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Abstract

Monodisperse, spherical sub-micrometer particles with clean, smooth surfaces are key materials used as composite reinforcements,
abrasives, and tribological additives, but remain synthetically challenging to produce. Pulsed laser melting in liquids (LML) is an
environmentally friendly, emerging route for producing such particles. However, demonstrations have so far been limited to batch
reactors, which are difficult to scale up to industrial production. Here, we extend laser melting in liquids to a continuous flat jet
flow-through reactor in which boron carbide composite nanoparticles (B4CC) dispersed in ethanol are fed perpendicular to a
nanosecond pulsed high-power ultraviolet laser beam; this is complemented by additional experiments employing pristine boron
carbide. We elucidate how flow conditions and the application of modern high-repetition-rate lasers alter particle formation path-
ways. Characterization of B4CC, irradiated at fluences of 45-135 mJ-cm™2, by transmission electron microscopy and dynamic light
scattering, evidences the formation of a bimodal size distribution of spherical particles with mean diameters of ~50 and ~100 nm,
verifying the parallel occurrence of isochoric reshaping and an aggregation—melting—fusion mechanism. While the smaller particle
size fraction formed in accordance with thermal equilibrium calculations, the second size mode, derived from a multistep aggrega-
tion—melt—fusion pathway, was significantly smaller than predicted. Systematic variation of the number of laser pulses per unit
volume (PPV) from 1 to 16 by tuning the interpulse delay (tip) from 1.4 to 0.1 ms revealed an initial increase of the mean diameter
of the second mode with PPV, reaching maximum size at 4 PPV. Interestingly, at higher PPV, further particle growth is arrested,
probably due to an interplay between low particle mass concentration and shorter Typ limiting the number of

aggregation—melt—fusion steps, indicating kinetically controlled particle formation pathways. If the laser fluence is increased to
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180 mJ-cm™2, laser fragmentation in liquid prevails, and small mass fractions of ultrasmall nanoparticles (approx. 2 nm) are formed,

which constitutes the upper limit of the LML process window. Overall, at the example of the ultrahard material boron carbide, diffi-

cult to process by other methods into perfect spheres, kinetically controlled LML in a flat jet flow-through reactor gives access to

nanostructures in a size range previously unattainable by laser processing, establishing the basis for upscaling production in liquid

flow with matched laser pulse numbers.

Introduction

Hard ceramic sub-micrometer spheres (SMSs) represent a class
of materials with exceptional mechanical and chemical stability,
rendering them indispensable for emerging technologies [1,2].
Their relevance spans a wide range of applications, including
composite reinforcements [3-5], abrasives [6-8], drilling materi-
als [9,10], and solid lubricant systems [11-13]. Hardness, crys-
tallinity, and particle size distribution are the major physico-
chemical properties that determine the performance of ceramic
SMSs in these applications; these properties are primarily
dictated by the synthesis route [14,15]. Conventional synthesis
methods, however, face substantial limitations in meeting the
stringent purity, crystallinity, and particle size requirements to
tune the SMSs to their corresponding application. Among
ceramics, boron carbide (B4C) is particularly noteworthy due to
its outstanding hardness, ranking among the highest on the
Mohs scale (about 9.5) [16]. Despite its favorable characteris-
tics, boron carbide synthesis and processing pose considerable
challenges. While several synthesis routes have been explored
for boron carbide nanoparticles (NPs) and SMSs, each presents
inherent limitations regarding crystallinity, dispersibility, or size
control. Solvothermal and wet-chemical approaches typically
yield amorphous or poorly crystalline products that exhibit pro-
nounced aggregation [17,18], whereas chemical vapor deposi-
tion [19-21] can produce highly crystalline B4C but suffers
from formation of polydisperse particles and limited scalability.
As a result, the fabrication of well-dispersed, crystalline, and
smooth-surfaced B4C spheres with monomodal size distribu-
tions remains challenging. This difficulty is further amplified
during particle comminution, as the pronounced hardness and
intrinsic brittleness of B4C severely hinder mechanical size
reduction and homogenization. Aligned with the chemical
industry’s ongoing transition toward greener and more sustain-
able manufacturing paradigms [22,23], pulsed laser melting in
liquid (LML) has emerged as an attractive approach for NP pro-
cessing [24]. The technique relies solely on electrical energy (to
create the laser beam), which can be sourced renewably. But
also the role of the liquid (which in the case of ethanol may not
be fully recyclable) needs to be considered. For more details on
LML-specific sustainability aspects, we refer to the recent
assessment of the four variants of laser synthesis and process-
ing of colloids regarding the twelve green chemistry criteria

[25]. Ethanol was selected as the liquid medium because

aqueous processing may promote oxidation [26] and hydrolysis
of boron-containing species under the high-temperature condi-
tions generated during laser processing; in contrast, ethanol
provides a less oxidizing environment but may additionally
generate transient carbonaceous species through solvent decom-
position [27]. To date, boron carbide SMSs produced by LML
of feedstock NPs have been exclusively generated based on
boron NPs, which are transformed into boron carbide SMSs due
to the incorporation of carbonaceous radicals from solvent de-
composition [24]. This kind of reactive LML relies on a com-
plex design where physical particle melting and chemical reac-
tions have to be controlled in parallel. It necessitates multipulse
processing and irradiation times up to 60 min in batch reactors.
A simpler and potentially more robust LML synthesis route
where B4C SMSs are formed directly from B4C NPs has rarely
been investigated, mainly because synthesizing B4C NP starting
materials is more challenging, and commercial availability is
limited [28]. Direct processing of pre-formed B4C NPs offers
the advantage of bypassing the kinetically demanding incorpo-
ration of carbon into molten boron, which is particularly rele-
vant for short-residence-time, continuous high-throughput pro-
cessing. In this way, the use of B4C feedstock can facilitate the
formation of stoichiometric and phase-pure B4C spheres with-
out requiring an additional carbonization step during laser pro-
cessing, provided that the starting material already meets the
required phase-purity specifications. Previous investigations
demonstrated that four pulses are sufficient to induce SMS for-
mation under batch conditions using boron [29]. However, this
pulse number proves inadequate for a quantitative conversion of
elemental boron to boron carbide. Higher-repetition-rate lasers
would facilitate higher-pulse-number applications in both batch
and flow-through reactors. However, to date, almost all LML-
based approaches have been conducted in batch or guided-flow
configurations coupled with Nd:YAG lasers operating at low
repetition rates (typically around 10 Hz) [24,28,30,31]. These
systems inherently limit throughput and scalability and are
hardly suitable for the scale-up of boron carbide SMS synthesis
by LML [29]. Even existing guided-flow reactors have deep
liquid paths and turbulent back-mixing, leading to severe
optical shielding, non-uniform fluence profiles, and undefined
irradiation histories per particle. The integration of a high-repe-

tition-rate laser into a continuous-flow flat jet LML platform
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thus fundamentally advances previous LML approaches. Al-
though laser systems with high pulse energy allow for a signifi-
cant increase in the irradiated volume at equivalent fluence, this
enlargement causes pronounced shielding effects in the irradi-
ated volume. These effects occur when particles or created
bubbles absorb or scatter the laser beam, leading to steep
fluence gradients within the irradiated volume, strongly influ-
encing the LML process and SMS quality. Here, regions experi-
encing higher fluence yield different particle sizes or morpholo-
gies compared to areas exposed to lower fluence. These non-
uniform energy distributions compromise control over particle
size and homogeneity, which is critical for scalability. To over-
come these obstacles, scale-up approaches necessitate switching
from large-volume batches to smaller irradiated volumes real-
ized in continuous liquid-flow reactors, where throughput is

controlled by the volume flow rate [32].

The current state of the art in scaled up laser synthesis and pro-
cessing of colloids is based on the utilization of high-power
lasers (up to 400 W) operated at kilohertz-to-megahertz repeti-
tion rates, frequently combined with advanced continuous
liquid-jet setups applicable for laser fragmentation in liquids
(LFL) [33-35] and pulsed laser defect engineering in liquids
[36,37], where throughputs of several grams per hour have been
realized [34,37,38]. Such advanced laser-processing setups have
not been used in the context of LML. There, they could dramat-
ically increase the number of laser pulses available for continu-
ous processing, while maintaining a stable interaction zone that
minimizes self-focusing and defocusing effects. However, a
critical challenge at such high repetition rates arises from heat
buildup [39]. If the pulse sequences are too fast, the particle will
not fully cool down before the next pulse hits it. This may cause
a further increase in the particle’s temperature by heat accumu-
lation, which promotes fragmentation [40]. These thermally
driven nonlinearities, furthermore, fundamentally impair
uniform and controlled formation of SMSs as they introduce
fluctuations in aggregation kinetics [41,42] and transport of
reactive intermediates [43]. Such considerations, however,
reveal an intrinsic mismatch between simplified theoretical
models and experimental observations. The model proposed by
Koshizaki et al. predicts cooling times for molten SMSs of the
order of milliseconds, rationalizing heat accumulation onset at
repetition rates exceeding 400 Hz [40]. In contrast, recent
studies report cooling rates for SMS-regime particles
approaching 10° K-s™! [44-46], implying that an SMS or molten
aggregate at 4000 K returns to ambient temperature within
about 4 ps. This estimate, however, reflects only the maximum
cooling rate at the onset of heat transfer, when the temperature
difference between particle and liquid is largest. As the particle
cools, the temperature gradient and thus the instantaneous cool-

ing rate decrease continuously. Consequently, the total cooling
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time to room temperature can be expected to be roughly one
order of magnitude larger, corresponding to an effective aver-
age cooling rate of about 108 K-s~!. Nonetheless, LML in batch
setups demonstrates the formation of substantially smaller NP
fractions already at 0.4 kHz, corresponding to cooling times of
about 2.5 ms and indicating fragmentation under ostensibly
thermally benign conditions [40]. This unresolved discrepancy,
spanning nearly three orders of magnitude between theory (par-
ticle cooling time) and experiment (time between two pulses),
likely originates from batch configuration characteristics that
introduce unmodeled thermal and hydrodynamic effects. Such
effects can be disentangled by implementing a flat jet flow-
through reactor into LML research, where fluence deviations
are minimal and the number of pulses per volume (PPV) can be
precisely tuned [36]. Thereby, LML processes may be meticu-
lously mechanistically explored and further adapted to function
in high-throughput, high-power, and high-repetition-rate laser
setups.

In the current study, we examine the extent to which steady-
state high-power laser processing in flowing ethanol can be
used for the scalable synthesis of boron carbide SMSs. This ex-
perimental design may be further utilized to study particle for-
mation pathways under kinetic control, contrasting thermo-
dynamic equilibrium conditions during batch processing, well
described and established in the literature. Hence, in contrast to
the state-of-the-art LML, we utilize the following methodolog-
ical innovations: (i) boron carbide composite (B4CC) as feed-
stock material instead of boron, aiming at faster processing with
a lower number of laser pulses, (ii) a thin flat jet flow-through
reactor that minimizes fluence gradients along the laser beam
path, which enables uniform flow conditions and a precise
setting of the PPV for the whole processed volume, and (iii) a
high-repetition-rate laser (10 kHz) with a hundred times lower
pulse intervals, potentially shorter than the particle cooling time
between pulses.

Transmission and scanning electron microscopy (TEM and
SEM) are employed to evaluate morphological changes, while
dynamic light scattering (DLS) provides quantitative insight
into size distributions. Together, these analyses elucidate the
relationship between laser parameters, SMS formation mecha-
nisms, and the resulting material properties in the underex-
plored kinetically controlled particle formation regime during
LML. Ultimately, this study seeks to bridge the conceptual
divide between fundamental laser—matter interaction physics
and the practical requirements of scalable SMS production.
By demonstrating the feasibility of a high-frequency
UV-nanosesond-LML process within a flat jet geometry, the
work establishes a pathway for future mechanistic studies and

process optimization. A demonstrative scale-up emphasizes the
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application relevance of this methodology and its potential
contribution to sustainable nanomaterials manufacturing if fully
optimized. The general concept and the design of the study are

illustrated in Figure 1.

Experimental

Pulsed laser melting in liquid

The B4CC particles (mean particle diameter of 40-80 nm ac-
cording to the manufacturer) were purchased from Nanografi
[47] and dispersed in absolute ethanol (99.8%, VWR) using a
Hielscher UP200ST [48] sonotrode operated at 100 W for 10
min. For purification, the suspension was subsequently filtered
through a syringe filter (76479-060, VWR) to remove residual
large feedstock particles with a cutoff above 100 nm. For each
experiment, 100 mL feedstock suspension was prepared, with a
B4CC mass concentration of 250 mg-L~!. Since the LML
process was operated as a closed-loop recirculation process
without intentional mass removal, the overall particle concen-
tration remained constant throughout laser processing. Solvent
evaporation was negligible under the employed conditions, and
any minor evaporated solvent was condensed within the closed
flow system. Laser processing was conducted using a UV
nanosecond laser system (Trumpf TruMicro 8340, 400 Watt at
10 kHz, 18 ns, 343 nm) integrated into a flat jet setup de-
veloped within the research group (Supporting Information

File 1, Figure S1). The average laser power was monitored
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using the integrated measurement tool of the Trumpf laser
system. The laser beam was focused to a spot size of 0.12 cm?
(2 mm by 8 mm) using a Thorlabs cylindrical lens with a focal
length of 500 mm. The resulting fluence values calculated from
this profile may be subject to systematic error due to the spot
size measurement. Based on the specifications of the beam
profiling camera (Ophir SP932U), the estimated systematic
measurement uncertainty of the beam diameter is 2%. However,
as all measurements were performed within an identical experi-
mental setup, this potential offset remains constant and does not
affect the comparative validity or relative trends reported in this
study. The liquid jet was generated by a 90° nozzle
(NF90303BSP, BETE Spray Technology), producing a laminar
liquid layer with a thickness of 35 um as determined by UV—-vis
extinction spectroscopy (Flame, Ocean Optic, Supporting Infor-
mation File 1, Figure S2). This configuration eliminates both
laser refraction at the air-liquid interface and liquid back-
mixing phenomena, thus ensuring reproducible laser—matter
interactions under defined optical and hydrodynamic condi-
tions. Quantitative evaluation of the medium’s absorption be-
havior was performed using the Beer—Lambert's law, enabling
the correlation of optical absorbance with solute concentration
for precise process control. To selectively capture the laser-
excited volume fraction, a custom-built mechanical separation
unit of 3 mm redirects unirradiated fractions into a closed-loop

recirculation pathway, thereby efficiently using the feedstock

Scalability

Flat Jet Nozzle
Continuous
Side View Flow
10 000 Hz
Well-defined
PPV
Well-defined
Fluence
Top View um

Figure 1: General concept of the LML transition to high-power flow-through setups coupled with a flat jet approach. Left: The two particle formation
pathways of isochoric reshaping and aggregation—melting—fusion, both simultaneously occurring during LML. Middle: General shortcomings of estab-
lished batch setups for LML are characterized by undefined irradiation conditions (fluence and PPV). Right: Schematic setup of the flat jet flow-
through setup used in this work to overcome the limitations of batch processing.
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material (Supporting Information File 1, Figure S1). The sepa-
ration knives need to have a safety distance (0.5 mm) from the
laser beam edge, so that only 66% of the volume collected
downstream was processed by LML (2 mm laser and 3 mm sep-
aration width). The experiments at varying fluence were per-
formed at a constant repetition rate of 10 kHz and a laser power
between 200 and 400 W and 16 PPV. The volumetric flow rate

of the treated suspension was maintained at 20 mL-min~!

using
an Ismatec REGLO-Z pump. The calculated Reynolds number
of 147 (see Supporting Information File 1 for further informa-
tion) and low pump pulsation indicate operation within a non-
turbulent regime, ensuring reproducible layer thickness and
minimal flow fluctuations. For PPV studies, an integrated
divider module was employed to adjust the laser output repeti-
tion rate (0.7-10 kHz) and thereby the PPV within a range from
1 to 16. This results in interpulse delays from 0.1 to 1.4 ms (see

Supporting Information File 1, Section S4, Table S1).

X-ray photoelectron spectroscopy

To prepare the sample for X-ray photoelectron spectroscopy
(XPS) analysis, the powdered material was pressed directly
onto an indium film substrate. XPS measurements were con-
ducted using a JEOL JPS-9200 spectrometer equipped with a
monochromate Al Ka X-ray source. An electron neutralizer was
utilized during data acquisition to compensate for surface
charging effects. Spectral deconvolution and quantitative
analysis were performed using standard fitting procedures. A
Shirley-type background subtraction was applied to isolate the
core-level signals. Peak fitting was carried out using a mixed
Gaussian-Lorentzian line shape, where the Gaussian-to-
Lorentzian mixing ratio was treated as an adjustable parameter

during the fitting process.

Electron microscopy

To prepare the electron microscopy samples, the NP suspen-
sions were concentrated using a centrifuge (Hettich Micro 220)
with a nominal cutoff of 50 nm. The collected particles were
subsequently washed three times with high-purity ethanol under
identical centrifugation conditions to remove residual impuri-
ties originating from thermal ethanol decomposition. For trans-
mission electron microscopy (TEM) analysis, 5 pL of the puri-
fied suspension was deposited onto a carbon-coated copper
TEM grid, whereas for scanning electron microscopy (SEM),
the suspension was dripped onto a polished silicon wafer. In
both cases, the solvent was allowed to evaporate under ambient
conditions. TEM imaging was carried out using a JEOL JEM
1400 Plus operated at 200 kV, while SEM characterization
was conducted with a Thermo Scientific Magna Ray WDS
Spectrometer. Image analysis and particle size evaluation were
performed using the Fiji software package, measuring at least

n = 250 particles.
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Dynamic light scattering

Dynamic light scattering (DLS) measurements were conducted
using a Zetasizer ZS90 (Malvern Instruments). The optical
transmission of each sample was adjusted to approximately
70% using anhydrous ethanol as the solvent. A volume of 5 mL.
of the resulting suspension was transferred to a quartz cuvette,
and measurements were performed in backscattering mode at
173°. The sample temperature was maintained at 25 °C throug-
hout the experiment. To ensure statistical reliability, each sam-
ple was measured in triplicate, with three measurement cycles
per replicate.

X-ray diffraction

X-ray diffraction (XRD) analysis was performed using a Bruker
D2 Phaser benchtop diffractometer equipped with Cu Ka radia-
tion (\ = 1.54056 A). Approximately 100 mg of powdered sam-
ples were loaded onto a spinner reflection stage for enhanced
angular reproducibility. The feedstock B4CC powder was
analyzed directly as received from the commercial manufac-
turer without further treatment. For the laser-treated samples,
the processed nanoparticle dispersion was collected after LML
processing, concentrated by centrifugation, and dried at 60 °C
to obtain the powder required for XRD analysis. Data were
acquired over a 20 range of 5-90° at a step size of 0.01214° and
a step time of 3.6 s per step.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a
Shimadzu TGA-50 thermal analyzer. The solid sample was
weighed directly into an alumina crucible with an initial sample
mass between 3 and 5 mg. Measurements were conducted under
a nitrogen/oxygen atmosphere with a continuous purge flow
rate of 20 mL-min~!. The temperature program consisted of
dynamic heating from room temperature (approx. 25 °C) to a
maximum temperature of 1000 °C at a constant heating rate of
25 °C-min~!. Sample mass loss and the corresponding deriva-
tive thermogravimetric signal were recorded continuously

throughout the temperature range.

Results and Discussion

Feedstock nanoparticle characterization

To investigate the transferability of the LML process to contin-
uous flow in a flat jet, a thorough characterization of the feed-
stock NPs is essential. To this end, we analyzed the feedstock
particles by XRD, XPS, and TGA, verifying that we work with
a boron carbide composite (B4CC) containing 21 wt % of boron
carbide, as well as fractions of graphitic carbon and boron
oxide. However, as carbon does not form stable SMSs at atmos-
pheric pressure, it evaporates at 3642 °C [49], we can assume
that SMSs formed from B4CC are mainly composed of B4C,

although fractions of B or B,O3 in the particles cannot be
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excluded. As the SMSs generated by LML from pure B4C show
similar particle diameters and shapes (Supporting Information
File 1, Figure S3), we can assume that the herein used B4CC is
suitable for mechanistic studies of LML (Supporting Informa-
tion File 1, Section S2). Although the two feedstock materials
have markedly different crystal structures, XRD analysis shows
that their response is similar after LML. Notably, all diffraction
features attributable to boron oxide disappear after processing,
suggesting complete removal rather than reduction below the
detection limit. This transformation occurs regardless of the
initial crystallographic state, demonstrating that oxide forma-
tion is not only suppressed, but also effectively eliminated
under the applied LML conditions, probably attributed to reduc-
tive environments frequently reported during LML in organic
solvents [27]. To explain why we used B4CC feedstock rather
than the B4C reference, we need to examine the particle size
distribution of both (Supporting Information File 1, Figure S3).
As we wanted to obtain scientific results based specifically on
the aggregation—fusion—melting process, the broader particle
size distribution of the B4C resulted in overlap between aggre-
gation, melting, fusion, and isochoric reshaping. Therefore, al-
though it is a composite, we used the B4CC due to its narrower
size distribution and overall smaller mean particle diameters in

the feedstock powder.

Fluence study

TEM analysis of the B4CC feedstock particles predominantly
shows a hexagonal morphology according to the manufacturer’s
specifications [47], as validated in Figure 2A. It is noteworthy,
however, that particles smaller than 40 nm do not consistently
possess a perfect hexagonal shape; some display rounded edges,
though they remain distinctly non-spherical. The initial particle
diameter distribution follows a characteristic log-normal profile,
confirmed by TEM (Supporting Information File 1, Figure S5).
The mean value from TEM is about 30 nm with a standard devi-
ation of £12 nm. These findings align with the manufacturer’s
specifications, which indicate particle diameters in the range of
40 to 80 nm. The observed shift towards smaller particles below
40 nm is primarily attributed to the feedstock suspension purifi-
cation steps described in the Experimental section. This initial
characterization establishes a reliable baseline, enabling unam-
biguous attribution of any subsequent structural or morphologi-
cal changes to laser—material interactions during the LML
process. Owing to the inherent mechanisms of laser—particle
interactions described by the heating—melting—evaporation
(HME) model established by Koshizaki et al. for LML [50,51],
the LML treatment is expected to yield a bimodal particle size
distribution. According to this model, a given fluence has two
particle size values in the bathtub-shaped fluence—diameter
diagram (reaching the melting onset temperature). The feed-

stock particle size is already in the range of the first intersec-
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tion (at the smaller size), but the formation of significantly
larger molten spheres of the second melting-onset size would
require the particles to fuse. This means that the smaller popula-
tion arises from surface reshaping of pre-existing particles (in-
cluding smaller agglomerates), while the larger sizes may only
originate from aggregation—melting—fusion, as illustrated in
Figure 2A. The corresponding bimodal size distribution pattern
is corroborated by the DLS data in Figure 2B, where two
distinct peaks can be assigned to the respective SMS sizes
depicted in Figure 2A. TEM analysis also reveals a bimodal
size distribution with a higher particle density (n = 2500) com-
pared to Figure S5 (Supporting Information File 1).

The laser fluence window is a key parameter that controls the
initiation and progression of LML, and it particularly dictates
the maximum SMS diameter meltable under thermodynamic
control [51]. Fundamental studies by Koshizaki et al. have
repeatedly demonstrated that carefully defining this window is
essential for achieving controlled transformations during LML.
Over the past two decades, increasingly advanced theoretical
models have been developed to predict the lower and upper
boundaries of the effective LML fluence range [50,51]. In the
present study, we further advance the quantitative model intro-
duced by Sakaki et al. [51] to describe the fluence-dependent
LML threshold under the specific optical and thermal boundary
conditions of our system. This model was extended to include
the upper fluence limit associated with the LFL regime [45].
We experimentally determined the fluence at which LFL begins
and, using the HME model, marked the corresponding particle
temperature as the onset of LFL. All simulated temperatures
above this threshold are shown in the profiles as a white
“bathtub area” (further information and model code are provi-
ded in Section S4 of Supporting Information File 1). In both the
black LML area and the white LFL area, only the temperatures
required to trigger or initiate LML or LFL are reached. Conse-
quently, it cannot be guaranteed that LML and LFL will fully
develop; instead, the two mechanisms may partially overlap.
Recent studies by Zhigilei et al. [52] have shown that, under
laser irradiation, the solvent may reach supercritical conditions
at the surface. The transition substantially modifies heat transfer
at the nanoparticle-liquid interface and is therefore expected to
shift the effective fluence during laser melting in liquids toward
higher values. However, the present model should be inter-
preted with caution and not as a quantitatively predictive frame-
work. Experimental analysis revealed that the purchased B4CC
feedstock does not exhibit ideal purity, as detailed in Support-
ing Information File 1 (Section S2), but could also contain frac-
tions of C and B,0O3. Despite this, the simulations were deliber-
ately performed assuming pure B4C. This approach enables the
use of well-established literature parameters and avoids the

introduction of multiple poorly constrained assumptions regard-

1587



Beilstein J. Nanotechnol. 2026, 17, 1582—1595.

w

[ Feedstock B4C
H _ = LogN-Fit
Fusion 204 mean: 56 + 1 nm
melting °\E ( -1|_305grr:11J|é.ctm 14 PPV
> mean1:72 + 1 nm mean2: 242 + 3 nm
0 15
c
)
]
=3
o
L= 10
S
[
o
Reshaping [
5 5
2 Y
0
C Temperature [K] 10 100 1000
500 . .
6419 Particle Diameter [nm]
LML D
, Regi 125 . : :
400 L gion
€ »
S 2
5 L 4
E 300 S .ano
‘s g c O
8 3776 8= 6\'5\
8 © =75 & 4
S e o W <
i 200 S r Q%
) c E S I
] o Os50f '\ i
5 c & g
100 8
s o "
25

298

|

|

|

|

|

|

|

| i

| |
1 T l — L

|

|

|

|

|

|

|

|

|

(= o (=3 o o o =3 o
o 0 o 0 1= 0 =] 3 =
- - & &N ® ©®o % £
Particle Diameter [nm] =
E 100 & 400 - I 4
17}
§
S Q 300 - .
o
£ ] Y
g S 200 | x -
% 60+ o
c °
° 2
2 9 100 | .
g g
s o S * * & &
» oL 1 1 | 1
& 20 0 50 100 150 200 250
= [ |Mass Fraction <80 nm Laser Fluence [mJ/cm?]
Il Vass Fraction >80 nm
[

T T
920 135 180 225
Laser Fluence [mJ/cm?]

Figure 2: (A) Schematic representation of the LML concept, illustrating the transformation of irregular feedstock NPs into fusion-formed spherical
SMSs and isochorically reshaped NPs, complemented by representative TEM micrographs of both feedstock particles and resulting SMSs. The corre-
sponding number-weighted hydrodynamic size distributions determined by DLS (B) exemplify the evolution from the initial NPs to a bimodal distribu-
tion after LML at 135 mJ-cm=2 and 16 PPV with a graphic illustration of educt isochoric remelting (circle) and fusion melting (triangle). (C) Prediction of
the LFL and LML regimes using the extended HME model, with a marked fluence series of 45, 90, 135, 180, and 225 mdJ-cm=2, with the modeled
reshaping products indicated by black circles and the expected SMS diameters after fusion-melting indicated by purple triangle markers. The dashed
black line marks the start of the LML region, whereas the dashed white line marks the start of the LFL region. The star denotes the observed mean
particle size for both B4CC and the B4C reference (see Supporting Information File 1, Section S3). (D) Quantitative evaluation of TEM-derived (from
Supporting Information File 1, Figure S6) equivalent diameters over the entire fluence series, in comparison to the modeled expected size. Arrows in-
dicate the onset of fragmentation of larger particles. (E) Mass fraction of SMSs larger than 80 nm as a function of the laser fluence (with standard de-
viation from three independent measurements).
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ing impurity-dependent thermophysical properties. Further-
more, impurities in the B4CC starting material are predominant-
ly attributed to free carbon. Under the applied thermal condi-
tions in ethanol, carbon cannot undergo melting and thus does
not form spherical particles, but instead remains as a solid non-
melting phase. This behavior is further substantiated by XPS
and XRD analyses (Supporting Information File 1, Section 2),
which demonstrate a progressive decrease in oxide species
alongside the persistent presence of unreacted graphitic carbon.
Consequently, while the simulations capture the principal mech-
anisms governing the process, deviations from the experimen-
tal system are expected. The model should therefore be
regarded as an approximation of the underlying physics rather

than a precise predictive tool.

The laser-material-interactions described herein exclusively
focuses on photothermal mechanisms, excluding stress confine-
ment effects for two key reasons. First, the stress confinement
conditions [53], relevant to ultrashort-pulsed laser fragmenta-
tion in liquids (e.g., picosecond-LFL) [54] are not applicable to
the regime investigated here and are therefore omitted from
further consideration. Second, given that (i) the optical penetra-
tion depth of the 343 nm laser in 30 nm boron carbide particles
is approximately 32 nm, estimated from the relation & = A/(4mk),
where k is the extinction coefficient at 343 nm [55], and (ii) the
thermal penetration depth d, during the 18 ns pulse is approxi-
mately 0.5-1.0 pm (dy, = (4a1)9-3) [56], the feedstock particles
experience homogeneous heating throughout their volume. Both
values are originally defined for the penetration depth in bulk
solids; nonetheless, the thermal penetration depth is substantial-
ly higher than the laser-excited particle diameter. For laser
melting in liquids, the thermal penetration depth is the decisive
parameter, and it exceeds the characteristic size of the feed-
stock NP diameter, including their agglomerates. Consequently,
the entire agglomerate volume is thermally affected during a
pulse, ensuring complete melting.

The bimodal size distribution characteristic of LML processes
in the flat jet configuration was evaluated for a fluence series
(45-225 mJ-cm™2), with results analyzed primarily by DLS and
TEM (see Supporting Information File 1, Section S4 and Figure
S5). The size bimodality is confirmed by the DLS data in
Figure 2B and the TEM images in Supporting Information
File 1, Figure S6. A marked discrepancy between TEM and
DLS outcomes is apparent, arising from the strong sixth-power
dependence of DLS intensity on particle diameter, which may
cause multiscattering phenomena and thereby overinterpret
signals from larger particles. Moreover, DLS measures hydro-
dynamic sizes and thus registers particle aggregates as singular
large entities, whereas TEM resolves primary NPs distinctly

[57]. Consequently, DLS cannot distinguish individual spheres
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from aggregates, precluding clear differentiation of samples
where larger aggregates and spheres coexist. These method-
ological differences account for the absence of distinct double
peaks in the TEM analysis of Supporting Information File 1,
Figure S6B-E, in contrast to the pronounced bimodality in the
DLS spectrum of Figure 2B. Even though absolute particle di-
ameters deviate between TEM and DLS, the collective evi-
dence robustly validates the model’s predictive power for

bimodal size distributions recorded by both methods.

The model for LML predicts a progressive increase in particle
size beyond the laser melting limit, with final diameters of
225 to 375 nm occurring simultaneously with an initial
isochoric reshaping process with mean diameters near 50 nm
in our case (Figure 2C). These predictions assume thermal equi-
librium conditions prevalent in batch reactors, where repeated
laser pulses drive cumulative growth, aggregation, and particle
fusion, with the fluence dictating the maximum achievable size
through complete melting. This assumes the availability of par-
ticles in the vicinity of the host particle to grow and a suffi-
ciently fast particle motion (or a sufficient collision rate). In
continuous-flow flat jet reactors, however, particle motion devi-
ates markedly from these conditions owing to kinetic limita-
tions, such as lower agglomeration rates. This yields a per-
sistent size fraction with mean diameters below 100 nm
(Figure 2D, top), in direct contrast to purely thermodynamic
expectations (Figure 2D, bottom). Interestingly, particle growth
and the final diameters remain fluence-dependent. Both mean
particle diameter and mass fraction of particles exceeding
80 nm (Figure 2E) increase as the fluence rises from 45 to
135 mJ-cm™2, resulting in 85 % 5% of larger particles at
135 mJ-cm™2. For mass yield determination, we selected TEM
images, as DLS cannot differentiate spheres from aggregates of
equivalent or larger sizes. Particles in pressurized flow systems
undergo rapid convective transport out of the LML zone.
Hence, agglomeration kinetics are limited by the residence time
of the individual particles in the irradiated volume of the unidi-
rectional convective flow of the liquid jet (t = A/v), which is
approximately 1.5 ps, assuming a laser spot height of # = 8 mm
and a linear flow velocity of v = 4.8 m-s~L. Hence, fluence in
LML is not only a thermodynamic ruler of maximum particle
size but also accelerates particle formation kinetics by intensi-
fied heating and enhanced mass transport. Photophoretic forces,
stemming from asymmetric laser-induced heating, propel parti-
cles from hotspots, reducing collision frequencies essential for
fusion and aggregation; positive photophoresis predominates,
countering thermophoretic clustering [58,59]. Convection-
driven dilution further suppresses particle clustering and high
local concentration, enforcing non-equilibrium dynamics that
curtail excessive growth. Furthermore, studies by Tsuji et al.

[60] have shown that incubation effects in laser ablation pro-
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cesses can cause nanoparticle agglomeration. This occurs on
timescales of seconds to minutes after the incubation period,
especially when stabilizing ligands are present, which is sub-
stantially longer than the timescales realized under continuous
flat jet conditions.

Pulse per volume study

Another hypothesis as to why the B4CC SMSs have substantial-
ly smaller particle diameters than anticipated by the model may
be due to the interpulse delay (typ) and the number of PPV,
which are both substantially smaller than those in literature-
established batch setups [24]. Hence, we systematically varied
the PPV from 1 to 16 and, alongside reducing tjp from 1.4 to

2, monitored differences in

2

0.1 ms at a fluence of 135 mJ-cm™
the particle size distributions. The fluence of 135 mJ.cm™ was
chosen as it yields the largest particle diameter, while it is still
clearly below the fragmentation threshold. The results are

shown in Figure 3.

The particle size distribution data from DLS of the PPV studies
(Figure 3A) are qualitatively consistent with the TEM observa-
tions in Figure 3D and Supporting Information File 1, Figure
S9, except for the previously discussed shift in absolute particle
diameters. The peak around 50 nm particle size, probably
derived from isochoric reshaping, is independent of PPV and
Trp. Based on these findings, we can hypothesize that, in this
regime, reshaping occurs as a single-pulse event decoupled
from particle agglomeration or fusion. Regarding the peaks of
the larger particle size fractions, attributed to the pathway of
aggregation—melting—fusion, particle size increases with PPV
up to a maximum at 4 PPV. This is consistent with previously
described mechanisms involving NP heating, melting, and coa-
lescence during laser irradiation by Ishikawa and coworkers
[29]. Interestingly, contrary to expectations from the LML’s
HME model, beyond 4 PPV, the size increase stagnates, a phe-
nomenon that might be attributed to several hypotheses, which
are the mechanistic discoveries of the continuous flat jet LML:
(i) Heat: Absorption coefficients of NPs are particle size-de-
pendent and increase with particle diameter. Hence, profound
heat accumulation could preferably occur in particles, initiating
LFL when a specific particle size threshold is exceeded. How-
ever, this is unsupported by our experimental findings as no
small fragments were detected by DLS or TEM at the used laser
fluence and PPV (see Figure 2E). (ii) Bubbles: With increasing
PPV, 11p decreases. Hence, we may have reached a threshold
value of 1;p where cavitation bubbles generated during melting
impair the attachment of educt particles to molten aggregates
and limit further particle growth. Consequently, the number of
aggregation—melting—fusion steps would be capped. Note that
there are indications of gas and bubble formation during LML
[61,62], but little is yet known about the size and lifetime of
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these bubbles [24]. (iii) Sluggish aggregation: There is a
minimal PPV threshold for growth initiation, affirmed by the
observed stagnant size for more than 4 PPV. It is known that the
aggregation rate of colloidal NPs scales with the square of the
number concentration [63]. Hence, it is conceivable that addi-
tional pulses cannot contribute to further growth when the parti-
cle number concentration is too low and, thereby, the aggrega-
tion kinetics are too slow. This disables the initiation of subse-
quent aggregation—melting—fusion steps, resulting in a defined

final particle diameter.

While direct kinetic rate constants were not experimentally
measured, the observed size plateau beyond 4 PPV (0.4 ms
interpulse delay) and the resulting mean particle diameters
below the theoretically predicted size maximum strongly indi-
cate a kinetic limitation (kinetic control) rather than a thermo-
dynamic growth limit. To substantiate the sluggish aggregation
hypothesis, we calculated the Brownian motion of particles
during the pulse repetition interval, which governs the likeli-
hood of particles encountering fusion partners. This was ap-
proximated by the Stokes—Einstein equation (D = kgT/(6mnr) at
20 °C, using the viscosity of ethanol and a particle size of
50 nm [64,65] (Figure 3C). A Poisson distribution model shows
a sharp decline in aggregation probability beyond 4 PPV with
the probability falling to under 5%, which effectively caps parti-
cle fusion. These results should only be used to gain an under-
standing of the behavior and should not be interpreted as
absolute numbers. This may explain the plateau in particle size
despite increasing pulse numbers (size histograms are displayed
in Section S5 of Supporting Information File 1). Thus, both
PPV, which imposes a minimum of four pulses before the satu-
ration of particle size occurs due to a concentration limit, and
Trp, restricting diffusive repositioning between successive
pulses, could evenly contribute to particle growth capping. This
dual dependency of the final particle diameter on Typ and the
suspension properties, like interparticle distance scaling with
concentration, offers further degrees of freedom for upscaling
continuous-flow LML. Furthermore, the following interdepen-
dencies need to be considered during LML. First, LML mass
throughput scales with the concentration, accelerating aggrega-
tion and increasing the fusion probability required to form the
larger SMSs, indicating a size—concentration correlation.
Second, laser systems with even higher repetition rates would
be difficult to implement as they must be matched by higher
flow speeds to reach higher (i.e., above 4) PPV values, in turn

providing lower Tip.

In future studies, this parameter matching could be mechanisti-
cally elucidated by altering Typ at a constant PPV by changing
the residence time in the LML zone (e.g., by doubling flow

speed and repetition rate). Also, testing different feedstock par-
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Figure 3: (A) DLS size distributions for NPs exposed to PPV of 116 at 135 mJ-cm~2, with each distribution fitted using a log-normal function to
resolve distinct size populations evolving with pulse number. (B) Quantitative evaluation of the bimodal particle size evolution as a function of PPV
and interpulse delay that regulates particle fusion dynamics. (C) Calculation of the Brownian motion-driven diffusion lengths of the precursor particles
during the interpulse delay linked to PPV, combined with the corresponding Poisson probability of particle collisions enabling fusion events. (D) Repre-
sentative TEM images across the PPV series.

ticle concentrations would be straightforward, at least up to a  viscosity, and the Debye length. The Debye length scales with
threshold where the fluence drop along the beam path through  the square root of the medium’s permittivity, and a shorter
the jet thickness is insignificant. Another playground for tuning Debye length would destabilize the suspension, accelerate
the aggregation rate includes altering the liquid properties, the agglomeration, and potentially improve SMS formation.
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But the aggregation-limiting factor can also be considered use-
ful from an application perspective. A major advantage of flat
jet SMS synthesis, experimentally evidenced in this study, is
that the product particle size is constant above a certain PPV
value, rendering the flow-through LML process robust against
flow rate fluctuations. Furthermore, while the thermodynamic
optimum is always achieved in the batch process at extended
processing time, it can be specifically influenced kinetically in
the continuous flow process, making the process even more
versatile for isolating intermediates [66]. After having identi-
fied the intended “arrest” size, only the number of pulses re-
quired to synthesize a specific particle type needs to be
“invested”, without wasting energy by unnecessarily applying
laser pulses. Furthermore, it should be noted that B4C SMS for-
mation is also possible with highly chemically contaminated
particles, omitting the need for expensive, highly pure feed-
stock particles, although the impact of the impurities on the me-
chanical properties of the SMSs needs to be evaluated in future
studies.

As a competing mechanism to LML, LFL occurs at a higher
fluence in Figure 2E; this is indicated by a distinct cutoff in
the expected particle growth at a laser fluence exceeding
150 mJ-cm™2. For particles around 100 nm, as observed in
Figure 2C, this fluence provides sufficient energy to exceed the
threshold fluence for LFL. Consequently, the process yields
reshaped spheres of approximately 50 nm, representing one
facet of the thermodynamic optimum, while particles exceeding
~100 nm may undergo fragmentation via mechanisms such as
phase explosion upon subsequent pulses, producing ultrasmall
B4CC NPs (=2 nm; Supporting Information File 1, Figure S7
and Section S3) [46,67,68]. These ultrasmall particles corre-
spond to recent findings by Zieful3 et al. [38] using identical
wavelength and pulse duration (but higher fluences). This
contrasts with reports by Koshizaki et al. on nanosecond-pulsed
laser-induced LML of boron [24] and boron carbide [26,69,70].
The apparent discrepancies between the two experimental ob-
servations can be rationalized by fluence gradients inherent to
the respective setups. These gradients arise from spatial intensi-
ty distributions within individual laser pulses, the optical pene-
tration depth of the laser in colloidal suspensions, and from
partial shielding by larger particles. While Figure 2C assumes a
uniform fluence distribution, both spatial and temporal inhomo-
geneities of the laser field are unavoidable. In flat liquid jet con-
figurations, optical path and irradiated volume are well defined,
resulting in a narrow fluence window and a sharply resolved
transition between LML and LFL. By contrast, batch reactors
exhibit a pronounced fluence drop across the optical path due to
absorption and scattering, which superimposes both processes
and obscures this transition. Moreover, previous studies

primarily analyzed the sediment fraction, which predominantly
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contains larger and more compact particles, while smaller NPs

were not systematically evaluated.

Conclusion

The controlled synthesis of hard-ceramic nanoparticles (NPs)
and sub-micrometer spheres (SMSs) remains a key challenge in
materials science as it requires precise control over particle size,
crystallinity, and sphericity to tailor functional performance.
Achieving this balance demands a mechanistic understanding of
how aggregation, melting, and fusion kinetics jointly determine
size selectivity and yield. Laser melting in liquids (LML)
provides a direct and chemically clean route to reorganize NPs
through spatially and temporally confined energy input. In
accordance with the principles of green chemistry, LML
enables solvent-based, reagent-free synthesis, offering a sustain-
able platform for the controlled fabrication of SMSs. However,
scalability limitations inherent to conventional batch-mode
LML hinder its translation to industrial production. Bridging
this gap requires the development of a continuous LML tech-
nique that preserves precise control over the interaction be-
tween laser and matter. This study implements the LML
concept in a flat jet reactor, enabling a systematic and decou-
pled evaluation of the effects of laser parameters on SMSs for-
mation. Boron carbide was chosen as the model material not
only because of its high application relevance, but also due to
its high melting point (difficult to process by other methods)
and chemical inertness (robust in LML), making it an ideal

benchmark for extending LML towards continuous operation.

Transmission electron microscopy and dynamic light scattering
analyses reveal a bimodal product distribution. These two size
fractions comprise a fluence-independent population centered
at ~50 nm, attributed to particle reshaping, and an aggrega-
tion—fusion-driven fraction spanning 100-225 nm. However, in
the flat jet configuration, this growth remains kinetically con-
strained as the thermodynamically predicted particle sizes of
225-375 nm do not form. Hence, flow-through LML may con-
tinuously produce size intermediates that have been inacces-
sible in prolonged batch reactor LML processing. Furthermore,
XRD and XPS characterizations in combination demonstrate
the effective elimination of oxide impurities, thus validating the
LML synthesis method.

The flat jet experiments further underscore the necessity of in-
corporating fragmentation fluence thresholds into theoretical
models. At fluences exceeding 150 mJ-cm™2, fragmentation of
larger spheres in the flat jet system generates ultrasmall NPs,
underlining the advantage of flat jet LML in precise fluence
control within the excited volume (no beam refraction, mini-
mized beam attenuation along the thin liquid layer). To eluci-

date the formation dynamics and the apparent deviation from
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thermodynamic growth, variations in pulse per volume (PPV,
up to 16) indicate that fusion-mediated size increase requires at
least four pulses. This constraint probably arises from limited
Brownian diffusion and low collision rates (=5%). This goes
along with the use of a high-repetition-rate laser system (re-
quired for decent throughput), where the short pulse intervals
restrict the number of interparticle collision events and thus
growth based on an aggregation—melting—fusion mechanism.
These effects yield a persistent 50 nm population and a fluence-
dependent secondary modal size fraction exceeding 80 nm with
a mass yield of ~85% at 135 mJ-cm™2. This decouples the LML
process from thermodynamic equilibrium conditions and further
allows for control of particle size distributions by interpulse
delay time and particle mass concentration, yielding particles of
~100 nm, notoriously difficult to synthesize with laser-based

synthesis routes.

Productivity Estimation

A comparative analysis of the productivity of established syn-
thesis methods for SMSs by LML allows us to classify and rank
the scaling potential of the flat jet approach as specified in
Figure 4. The calculations supporting these values are provided
in Supporting Information File 1, Section S6. An automated,
exchangeable batch reactor serves as the baseline for compari-
son and achieves a productivity of 5.15 mg-h™! [32]. The opti-
mized guided flow reactor achieves 195 mg-h~! [29], under-
scoring the significant potential of flow-based reactors during
scalable synthesis. However, the reactor’s design constraints
inherently limit this performance, suggesting that the system
has likely reached its maximum productivity. The current flat
jet reactor yields 100 mg-h™!. However, by fully exploiting ad-
vanced laser parameters, particularly the power (here 400 W)
and repetition rate (10 kHz) of high-power nanosecond laser
systems, productivity approaching 900 mg-h™! can be rapidly
attained, while future beam shaping strategies may further en-
hance process control and selectivity [71]. Extrapolating from
studies on heating, a fourfold increase in feedstock particle con-
centration is feasible, enabling substantially enhanced outputs.
This significant productivity enhancement establishes the indus-
trial relevance of the flat jet flow reactor, particularly for SMS
synthesis. This method enables scalable production with
precisely tunable particle characteristics and opens new path-
ways for materials preparation in research-intensive and appli-
cation-driven fields. Employing the “unused” laser energy that
exits the flat jet would maximize the usage of the available laser
power. This could be done, for example, by stacking LML jets
or increasing the jet thickness along the trade-off between
energy usage (energy-specific LML mass throughput) and
fluence deviation-caused SMS size precision loss (decreasing
product quality). The flat jet technique’s capacity for rapid

throughput and flexible process control positions it as a trans-
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formative advancement for both fundamental research and

upscaled material production.

Productivity [mg/h]
1000

800
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Figure 4: Productivity metrics of common pulsed laser melting in liquid
synthesis routes for sub-micrometer spheres, showing production rates
scaling with synthesis innovations.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-17-108-S1.pdf]
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