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Abstract
Laser-driven gas-phase synthesis provides a powerful route for producing functional oxide nanoparticles
with controlled physicochemical properties. However, the formation of multicomponent oxide
nanoparticles is strongly affected by differences in the evaporation behavior of the constituent oxides. In
this work, we investigate Al2O3-Cr, ZrO2-Cr, and SiO2-Fe systems as model examples representing three
characteristic cases: the effective evaporation temperature of the oxide additive is higher than, close to,
or lower than that of the matrix oxide. The nanoparticles were synthesized by laser evaporation of
ceramic targets followed by vapor condensation in a controlled argon atmosphere. TEM, HRTEM,
HAADF-STEM, EDX mapping, X-ray diffraction, X-ray fluorescence analysis, and BET measurements were
used to characterize their morphology, phase composition, elemental distribution, and specific surface
area. The results show that the relative evaporation temperatures of the matrix and dopant oxides
determine the evaporation sequence, vapor-phase composition, condensation pathway, and ultimately
the dopant distribution in the resulting nanoparticles. When the evaporation temperatures are close,
homogeneous dopant incorporation is favored, as observed for ZrO2-Cr. In contrast, a large evaporation
temperature mismatch leads to sequential evaporation and the formation of composite structures with
locally enriched dopant regions, as demonstrated for Al2O3-Cr and SiO2-Fe. These findings establish a
simple criterion for predicting the structure of multicomponent oxide nanoparticles produced by laser
gas-phase synthesis and provide a basis for the rational design of catalysts and catalyst supports.

1 Introduction
Laser-based material processing is one of the most rapidly developing areas of modern materials
science [1–6]. Among these technologies, laser synthesis methods occupy a special place because they
provide access to materials for catalysis, optics, ceramics, and biotechnology [5–12].

Laser evaporation in a controlled gaseous environment is of particular interest because it allows the
properties of the resulting nanomaterials to be tuned over a wide range [13–15]. At laser intensities
below 106 W cm− 2, evaporation from the surface proceeds without plasma formation, in contrast to laser
ablation, and leads to the formation of a boiling melt. By varying the pressure and nature of the ambient
gas, as well as the target composition, one can purposefully control both the evaporation process and
the characteristics of the final product [16–21]. The productivity of the method is directly related to the
laser power and can reach hundreds of grams per hour, opening up prospects for scaling the process for
catalytic technologies [22].

The key advantage of laser gas-phase synthesis is the possibility of independently controlling a broad
set of physicochemical parameters, including chemical and phase composition, defect structure, mean
particle size, specific surface area, and the charge state of dopants in multicomponent oxides. Another
important feature of this method is its ability to produce metastable oxide modifications, such as γ-Al2O3

and the tetragonal and cubic phases of ZrO2, which are widely used as catalyst supports [16–20].
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When multicomponent compounds are evaporated, a key feature is the difference in the evaporation
rates of the individual components, which is associated with their different boiling temperatures. Despite
the broad capabilities of laser gas-phase synthesis for multicomponent oxides, the systematic
relationship between the difference in component evaporation temperatures and the formation
mechanisms, phase composition, and dopant distribution in nanoparticles remains unclear. This
difference can be used for directed synthesis, for example, to obtain Al2O3-Cr composite catalysts with a

reduced toxic Cr6+ content, as shown in our previous work [23, 24]. When the evaporation temperatures
of the components are close, a more homogeneous dopant distribution in the matrix can be achieved.
This represents a classical scenario that is useful for stabilizing the phase composition, for example, the
tetragonal and cubic phases of ZrO2 [16–18, 20].

The aim of this work is to establish the specific features of laser gas-phase synthesis of two-component
oxide systems. For this purpose, three oxide systems, Al2O3-Cr, ZrO2-Cr, and SiO2-Fe, were deliberately
selected to represent three possible scenarios: the evaporation temperature of the oxide additive is
higher than, lower than, or close to that of the matrix component.

The present study demonstrates that the formation mechanism of multicomponent oxide nanoparticles
during laser gas-phase synthesis is primarily governed by the relative evaporation temperatures of the
matrix and dopant oxides. Three characteristic scenarios are identified and correlated with the resulting
nanoparticle morphology, phase composition, and dopant distribution.

2 Experimental

2.1 Sample characterization
The elemental composition of the nanopowders was determined using an ARL Advant’x X-ray
fluorescence (XRF) spectrometer equipped with a Rh anode. The phase composition was studied by X-
ray diffraction (XRD) using a Bruker D8 Advance diffractometer with CuKα radiation (λ = 0.15418 nm).
Phase identification was performed using the ICDD PDF-2 database. The microstructure and elemental
distribution were examined by transmission electron microscopy (TEM) using a Themis-Z 3.1
microscope operated at 200 kV and equipped with an aberration corrector and a Super-X EDS detector.
The measurements were carried out in HAADF-STEM mode. Energy-dispersive X-ray (EDX) microanalysis
of the elemental composition of the nanopowders was performed using a four-segment Super-X
detector in scanning dark-field mode. Elemental distribution maps were acquired by recording
characteristic X-ray lines at each point of the analysis region. The specific surface area (SBET) was
measured by the BET method using low-temperature nitrogen adsorption at 77 K on a DigiSorb-2600
analyzer. Before the measurements, the samples were degassed under vacuum at 200°C for 4 h.

2.2 Laser synthesis setup
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For laser evaporation, ceramic targets with the compositions α-Al2O3-Cr, m-ZrO2-Cr, and a-SiO2-Fe
containing 5 wt.% Cr or Fe were used. The targets were prepared by uniaxial pressing of micron-sized
oxide powders. High-purity analytical-grade Al2O3, ZrO2, and SiO2 powders served as the starting
materials.

Doping with transition-metal elements (Cr and Fe) was performed by incipient wetness impregnation
using aqueous solutions of chromium and iron nitrates, followed by drying at 110°C for 4 h and
calcination at 550°C for 6 h. After verification of the chemical composition, the powders were
compacted by uniaxial pressing at a pressure of at least 15 MPa. The resulting pellets were
subsequently sintered in air at 1250°C for 6 h.

Nanopowders were synthesized by laser evaporation using a two-chamber reactor described in detail
elsewhere [16]. A ceramic target of the required composition was placed in a crucible inside a sealed
evaporation chamber. Evaporation was performed using focused radiation from a cw CO2 laser with an

output power of 100 W. The laser beam was focused into a spot with a diameter of 0.4–0.5 mm,
producing a local boiling zone on the target surface with a molten pool approximately 2–3 mm in
diameter. The temperature in the evaporation zone corresponded to the boiling temperature of the oxide
under the given pressure conditions. A schematic diagram of the experimental setup is shown in Fig. 1b.
Figure 1a additionally provides a schematic representation of nanoparticle formation during laser
evaporation, highlighting the main physical processes, including laser-induced boiling of the target, vapor
expansion, nucleation, condensation, and particle growth.

The generated vapor and fine fragments were entrained by the buffer gas flow and passed through a
labyrinth separator, which efficiently removed large droplets and molten splashes before entering the
deposition zone. The presence of the buffer gas reduced the kinetic energy of the vapor species, thereby
promoting nucleation and nanoparticle growth.

Cooling and condensation of the evaporated material occurred in a flow of high-purity argon (99.999%).
For all samples investigated in this work, evaporation was carried out at a pressure of 0.1 atm. The
chamber pressure served as the primary parameter controlling the particle size and was maintained
constant throughout the synthesis.

This pressure was intentionally selected because it yields nanoparticles with an average size of
approximately 10 nm. Such particle dimensions enable reliable visualization of compositional
inhomogeneity and phase separation by TEM imaging and EDX elemental mapping. The synthesized
nanopowder was collected on ash-free paper filters and subsequently characterized using conventional
physicochemical techniques.

3 Results and discussion
Laser evaporation enables the synthesis of a broad variety of functional oxide nanomaterials consisting
of weakly agglomerated nanoparticles. One of the major advantages of this technique is the ability to
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control the particle size over a wide range, from approximately 2 to more than 50 nm, which directly
determines the specific surface area of the resulting powders. The oxide nanopowders produced by this
method exhibit a highly developed specific surface area, which is one of the key parameters governing
their catalytic performance. For example, alumina nanoparticles with a diameter of 4–5 nm exhibit a BET
surface area of approximately 360 m2 g− 1. For zirconia nanoparticles with a size of 2–3 nm, the specific
surface area reaches about 300 m2 g− 1, whereas silica nanoparticles of comparable size possess a BET

surface area of approximately 200 m2 g− 1. Since the catalytic activity of heterogeneous catalysts is
directly proportional to the number of accessible active sites, the capability of producing nearly
monodisperse nanoparticles with controllable size and high specific surface area represents a
significant advantage of laser gas-phase synthesis. The established relationship between the synthesis
conditions and particle size therefore provides an effective route for tailoring catalyst and catalyst-
support properties.

Another important advantage of laser synthesis is the possibility of controlling the composition of the
surrounding gas atmosphere, thereby enabling synthesis under well-defined oxidation-reduction
conditions. This makes it possible to control the oxidation state of catalytically active species, which is
important both for fundamental studies of active centers and for the development of multicomponent
catalysts based on transition-metal oxides with improved catalytic performance.

The evaporation of refractory oxides is generally a complex, non-congruent process involving multiple
gaseous species. In multicomponent systems, differences in the evaporation behavior of the constituent
oxides additionally affect the composition and temporal evolution of the vapor phase. However, unlike
single-component oxides, the laser synthesis of multicomponent systems is associated with several
additional technological challenges. The primary reason is the difference in the evaporation
temperatures of the constituent oxides. This feature must be taken into account in several important
aspects.

First, differences in the evaporation temperatures of the individual components lead to deviations of the
chemical composition of the synthesized nanopowders from that of the initial target. To compensate for
this effect, preliminary optimization of the target composition is required in order to obtain nanopowders
with the desired stoichiometry. This procedure becomes particularly important when comparing the
functional properties, especially the catalytic performance, of materials prepared by different synthesis
methods. An alternative approach is the complete evaporation of the ceramic target. However, this
strategy increases the risk of laser interaction with the crucible bottom, which may result in
contamination of the synthesized material.

A second technological issue becomes particularly pronounced when the boiling temperatures of the
constituent oxides differ significantly. Under these conditions, the component with the lower boiling
temperature evaporates more rapidly than the refractory component. Consequently, the composition of
the vapor phase changes continuously during synthesis, leading to temporal variations in the
composition of the synthesized nanopowder. Such behavior complicates the preparation of reproducible
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samples for comparative studies. Although this problem can, in principle, be addressed by dynamically
adjusting the target composition during synthesis, such an approach is technically demanding and
requires extensive preliminary optimization. Our systematic studies have shown that reproducibility can
be substantially improved by maintaining identical evaporation times for all samples or by completely
evaporating the target.

Finally, large differences in evaporation temperatures hinder the formation of a homogeneous solid
solution. Instead, the target nanomaterial often forms a composite structure in which phases of the
individual components coexist separately.

After laser evaporation, the phase composition of the investigated materials undergoes substantial
transformation. For the α-Al2O3-Cr and m-ZrO2-Cr systems, a transition to the metastable oxide phases γ-
Al2O3-Cr and t-ZrO2-Cr, respectively, is observed. In the case of a-SiO2-Fe, the amorphous structure of
SiO2 is retained. It is important to note that changes in the lattice parameters of multicomponent oxides

were detected only for the t-ZrO2-Cr sample, indicating isomorphic incorporation of chromium (dopant)
into the zirconia lattice (matrix). This effect is associated with the difference in the boiling/evaporation
temperatures of the components and is discussed below based on TEM and EDX data. Experimental
studies on the laser synthesis of various oxide compounds have revealed that when the target is
irradiated with moderate‑power laser radiation (an order of magnitude lower than that required for the
actual evaporation process), the target surface begins to melt, and already at this stage evaporation of
material from the surface occurs, as evidenced by the detection of nanoparticles on the filter.
Consequently, in principle, only the boiling temperature may be further employed as an initial criterion for
analyzing the evaporation behaviour of multicomponent oxides. For comparison, the characteristic
boiling temperatures reported at atmospheric pressure were used as a thermodynamic reference for
evaluating the relative volatility of the constituent oxides. Figures 2 and 3 show TEM, HRTEM, HAADF-
STEM, and EDX elemental maps for chromium distribution in Al2O3-Cr and ZrO2-Cr nanopowders.

According to TEM observations, the Al2O3-Cr and ZrO2-Cr nanopowders obtained by laser evaporation
consist of weakly agglomerated, nearly spherical particles with a narrow size distribution. For Al2O3-Cr,
the average particle diameter is approximately 15 nm. The particles are highly crystalline and
predominantly correspond to the low-temperature γ-Al2O3 modification. For ZrO2-Cr, the average particle

size is about 10 nm; the particles are also highly crystalline and mainly correspond to the t-ZrO2 phase.

The BET specific surface area is approximately 130 m2 g− 1 for Al2O3-Cr and approximately 100 m2 g− 1

for ZrO2-Cr, which is consistent with the particle sizes estimated from TEM images.

The EDX elemental maps reveal a distinct difference in chromium distribution between the Al2O3-Cr and

ZrO2-Cr systems. In both cases, chromium ions are distributed throughout the sample volume. However,
in the Al2O3-Cr system, local regions with an increased dopant concentration are clearly observed,
whereas in ZrO2-Cr chromium is distributed more homogeneously over the entire oxide matrix. This
difference originates from the mismatch between the evaporation temperatures of the oxides forming
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the solid-solution targets. In the Al2O3-Cr system, the evaporation temperature of α-Cr2O3 (approximately
4000°C at 1 atm) is substantially higher than that of α-Al2O3 (approximately 3000°C at 1 atm). As a
result, the more volatile matrix oxide, alumina, evaporates preferentially at the initial stage of laser
synthesis. After chromium becomes enriched in the evaporation zone, evaporation of residual Cr2O3

begins to dominate. This sequential evaporation mechanism leads to the formation of a composite
Al2O3-Cr2O3 structure rather than a homogeneous solid solution, producing a nonuniform chromium
distribution. In the ZrO2-Cr system, the evaporation temperatures of the components are much closer,
with ZrO2 evaporating at approximately 4300°C (at 1 atm). This similarity enables more synchronous
evaporation of both oxides, thereby preserving the homogeneity of the solid solution and promoting a
uniform dopant distribution within the nanoparticles.

A separate case is represented by multicomponent oxides in which the evaporation or boiling
temperature of the oxide additive is lower than that of the matrix. One example studied in this work is the
SiO2-Fe binary oxide system. In contrast to Al2O3-Cr and ZrO2-Cr, the SiO2-Fe samples synthesized by
laser evaporation exhibit distinct morphological features. TEM data show that the SiO2-based particles

are significantly more agglomerated and form large micron- and submicron-sized blocks. Within these
blocks, high-resolution TEM images reveal individual particles with an average size of approximately 10
nm. The specific surface area of these particles is approximately 100 m2 g− 1, which is substantially
lower than the value expected for isolated spherical particles of the same size. This discrepancy is
attributed to stronger nanoparticle agglomeration.

Figure 4 presents the EDX elemental mapping results for SiO2-Fe nanoparticles obtained by laser
evaporation. According to reference data, the boiling temperature of α-Fe2O3 is approximately 1990°C;
however, under laser evaporation conditions it may decompose with the formation of Fe3O4 and FeO
[21]. Literature values for the boiling point of SiO2 span from ~ 2200°C to ~ 2900°C [25]. Thus, the

evaporation or decomposition temperature of the iron-containing phase is substantially lower than that
of the silica matrix. Consequently, during laser synthesis, vapor of iron-containing species (FexOy) is
generated first. During nucleation, this vapor condenses preferentially, forming nanosized particles or
locally enriched regions. SiO2 vapor then condenses on or around these regions. This sequential
mechanism results in local enrichment of iron in certain areas of the sample, which is clearly observed in
the EDX maps in Fig. 4.

The comparison of Al2O3-Cr, ZrO2-Cr, and SiO2-Fe demonstrates that the relative evaporation
temperatures of the matrix and oxide additive act as a governing parameter in laser gas-phase synthesis.
This parameter determines the evaporation sequence, the temporal evolution of the vapor composition,
the condensation pathway, and ultimately the spatial distribution of dopants in the synthesized
nanoparticles, as shown in Fig. 5. These trends are not limited to chromium and iron additives. Similar
behavior has been observed for Cr, Mn, Fe, Eu, and Tb oxides in an Al2O3 matrix, for Cr, Fe oxides in an
SiO2 matrix, for Cr, Eu, Ln, and Y oxides in ZrO2, and for binary rare-earth oxide systems. Therefore, the
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evaporation-temperature relationship can be considered a practical criterion for predicting the formation
pathway of multicomponent oxide nanoparticles during laser gas-phase synthesis.

This capability is particularly attractive for catalysis, as it provides a route to controlling dopant
distribution, be it homogeneous, matrix‑enriched, or dopant‑enriched, directly influencing metal–support
interactions, active site accessibility, and thermal stability. Hence, the evaporation‑temperature criterion
provides a straightforward guideline for the rational design of catalysts, supports, and functional oxide
materials.

4 Conclusions
This work establishes a general criterion governing the laser gas-phase synthesis of multicomponent
oxide nanoparticles. The relative evaporation temperatures of the matrix and dopant oxides determine
the evaporation sequence, vapor-phase composition, condensation mechanism, and ultimately the
spatial distribution of dopants in the synthesized nanoparticles. Three characteristic synthesis scenarios
were identified.

First, when the evaporation temperature of the oxide additive is substantially higher than that of the
matrix, as in Al2O3-Cr and related systems, evaporation proceeds sequentially: the matrix evaporates
first, followed by the refractory dopant oxide. This pathway leads to composite nanoparticles with
nonuniform dopant distribution and local dopant-enriched regions. Such materials may be promising for
catalytic applications, as previously shown for Al2O3-Cr systems.

Second, when the evaporation temperatures of the matrix and oxide additive are close, as in ZrO2-Cr,
evaporation proceeds more synchronously. This favors homogeneous dopant incorporation and the
formation of nanoparticles with a more uniform elemental distribution. Such systems are particularly
relevant for catalyst supports as well as for optical and ceramic technologies that require phase
stabilization and compositional homogeneity.

Third, when the evaporation temperature of the oxide additive is lower than that of the matrix, as in SiO2-
Fe, the additive evaporates first and the matrix subsequently condenses on or around the initially formed
dopant-containing species. This also results in composite structures with nonuniform elemental
distribution.

Overall, the proposed evaporation-temperature criterion provides a simple and physically transparent
design principle for selecting multicomponent oxide systems suitable for laser gas-phase synthesis.
Under comparable laser gas-phase synthesis conditions, this criterion can be used to anticipate whether
a given oxide combination will favor homogeneous solid-solution-like nanoparticles or composite
structures with locally enriched dopant regions.
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Figure 1

Illustration of the laser evaporation system: (a) schematic representation of nanoparticle formation
during laser evaporation; (b) experimental setup. Arrows indicate the direction of gas flow.
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Figure 2

TEM, HRTEM, and HAADF-STEM images of Al2O3-Cr nanoparticles with EDX elemental maps of Al (red),
Cr (green), and O (violet). For clarity, the most representative HRTEM image from our previous work [23]
is shown to illustrate the observed effect.

Figure 3

TEM, HRTEM, and HAADF-STEM images of ZrO2-Cr nanoparticles with EDX elemental maps of Zr

(green), Cr (red), and O (blue).
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Figure 4

TEM, HRTEM, and HAADF-STEM images of SiO2-Fe nanoparticles with EDX elemental maps of Fe (red),
Si (green), and O (blue).

Page 14/15



Figure 5

Conceptual scheme illustrating the evaporation-temperature criterion for laser gas-phase synthesis of
multicomponent oxide nanoparticles at laser intensities below 106 W cm-2. The relative evaporation
temperatures of the matrix and dopant oxides determine the evaporation sequence, condensation
pathway, dopant distribution, and resulting nanoparticle architecture.
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