs morphology and element distribution were evaluated by scanning-transmission
electron microscopy (S-TEM), employing a microscope (JTITAN 80-300, FEI) with a unique brightness
field-emission gun X-FEG as a source of electrons, which is equipped with an energy-dispersive X-ray
(EDX) detector (EDAX). The EDX data, TEM, high resolution TEM (HRTEM), and high-angle annular dark-
field imaging (HAADF)-STEM images were collected at 300 kV.

Scanning
head [Galvanometric]

mirror

Fig. 1. Scheme representing the NPs preparation setup, including a general view of the laser scanning system, the F-theta
lens, and irradiation of magnetic foil immersed in an acetone solution of Bi(NOs)3.5H,0, which is magnetically stirred. The
zoomed in figures represent (A) the initial irradiation of the magnetic foil during the laser ablation followed by (B) the
creation of the cavitation bubble inside of which the interaction of bismuth and magnetic element atoms takes place. After
the bubble collapse, (C) the formed bimetallic NPs are released into the surrounding liquid.

The same instrument was used to identify the crystallographic families by selected area electron
diffraction (SAED). The NPs size distribution was assessed by manually measuring 500 particles for each
sample employing the software ImageJ and the collected data of NPs sizes were fitted by a log-normal
function with the general formula (1):
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where p is the mean value and a is the standard deviation. In addition, the NPs crystallinity was
confirmed by X-ray diffraction in powder (XRD) and by Raman spectroscopy. The XRD data was
acquired by means of a diffractometer (Miniflex 600, Rigaku) operating at a wavelength of 0.1540 nm,
in a 260 angle range of 10-80°. The Raman data was collected with a Raman microscope (Nicolet DXR
microscope, Thermo Scientific). The Raman spectra were analyzed through peak deconvolution,
enabling chemical structure and phase identification. The mass magnetizations of the NPs were
recorded by vibrating sample magnetometry (VSM) (Model 7404, Lake Shore) in external magnetic
fields with a recording range + 14.5 kOe. In detail, the analysis process was performed in a VSM sample
holder (730931 Kel-F, powder up-per/bottom cup) mounted on a fiberglass tail under ambient
conditions while the vibrating frequency, the amplitude of vibrations, and the time constant were set
to 82 Hz, 1.5 mm, and 100 ms, respectively. To determine the bandgap energy, the Tauc plot
transformation was employed, which was derived from UV-Vis measurements obtained within the
wavelength range from 200 to 800 nm by using a UV-Vis spectrophotometer (PerkinElmer Lambda 35,
Perkin Elmer, wavelength step 1 nm). Finally, the samples colloidal stability was assessed by laser
Doppler-velocimetry (Zetasizer Nano 2590, Malvern Instruments, laser wavelength centered at 633
nm) and UV-Vis spectroscopy (Hach-Lange, DR 3900, wavelength step 2 nm). Note that the NPs transfer
into water for zeta potential measurements involved the substitution of acetone supernatant with
demineralized water, followed by the sample centrifugation and subsequent addition of clean
demineralized water (visualization of the NPs transfer process is included in the Supplementary
Material Fig. S2 B). As acetone has a significantly larger dipole momentum than water (2.88 D and 1.85
D for acetone and water, respectively) [33], traces of acetone molecules or acetone degradation
products can remain on the NPs surface, affecting their hydrodynamic stability compared to NPs
without them.

3. Results

To date, parameters like laser fluence, pulse wavelength, pulse duration, solvent, or foil composition
are known to control the NPs element content when employing the LAL method [13,19]. Among them,
in the reactive variation RLAL, a new parameter comes into play; metal salt concentration, which has
lately been employed to manipulate the element ratio in phase-segregated nanoalloys [21].
Nonetheless, the current study provides evidence that the range of salt concentrations for RLAL has
limitations.

Unlike previous findings, high salt concentrations prevent the formation of NPs, specifically for 10 mM
and 100 mM, which is demonstrated by the zero or close to zero concentration of magnetic elements
in the samples found by ICP-MS. The decreased production in samples containing the highest salt
concentration can result from the synergistic effect of viscosity increment, well-correlating with the
inferior transportation of persistent bubbles during the ablation process resulting in bubble shielding
[34], and the increment in laser beam absorption by the salt reaching ~50% for 10 mM samples (see
Fig. S3 in the Supplementary Material); the insufficiently dissolved salt in the solvent hinders the
delivery of laser light to the solid foil, as the employed fluence value is close to both solid targets’
ablation thresholds, such an energy delivery blockage negatively impacts the ablation process reducing
the production. Conversely, concentrations as low as 0.001 mM seem to disable the nanoalloy



formation, leading to the detected 100 wt% of the foil's element. Although Bi doping at the level of <
0.2 wt% cannot be completely ruled out due to the detection limits of the ICP-MS spectroscope (0.5
ppt) and the natural content of bismuth in the water, the low content of the doping element is far from
the levels required in real applications for providing photosensitive semiconductor properties to the
magnetic element. As a result, 0, 0.01, 0.1, and 1 mM samples are chosen for further examinations and
are, thus, labeled according to Table 1, wherein their NPs elemental compositions are provided.
Moreover, as not all Bi atoms coming from the employed salt amount can be efficiently incorporated
into the NPs, Table 1 also shows the percentage of these unincorporated Bi atoms. These values in
junction with the ICP-MS inspection of the disposed material in the cleaning process (24.3 wt%, 22.3
wt%, and 40.6 wt% for the Nigio.01, Nisio.10, and Nigiio.10 Samples and 20.1 wt%, 24.7 wt%, and 22.3 wt%
for the Fegio.o1, Fesio.10, and Fegi1.00 Samples, respectively) show that although RLAL is considered a
sustainable synthetic process, its associated by-products can be substantial, especially when scaling
up.
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Fig. 2. Analysis of Ni-based samples displaying a size and morphology diversity In the NPs TEM Images. The Inset size
histograms displayed for samples Nigio.10 and Nigi1.00 represent the separate counting of very small NPs, which are either
nested in bubble-like structures or around the nanostructure’s perimeter. In the schematic nanoalloy structure
visualization, red and gray colors represent noticeable phases in the NPs composition. Based on their contrast we are
assuming, red corresponds to a Ni-based phase (the most dominant element according to ICP-MS data, except for Nigi1.00
whose brightness evidences it is less abundant), and gray to a Bi-based one.



Table 2 Characteristic properties of the elements used for the preparation of bimetallic NPs.

Sample Solid Salt Ni/Fe Bi Consumed
target concentration (wt%) (Wt %) Bi (wt%)

Ni - 100 0 -

Nigam Ni 0.01 mM 96.7 £ 0.7 3.3 = 0.01 69.5
Niga.10 foil 0.1 mM 80.6 + 0.4 19.4 + 0.04 74.0

Nigi1 00 1 mM 5.8 = 0.03 94.2 + 0.3 47.9

Fe - 100 0 -

Fe pio1 Fe 0.01 mM 95.8 + 0.6 4.2 + 0.02 76.8

Fe g0 10 foil 0.1 mM 80.2 + 0.8 19.8 + 0.6 69.6

Fe g1 o 1 mM 278 + 0.2 722 +04 73.3

3.1. Morphology

The inspection of TEM images taken from multiple NPs per sample set shows key differences between
Ni-based (Fig. 2) and Fe-based samples (Fig. 3). Despite employing foils with extremely similar basic
physicochemical properties are used (Table 2), the same salt concentrations do not necessarily lead to
identical morphologies. For instance, in the case of the Nigio.o1 Sample, the NPs have a bimodal size
distribution characteristic of laser-mediated methodologies [35]. Moreover, both small and large NPs
exhibit predominantly core-shell structures, which are occasionally covered by two-dimensional (2D)
nanosheets. On the contrary, sample Fegio01, Whose Ni-based counterpart is Nigio.o1 Sample, shows
fundamental differences. Although both samples exhibit small and large core-shell NPs (size 20-30 nm),
the substantial morphological difference is the absence of the nanosheets. These discrepancies in Ni-
and Fe-based samples become more pronounced as the amount of salt increases.

In the case of the Nigio.10 Sample, a massive amount of nanosheets encapsulate spherical NPs, which
are surrounded by clusters of smaller ones (mean size: 6.1 nm, Fig. S7 in the Supplementary Material).
Unlike sample Nigio.01, the spherical NPs no longer exhibit a core-shell structure. For the Fe-based
counterpart, FeBi010, although the coreshell structure is still visible, many small particles are also
observed (mean size: 1.3 nm). This finding indicates that the 0.01-0.1 mM salt concentration range can
be considered a threshold for creating predominantly small NPs in both Ni-based and Fe-based
samples. Especially, the Fegio.10 €xhibits the smallest mean size. Moreover, similar to previous reports
indicating the formation of small NPs nested in larger ones as a consequence of non-equilibrium
conditions associated with the laser synthesis methods [18], Fegio.10 Sample also shows a nested-like
structure.

Finally, the morphological changes are the most pronounced in the case of Nigi1.00 and Fesi1.00 Samples.
On the one hand, for the Ni-based samples, the NPs in Nigi1.00 look considerably different from those
observed in Nigio.o1 and Nigio.10 , Which show an amorphous structure resembling nanobubbles that
encapsulate small NPs (mean size: 5.4 nm). Considering that the only difference between all these
samples is the amount of employed dopant, it is possible to assume that its abundance during the NPs
creation can facilitate the tuning of the final morphology. For instance, when employing the lowest
amount of dopant (sample Nigio.01), it seems to be inadequately incorporated into the NPs and rather
covers the surface of Ni NPs, enabling the formation of core-shell NPs. hen increasing the dopant
amount by one order of magnitude (sample Nigio.10), the dopant starts forming larger structures
resembling 2D nanosheets that, although still covering the surface of Ni NPs, start acting as capping



agents. These capping agents block the natural heteroaggregation of small NPs over larger ones [36],
which usually occurs in nanocolloids composed of ligand-free NPs that show a bimodal size
distribution. hen increasing the dopant amount by an additional order of magnitude (sample NiBi100),
the dopant no longer permits the NPs bimodal size distribution, suggesting that there is a limit to the
dopant amount for which it begins to intervene so profoundly in the NPs formation process that size
qguenching occurs followed by encapsulation.
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Fig. 3. Analysis of Fe-based samples displaying a size and morphology diversity in the NPs TEM images. The inset size
histograms displayed for samples Fegio.10 and FeBlloo represent the separate counting of very small NPs, which either form
part of bigger NPs or are located around the nanostructure’s perimeter. In the schematic nanoalloy structure visualization,
green and gray colors represent noticeable phases in the NPs composition. Based on their contrast we are assuming, green

corresponds to a Fe-based phase (the most dominant element according to ICP-MS data, except for FeBu.oo whose

brightness evidences it is less abundant), and gray to a Bi-based one.

In contrast to the behavior of Ni-based samples, when increasing the dopant concentration in Fe-based
ones, the increment in the dopant amount seems to force the transformation from phase-segregated
NPs into homogeneously mixed ones. Unlike the case of Ni-based NPs, Fe appears to incorporate more
efficiently the Bi dopant into its structure. For instance, the fact that in Fegio.10, the 0.1 mM Bi salt does
not lead to the formation of independent 2D nanosheets but rather a nested-like structure suggests
the internalization of Bi dopant into the Fe NPs system. Moreover, the shell suppression in FeBi1l00
and contrast homogenization in the corresponding TEM micrographs, which evidences no significant
element segregation, points to a more proper Bi internalization and distribution within the NPs. Even
though according to the first Hume-Rothery rule, the large difference in atomic radii would not allow
the formation of substitutional alloys, neither for Bi/Ni (atomic radii difference of 25.2%) nor Bi/Fe
(atomic radii difference of 25.7%), the rest of the rules do not exclude a slight mixing between the



elements (see Table 3). Therefore, the current observations require chemical composition analysis of
individual NPs to fully understand the morphological changes caused by the dopant amount.

3.2. Element composition

As indicated by ICP-MS, the Bi doping wt% increases in all samples with the employed doping salt
amount, from low in the case of the Nigio.01 and Fesio.o1 (3 Wt% and 4 wt%, respectively) to a massive
amount for the Nigi1.00 and Fegi1.00 (94 Wt% and 72 wt%, respectively). In addition, ICP-MS results reveal
that there is an abrupt composition change in the doping range of 0.1 to 1 mM, which may be an
optimal zone for adjusting the composition to the maximum extent.

Table 3 Hume-Rothery rules evaluation of used elements for nanoalloys synthesis.

Rules 1. 2. 3. 4.

Element Atomic Crystal Electronegativity Valency
size (nm) structure

Bi 0.156 Rhombohedral 1.9 + III

Ni 0.1246 Cubic - FCC 1.8 + I

Fe 0.1241 Cubic - BCC 1.8 + II/+ III

This hypothesis is supported by additional ICP-MS measurements conducted on samples created using
Bi salt solutions of 0.2, 0.4, 0.5, 0.6, and 0.8 mM (refer to Supplementary Material, Fig. S4). These
measurements showed that increasing the salt amount in such a range during the synthesis allows for
accurate tuning of Bi doping owing to the linear proportionality between the salt concentration and Bi
doping. Additionally, EDX line scans performed on samples where structural changes can be more
easily detected, i.e., the samples prepared in 0.01, 0.1, and 1.0 mM Bi solutions show that Bi can be
found in all observed NPs (Fig. 4, Fig. S5, and Fig. S6 in the Supplementary Material). Therefore,
complementing the observations extracted from the TEM micrograph analysis, it is possible to ratify
that the elements are distributed in segregated phases within the NPs. Note that the EDX line scan
analysis was performed on NPs with an average size of around 100 nm. This decision was motivated
by the fact that the analysis of smaller NPs can lead to a limited collection of characteristic X-rays signal,
which can introduce potential inaccuracies [37]. Therefore, the current element distribution findings
only refer to the NPs with an average size of around 100 nm.

In the case of the lightly doped Ni-based samples (Nigio.o1 and Nigio.10), the low Bi signal is attributed to
the nanosheets covering the entire surface of Ni NPs. The Bi signal increment in the sample NiBi1.00,
which exhibits a relatively homogeneous Bi signal distribution overlapping with a Ni signal displaying
small peaks, denotes Ni encapsulation by Bi. This is further demonstrated by EDX maps, where the
superposition of Bi and Ni atoms signal is visible even between the nested Ni and the Bi bubble-like
structure. In the case of the Fe-based samples, although the EDX line scans do not indicate a core-shell
structure as initially suggested by the TEM images, both element signals fluctuate significantly across
the line scan. Such a fluctuation evidences an irregular mixing of Fe and Bi throughout the NPs
structure, confirming that Fe NPs can incorporate the Bi dopant more efficiently. EDX mapping of the
sample with the largest Bi doping (Fesi1.00), on the other hand, shows a thin Bi shell barely noticeable
by bright field TEM images and the incorporation of the Bi atoms into the Fe core.
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samples with the largest Bi doping, i.e., Nigsir.oo and Fesi1.o0, displaying a notable phase segregation.

3.3. Phase composition
3.3.1. Individual NPs analysis

The phase segregation suggested by EDX line scan and mapping analysis can be confirmed by the
HRTEM and SAED analysis (Fig. 5). Accordingly, samples Nigio.01-Nigi1.00 display crystalline phases
belonging to Ni and Bi, and samples Fegio.01-Fesi1.00 to Fe and Bi. In the case of Nigio.01, although HRTEM
analysis only shows cubic NiO (ICDD-database: 65-5745) in the NPs core, and rhombohedral NisC (ICDD-
database: 6-697) in their surface, SAED analysis complements these data by confirming the additional
presence of cubic Ni (ICDD-database: 88-2326), monoclinic Bi (ICDD-database: 65-1215), and cubic 5-
Bi,Os (ICDD-database: 16-654). On the one hand, as acetone is a volatile carbon-based liquid, it can
undergo molecular dissociation during its interaction with the ablation area (the laser-solid target
interaction promotes the formation of a short-living plasma). This would allow the transmission of its
constituent elements to the plasma and consequential incorporation into the NPs after the plasma’s
extinction leading to the formation of Ni carbides [13]. Moreover, since the NPs produced by RLAL are



released into the liquid immediately after their creation, they are very hot, and their contact with
acetone molecules could trigger their degradation, increasing the chances of generating carbides over
the NPs surface. On the other hand, the formation of bismuth sheets covering the NPs surface can be
attributed to the reduction of the Bi salt over the hot NPs surface (similar to the case of acetone
degradation). The plasma can trigger the acetone molecular dissociation [15], and consequent ketyl
radicals generation, which can reduce the Bi salt while using the NPs surface as support. Thus, the
reduced Bi salt can form metallic Bi or Bi,O3 polymorphs. Considering that in RLAL, the NPs ejected
from the cavitation bubble hold a temperature > 1000 K for some ns [38], before rapidly decreasing,
the interaction between reduced Bi species with the hot NPs surface may foster the formation of
nanosheet polymorphs that are hard to get at conventional temperature transition times (~s) like 5-
Bi,O; (appearing at 1003-1098 K), -Bi»0s3 (923 K), or y-Bi»03 (912 K) [39].

Unlike the Ni-based sample, its Fe-based counterpart (Fegio.o1) shows a core mainly composed of a
combination of cubic Fe (ICDD-database: 85-1410), cubic FeO (ICDD-database: 77-2355) and Fes04
(ICDD-database: 79-416, 74-748), a shell formed by the same oxides, and the additional rhombohedral
FeO (ICDD-database: 6-711), and no carbides. Differently from Ni, when employing laser-mediated
synthesis methodologies to produce Fe NPs in acetone, Fe does not tend to form carbides, presumably
due to a decomposition reaction turning the potential carbides like FesC into 3Fe + C, which get rapidly
oxidized [40]. SAED analysis additionally indicates the presence of rhombohedral §-Bi,O; (ICDD-
database: 16-654), just as in the Ni-based counterpart, indicating that regardless of the magnetic
element nature, the Bi salt follows a similar type of reduction pathway.

When increasing the Bi dopant, the Ni and Fe natures lead to very different structures. For Ni-based
samples, there is an increase

Sample A) HRTEM B) SAED Sample C) HRTEM D) SAED

Nigjp 10

Nig;.00

Fig. 5. The crystallographic distances found In HRTEM [(A) and (C)] Images and SAED diffraction patterns [(B) and (D)] are
displayed and labeled by colors. Ni-based samples: Ni (red), NiO (yellow), NisC (light blue), Bi (white), and B;,03 (purple). Fe-
based samples: Fe (green), FeO (orange), Fes04 (dark blue), BiFeOs (beige), and Bi»Os (purple).



When increasing the Bi dopant, the Ni and Fe natures lead to very different structures. For Ni-based
samples, there is an increase of 6-Bi,Os while NisC get heavily reduced, being only detectable by SAED.
Such a result confirms the hypothesis that Bi acts as a capping agent for Ni, but the bimodal size
distribution blockage is not the only outcome. The NisC reduction also indicates that Bi competes with
the acetone molecules to occupy the Ni-based NPs surface favoring the formation of nanosheet
polymorphs like 5-Bi0s. In the case of Fe-based samples, the dopant increment enables the formation
of additional crystal phases such as rhombohedral BiFeOs (ICDD-database: 71-2494), monoclinic a-
Bi.Os (ICDD-database: 41-1449) or tetragonal 6-Bi,Os; (ICDD-database: 29-236). Thus, this
demonstrates that an increased amount of Bi intervening in the Fe NPs formation can force the
incorporation of Bi atoms within the Fe crystal resulting in phases like BiFeOs. Moreover, the more
significant abundance of non-nanosheet Bi;O; polymorphs compared to Ni-based samples can be
attributed to both elements’ heat transfer difference. Similar to LAL, in the reactive version RLAL, upon
condensation of the ablated material, the NPs start to shape while cooling down. During the cooling
process, the heat is transferred to the surrounding liquid until thermal equilibrium is reached,
triggering chemical transformations in the liquid components (solvent and solute) along the way [41].
Such transformations include thermal decomposition, vaporization, reduction/oxidation of solute and
solvent molecules, and formation of reactive species [13], the extent of which will depend precisely on
the NPs heat transfer [11]. Since Fe has a lower thermal conductivity than Ni [42], which affects the
rate of heat transfer between the NPs and the liquid, it can be more difficult for Fe to transfer
temperature fast enough to the reduced bismuth. This simultaneously favors the generation of
polymorphs at lower temperatures than the 5 one and prevents an annealing effect that can benefit
nanosheet formation [43].

3.3.2. Bulk analysis

The bulk XRD analysis displayed in Fig. 6, shows that the Ni-based samples exhibit the following
crystalline phases, which complement the already identified phases in single particles: hexagonal alpha
Ni(OH); (ICDD-database: 22-444), hexagonal Ni,Os (ICDD-database: 14-481), and rhombohedral Ni3C
(ICDD-database: 6-697). Even though such peaks are clearly visible for samples Ni-Nigio.10, Nisi1.00 Shows
no conclusive results due to its relative amount of Bi (see Table 1). Based on the TEM images, the Bi
dopant not only forms crystalline phases corresponding to Bi.Os polymorphs or metallic Bi but also
exists in an amorphous form. This means that with an increase in the Bi dopant concentration, such as
in the case of Nigi1.00, the signals from these coexisting phases, which are difficult to distinguish in bulk,
mask the Ni diffraction peaks. In the case of Fe-based samples, something similar occurs; the samples
holding the lowest Bi concentration display the Fe-based crystalline phases corresponding to
orthorhombic Fes;04 (ICDD-database: 89-6466), and rhombohedral Fe,0s (ICDD-database: 85-987),
while the sample containing the largest amount of Bi, i.e., Fegi1.00, does not show distinguishable
phases. The signal shielding in Fegi1.00 can be attributed, as in the case of Nigi1.00, to the coexistence of
Bi»0s3 polymorphs and amorphous zones (see Fig. S8 in the Supplementary Material).

Finally, because of its ability to provide insights into metal oxide species’ bond strength, length, and
symmetry, even for 2D materials, Raman spectroscopy analysis adds the last complimentary details on
the NPs structure [44]. As observed in Fig. 7 and summarized in Table 4, the Ni-based samples display
a variety of distinct peaks that can be associated with Ni and Bi oxides. For instance, the Ni sample
exhibits peaks of Ni(OH), [45] and NiO [46-48] while the sample NiBio.o: has NiO peaks.



Table 4 Raman peaks presented in the Ni-based and Fe-based samples.

Compound Peaks (cm™) Sample
Bi(NO ), 1045, 727, 428, 263, bismuth salt
184, 149, 111, 86
Ni(OH), 1059, 647, 266 Ni, Nigg o
NiO 1119-1117, 1039-1029, 715, Ni - Nig 0
676, 575-560, 511-504,
395-389, 361-356
Bi, 0,
a form 532, 332, 302, 208-205, Nigoo - Nigioos Feaim
160, 139-138, 106-105
f form 122, 115, 75-74 Nigoor - Nigoo
& form 630, 607 Niﬂﬂ_]u - Niﬂj]m
Bi-O stretching 311-307, 122-121 Nigoo - Nigioos Feaim
Bi vibration 91, 83-81, 66-58, 52 Nigop = Nigioo
Fegmio - Fegipo
FEEDS
a form 1294, 950, 623 Fe - Fegg o
y form 672, 495-487, 302 Fe - Fegpo
FeO 672, 595.590, 330, 302 Fe - Fegg 0
Fe 393.390, 284-279, 218-215 Fegoo - Fenoio
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Fig. 6. XRD spectra of (A) Ni-based samples and (B) Fe-based samples indicating the identified crystalline phases.



Besides, Nigio.o1 exhibits peaks of Bi,Os; possibly belonging to two of its forms - a and /I. [49,50] In
contrast, the Nigio.1.0 sample shows all four mentioned phases (NiO, Ni(OH),, a-Bi,0s, and B-Bi,0s), as
well as peaks attributed to 6-Bi0s. Finally, the NiBi1.o0 sample exhibits Bi,Os in two forms - a and 5. In
addition, the spectrum shows a peak at 1039 cm™, which presumably belongs to the NiO (or
alternatively to traces of residual bismuth salt). Overall, the Raman spectroscopy data suggests that
the Ni-based samples contain Bi,0s in three different known forms - a, B, and 5. However, the HRTEM,

SAED, and XRD phase analyses indicate that the 6-Bi,03 form is dominant.
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Fig. 7. Raman spectra of bismuth salt, Ni-based, and Fe-based samples, (A) in the wavenumber range 50-1600 cm (B) in the
wavenumber range 50-200 cm!

Unlike the Ni-based samples, the Fe-based ones do not start showing peaks associated with Bi oxide
phases until sample Fegio.10, Where a Bi salt loading of 0.1 mM was employed. The lower salt content in
Fe-Fegio.o1 leads to the production of Fe oxide forms like a - Fe,03; (hematite), r - Fe;03 (maghemite;
see also Fig. S9 in the Supplementary Material), FeO (wustite), and metallic Fe [51-53]. For Fegio.10 apart
from Fe phases, it is possible to observe vibration modes of Bi atom in Bi,Os;. Sample Fesii00, also
exhibits Bi,O3 peaks corresponding to the vibration and stretching modes in Bi2o; and specific peaks
for a-Bi;0:s.
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Fig. 8. Comparison between the Tauc plots of (A) Ni-based and (B) Fe-based samples with the Sun spectral irradiance during

periods of moderate solar activity. Moreover, linear area magnifications of the same (C) Ni-based and (D) Fe-based samples

are displayed. Note that the corresponding linear fittings are included in the pictures, and with them, their R-squared values
>0.99.

Overall, such data indicates that incrementing the Bi dopant forces its incorporation into the Fe system.
For instance, the fact that Bi is observed in Fegio.01 (0.01 mM Bi salt loading) only by SAED indicates that
Bi is not properly incorporated into the nanosystem, and the majority of the Bi is lost in the cleaning
process. ith the salt concentration increment, Bi is more easily detected by the rest of the analytical
methods indicating its incorporation into the Fe system. This reinforces the hypothesis that the Bi/Ni
interaction differs from the Bi/Fe one when magnetic Bi-based nanoalloys are generated through RLAL.
On the one hand, Bi behaves as a capping agent for Ni, while, on the other hand, it behaves only as a
doping agent subject to internalization for Fe.

3.4. Physico-chemical properties

Since variations in the sample's phases and morphological composition have a natural impact on their
physicochemical properties and suitability for real-world applications, assessing these changes in
relation to the specific intended use is essential. Bi magnetic NPs were selected for their potential use
as recyclable photocatalysts, so the samples' bandgap, magnetic properties, and hydrodynamic
stability were analyzed.



3.4.1. Bandgap

Since semiconductors' photocatalytic properties are associated with the photogeneration of charge
carriers between valence and conductive bands, the gaps between these bands (or bandgaps) need to
be determined. In our current study, the samples exhibit a combination of crystalline and amorphous
phases, generally resulting in tail states near the valence and conduction bands. Thus, as for the optical
bandgap determination of amorphous semiconductors, it is necessary to consider that the bandgap of
our samples will be defined by extrapolating the joint density of states [54]. As such, this can be easily
done by employing the Tauc method, which relates the extrema of the bands to the square root of
photon energy proportionally [55]. This method, also known as the Tauc plot, determines whether the
bands' extremes are present in the samples, while their linear fittings show their position. As observed
in Fig. 8, these data indicate that the most promising photocatalysts are those containing Fe. Unlike
the Ni-based samples, the Fe-based ones show bandgap values in the 2.5-3.5 eV range despite the Bi
dopant content. Such bandgap values correspond to light activation values in the longwave UV (UVA)
or visible region of the electromagnetic spectrum, implying that they can benefit from a fraction of the
solar spectral irradiance, which makes them more practical for efficient catalytic processes.

According to the sample’s phases and morphological composition, both groups of magnetic Bi
nanomaterials should be able to display photocatalytic activity, especially considering that both groups
show the presence of various Bi,Os; polymorphs, which have bandgap values from 1.7-3.4 eV [50].
However, the interaction with the magnetic oxide elements finally determines which nanomaterial
displays the most efficient bandgap shift. In the case of Ni-based samples, most of them contain NiO
or Ni;Os with bandgap values in the range of 3.6-4 eV [56,57], and in particular cases, getting up to 4.5
eV [58]. This results in the synergistic effect of shifting the Ni-based nanoalloys bandgap to larger
values, except for Nigi1.00, Which has the most significant amount of Bi . This sample, in contrast, shows
double bandgap values due to the more equilibrated coexistence of segregated Ni-and Bi-based
crystalline phases. Although all Fe-based samples exhibit forms of Fe oxide, their bandgap values match
or fall below those of the Bi»Os; polymorphs (1 eV for FeO, 1.9-2.2 eV for Fe,03, and 1.1 eV for Fe304)
[59-61]. Hence, their combination does not affect the Bi203 optical response, leading to the most
appropriate type of magnetic Bi photocatalyst.

Additionally, in the case of the samples with the largest concentrations of Bi (Fegio.10 and Fegi1.00), the
dominant presence of the Bi,Os polymorphs a and 5 with bandgap values 2.58-3.09 eV, and 1.73-1.95
eV, respectively [50], enables the most promising type of magnetic photocatalyst, which has the ability
to be activated by light in the visible region. In the particular case of Fesi1.00, the sample displays a dual
bandgap as the increased concentration of Bi enables a more significant polymorphs’ contribution to
the final material’s optical response.
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Fig. 9. Representative VSM hysteresis loops of (A) Ni-based and (B) Fe-based samples are shown with the details in the inset
graphs displaying the magnification of the zero-field region. Moreover, the dependence between presented magnetic
saturations and magnetic element contents are given for (C) Ni-based and (D) Fe-based samples.

3.4.2. Magnetic properties

The investigation of magnetic properties revealed that the Fe-based samples have greater potential to
be used as recyclable photocatalysts (see Fig. 9A and B). Despite both groups of samples exhibiting S-
shaped magnetic hysteresis loops, indicating magnetic behavior, the Fe-based samples show higher
values of saturation magnetization (Ms). As observed in Fig. 9D, their M; value gradually decreases with
the amount of the Bi dopant. This observation agrees with the generally accepted fact that non-
magnetic/diamagnetic compounds (e.g., Bi oxides) cause a decrease in magnetic saturation [62].
Although the same tendency is observed for the Ni-based samples, the capping effect exerted by the
Bi seems to affect their magnetic response more profoundly (Fig. 9C). This phenomenon can be
attributed to the spatial composition of the NPs as well as their interactions. As TEM images show (Fig.
2), the Bi-material appears to form a network around the Ni-based NPs, preventing their growth,
forming veils for Nigio.10, and encapsulating bubbles for Nigi100. Typically, the magnetic properties of
NPs scale as their size increases. In the case of the Ni-based NPs, the growth hinders their magnetic
response [63]. Moreover, the presence of Bi oxides yields a higher interparticle spacing between the
adjacent NPs, suppressing the collective magnetization. Such an elemental ordering in the Ni-based



NPs adds a disadvantage, as a region at the surface or interface with the substrate likely produces
magnetic dead layers (MDLs), further contributing to the overall reduction of magnetic behavior [64].

Table 5 Magnetic parameters of the synthesized NPs.

Sample My H. My Mg/ Mg K
(emu g7*) (Oe) (emu g=*) (a.u.) (emu Qe g~1)

Nigpo1 2.0 76 10.5 0.190 814

Nigg. 1o 0.15 17 1.7 0.088 29.5

Nigi100 0.05 20 0.45 0.111 9.2

Fe oot 8.0 166 73.8 0.108 12496

Fe g 5.2 163 48.5 0.107 8064

Fegyim 0.4 45 6.1 0.066 280

The magnetic saturation, magnetic coercivity, remanent magnetization, remanence ratio, and
anisotropy constant values are determined from the hysteresis loops and summarized in Table 5. The
calculation of the anisotropy constants is based on the theory of Stoner and Wohlfarth [15], applying
the formula:

K=102-H.-M, (2)

where K represents the anisotropy constant, H. coercivity, and Ms magnetic saturation of the sample.

In line with the magnetization saturation values, coercivity and anisotropy decrease as the Bi doping
increases in either group of samples. Such a tendency indicates that, although these values correspond
to soft magnetic materials [65], their response to magnetic fields can be modulated with the Bi dosage.
Thus, as the Bi dosage increases, the materials’ resistance to changing magnetization and the
alignment of their total magnetic moments decrease. Considering these results and the bandgap
calculations, it can be concluded that Fe-based samples are more appropriate for use as recyclable
photocatalysts. Furthermore, as proved by ICP-OES data, even at low wt%, Fe can impart adequate
magnetic properties to recycle photocatalysts that benefit from the light’s visible spectral range.

3.4.3. Stability

While the magnetic properties and optical bandgap are undoubtedly the most crucial parameters that
affect the samples’ efficacy as recyclable photocatalysts, it is also essential to have high hydrodynamic
stability during the catalytic reactions to guarantee a consistent and stable performance. Therefore,
the NPs’ hydrodynamic stability (Fig. 10A and B) was tested by UV-Vis spectroscopy and zeta potential
measurements after their transfer into demineralized water as its use is more common when
employing Bi-based nanomaterials as heterogeneous photocatalysts [66]. Note that as the zeta
potential electrokinetic model is designed for spherical NPs dispersed in solvents with well-known
parameters, the values obtained for our non-spherical NPs dispersed in water containing traces of
acetone and its degradation products derived from the cleaning process can be inaccurate; hence, such
data should be considered solely as a qualitative superficial charge change observation rather than
quantitative.
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Fig. 10. Time evolution of absorbance in (A) Ni-based and (B) Fe-based samples indicating their hydrodynamic stability in
the water, which is supplemented by the (C) zeta potentials through all states of cleaning process.

In general, the samples’ absorbance evolution through time (394 nm for Ni-based samples [67] and
348 nm for Fe-based ones [68]) are not very promising as most samples do not withstand beyond six
days, except for samples Fegio.o1 and Fesi1.00, Which can stay stable for two additional days. The stability
analysis, however, provides additional information, showing that, in general, Bi-doping positively
impacts the NPs hydrodynamic stability. As reported elsewhere, the Bi dopant alters Ni [69] and Fe
[70] crystalline lattices, and in particular [Bi**] interaction at the NPs surface can neutralize or totally
change the NPs superficial charge as demonstrated by the zeta potential measurements displayed in
Fig. 10C, leading to an electrostatically-driven stability increment. As water displays extensive ion
solvation capabilities, this aspect can improve the distribution of charges on the NPs surface [71],
resulting in a more pronounced superficial charge change in comparison to samples dispersed in
acetone, which only displays a slight superficial charge modification as a consequence of non-
consumed Bi salt remotion during the cleaning process stages. Since no additional ligand was
employed to stabilize these NPs, further electrical double layer modification by, for instance, the
incorporation of monovalent salts in the liquid medium, can serve as a stabilization mechanism.
Therefore, stable nanocolloids can be obtained while keeping the NPs maximum number of potential
active sites free, resulting in optimal photocatalytic performance.

4. Conclusion



In summary, the current manuscript unveils new limitations and opportunities for RLAL. It evidences
that while two elements may have extremely similar physicochemical properties, using each one
separately to produce nanoalloys with a photocatalytic element can significantly impact the final
composition, morphology, and overall photocatalytic behavior of the resulting nanoalloys. This is used
to our advantage by controlling the design of nanoalloys based on a magnetic element (nickel or iron)
and bismuth. The controlled atoms-structuring in the nanoalloys enables us to modify the nanoalloys’
bandgap and magnetic saturation. Moreover, owing to the employment of various amounts of bismuth
dosage, a group of diverse potential photocatalysts, with the ability to be up to 99% magnetically
recovered, is synthesized.

In the case of the Ni-based samples, different polymorphs of Bi,Os act as a capping agent, either
wrapping the surface of various Ni oxides and carbide NPs or completely encapsulating them in
nanobubbles comprising a combination of the said polymorphs and a Bi-based amorphous structure
as the Bi dosage increases. In contrast, when it comes to the Fe-based samples, incrementing the Bi
dosage leads to the internalization of Bi into various Fe oxide NPs, resulting in the creation of bimetallic
oxide phases, such as BiFeOs at the maximum Bi dosage. Interestingly, this phenomenon occurs even
though the Hume-Rothery rules suggest that these two elements should not form homogeneous
nanoalloys. However, as the ablated materials’ heat transfer seem to play a fundamental role in
incorporating Bi into the internal NPs structure while the NPs freeze, such materials’ characteristic that
happens to vary depending on the element allows the formation of nanostructures with radically
different properties. For instance, the Bi incorporation into the Fe-based nanosystems results in the
bandgap shifting of Bi,Os; polymorphs extending into the visible and UVA light regions. Furthermore,
even though the magnetic properties of Ni- and Fe-based nanomaterials decrease due to Bi doping,
they remain strong enough to provide magnetophoretic motility to the photocatalysts. Additionally,
as these NPs are ligand-free, stabilizing them through electrical double layer modification can create
magnetically recyclable photocatalysts capable of being activated by visible light and possessing the
maximum possible number of active sites. Overall, the fine control of nanoalloys achieved in this study
by exploring the limits of the sustainable laser-mediated RLAL method presents a promising prospect
in the field of recyclable photocatalysis.
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